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            Abstract
Anthrax toxin, comprising protective antigen, lethal factor, and oedema factor, is the major virulence factor of Bacillus anthracis, an agent that causes high mortality in humans and animals. Protective antigen forms oligomeric prepores that undergo conversion to membrane-spanning pores by endosomal acidification, and these pores translocate the enzymes lethal factor and oedema factor into the cytosol of target cells1. Protective antigen is not only a vaccine component and therapeutic target for anthrax infections but also an excellent model system for understanding the mechanism of protein translocation. On the basis of biochemical and electrophysiological results, researchers have proposed that a phi (Î¦)-clamp composed of phenylalanine (Phe)427 residues of protective antigen catalyses protein translocation via a charge-state-dependent Brownian ratchet2,3,4,5,6,7,8,9. Although atomic structures of protective antigen prepores are available10,11,12,13,14, how protective antigen senses low pH, converts to active pore, and translocates lethal factor and oedema factor are not well defined without an atomic model of its pore. Here, by cryo-electron microscopy with direct electron counting, we determine the protective antigen pore structure at 2.9-Ã… resolution. The structure reveals the long-sought-after catalytic Î¦-clamp and the membrane-spanning translocation channel, and supports the Brownian ratchet model for protein translocation. Comparisons of four structures reveal conformational changes in prepore to pore conversion that support a multi-step mechanism by which low pH is sensed and the membrane-spanning channel is formed.
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                    Figure 1: CryoEM reconstruction of the PA pore.[image: ]


Figure 2: Atomic model of the PA pore.[image: ]


Figure 3: Translocation channel of the PA pore.[image: ]


Figure 4: Structure of the Î¦-clamp.[image: ]


Figure 5: Conversion from prepore to pore.[image: ]
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                Data deposits

                Three-dimensional cryoEM density maps of anthrax PA pore have been deposited in the Electron Microscopy Data Bank under accession numbers EMD-6224 (intact PA pore) and EMD-6225 (lacking the membrane-spanning Î²-barrel). The coordinates of atomic model of anthrax PA pore have been deposited in the Protein Data Bank under accession number 3J9C.
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Extended data figures and tables

Extended Data Figure 1 Negative-stain and cryoEM of the PA pore.
a, Negative-stain EM micrograph of PA pore particles. Some representative top-view and side-view particles are selected with circles and squares, respectively. b, A full-size drift-corrected cryoEM micrograph of 3,710 pixels Ã— 3,710 pixels of PA pore particles acquired from a Gatan K2 Summit direct electron detection camera, at 300Â kV accelerating voltage, â€“2.7Â Âµm defocus, and a total dose of 39 electrons per square Ã¥ngstrÃ¶m. Some representative side-view particles of PA pore are indicated by arrows. c, Power spectrum of the cryoEM micrograph in b. d, Representative cryoEM two-dimensional class averages of particles at different orientations. eâ€“h, Superimposition of representative regions of the cryoEM map (mesh) with the atomic model (stick), including Î±-helix (e), Î²-strand (f), loop (g), and Ca2+ ions (green spheres in h).


Extended Data Figure 2 Resolution estimation of the cryoEM single particle reconstruction of the PA pore.
a, â€˜Gold standardâ€™ FSC between two independently refined maps with an auto-mask that was corrected by phase randomization. The resolution was estimated by the â€˜gold standardâ€™ FSC at 0.143 criterion42. b, FSC of the final atomic model versus the final cryoEM map (black); of a model refined in the first of the two independent maps used for the â€˜gold standardâ€™ FSC versus the same map (red) and versus the second independent map (blue). c, Surface view and cut-through view of the unsharpened cryoEM map coloured by local resolution estimated by ResMap43. d, Euler angle distribution of all particles used for the final three-dimensional reconstruction.


Extended Data Figure 3 Fitting of domain 4 into the cryoEM map of PA pore.
a, The crystal structure of domain 4 (purple ribbons) from PA prepore (PDB accession number 1TZO) fits the cryoEM map (grey surface) of PA pore with a good agreement (cross-correlation coefficient: 0.91). b, Translocation of domain 4 during the prepore to pore conversion. Domain 4 is shifted inwards as a rigid-body for 4Â Ã… from the prepore conformation (dark cyan) to the pore conformation (purple).


Extended Data Figure 4 Comparison of the structures of the PA pore, Î±-haemolysin (PDB accession number 7AHL), and Vibrio cholerae cytolysin (PDB accession number 3O44).
These three complexes are in their membrane-inserted forms. The approximate position of the lipid bilayer is illustrated with grey shade. The host cell receptor (TEM8 or CMG2) of PA that binds to domain 4 (grey ribbons) is schematically illustrated.


Extended Data Figure 5 Assembling of the Î¦-clamp in the PA pore.
a, Comparison of the Î¦-clamp in the PA pore with its corresponding region in the PA prepore. The residues Asp426 and Phe427 missing in the crystal structure of the PA63 prepore (PDB accession number 1TZO) are modelled based the crystal structure of the PA83 monomer (PDB accession number 1ACC). b, Close-up top view of the Î¦-clamp region in the PA pore. The 2Î²7â€“2Î²8 and 2Î²10â€“2Î²11 loops are coloured in cyan and orange, respectively. The hydrogen bonds between Ser428, Asn399, and Lys397â€², which form a chain tethering the 2Î²7â€“2Î²8 and 2Î²10â€“2Î²11 loops together, are depicted with dashed lines.


Extended Data Figure 6 Conformational changes of domain 2c between the PA prepore and the PA pore.
a, Superimposition of domains 2c of the PA pore and the crystal structure of the PA heptameric prepore (PDB accession number 1TZO). The dashed boxes highlight the conformational difference of the 2Î²10â€“2Î²11 loop between these two structures. Residues Asp426 and Phe427 are not solved in the crystal structure of PA prepore because of their flexibility. b, Superimposition of domains 2c of the PA pore and the PA octameric prepore (PDB accession number 3HVD). Note the similarity of the 2Î²10â€“2Î²11 loop (dashed box) between these two structures. c, Superimposition of domains 2c of the PA pore and the PA prepore (monomer; PDB accession number 3TEW). dâ€“f, Close-up views of the rearrangements of the 2Î²10â€“2Î²11 loop (d), the 2Î²7â€“2Î²8 loop (e), and the 2Î²5â€“2Î²6 and 2Î²12â€“2Î²13 loops (f) during the conversion from prepore to pore. Val377 and Leu378 of the 2Î²5â€“2Î²6 loop and Val455 and Tyr456 of the 2Î²12â€“2Î²13 loop are flipped upside down to obtain the Î²-strand conformation in the PA pore, leading to an extension of 2Î²6 and 2Î²12 (f). CryoEM densities (mesh) corresponding to these loops are displayed to the right of dâ€“f with atomic models superimposed, showing unambiguous atomic modelling. The superimpositions of the cryoEM map and the atomic model are shown in views different from the left panels for clarity. The conformational changes of these loops result in a more compact domain 2c with a decrease of 567Â Ã…2 in its surface area.


Extended Data Figure 7 Compact assembly of the PA pore.
a, Surface views of two neighbouring protomers (the same domains in the two protomors are in different shades of the same colours) of the PA pore and the PA prepore (PDB accession number 1TZO) visualized from inside the PA heptamer. Domains 1â€², 2c, 2s, and 3 are coloured differently and domain 4 is not shown. The inter-protomer interface in the PA prepore is largely formed by domains 1â€² and 3, and domain 2 only contributes to this interface by its membrane insertion loop and carboxy (C)-terminal region (2Î²13, 2Î²14, and 2Î±3). In the PA pore, the convergence of domain 2c creates an inter-protomer interface without any gap, with an increase of interface area on domain 2c from 1,247Â Ã…2 of the PA prepore to 2,106Â Ã…2 of the PA pore as calculated using PISA49 (http://www.ebi.ac.uk/pdbe/pisa/). Additionally, formation of the Î²-barrel also leads to extensive contacts, creating a new interface area of 1,195Â Ã…2 between two protomers. b, Schematic of the conversion of 2Î²2, 2Î²3, 2Î±1, and the membrane insertion loop of the PA prepore to 2Î²2s and 2Î²3s of the PA pore. Hydrogen bonds between 2Î²2 and 2Î²3, which are depicted with dashed lines, are maintained during the conversion. By contrast, 2Î±1 and the connecting loops have to be fully unfolded and converted into Î²-strands that collectively assemble the Î²-barrel of the PA pore. Although the detailed events of Î²-barrel formation are not yet clear, it is likely that assembly starts from the top in a zipper-like manner. A favourable scenario is that the convergence of domain 2c would place the top ends of the Î²-strands close to each other to form a short Î²-barrel, which could extend by pulling more residues together via formation of ordered hydrogen bonds until it reaches the bottom end. It is less favourable that the assembly starts from other regions because disordered hydrogen bonds and hydrophobic interactions could generate enormous non-productive, possibly irreversible pairings between strands.


Extended Data Figure 8 CryoEM single-particle reconstruction of a subset of particles lacking the 14-stranded Î²-barrel.
a, Surface views of the cryoEM map lacking the Î²-barrel. The map is unsharpened and has a resolution of 3.6Â Ã…. b, Cross-section side view of superimposition of the unsharpened cryoEM map with the atomic model of the intact PA pore, showing the cryoEM map has the same conformation as the PA pore except for the absence of the 14-stranded Î²-barrel. c, â€˜Gold standardâ€™ FSC (with an auto-mask that was corrected by phase randomization) between two independently refined maps. d, Top view of the Î¦-clamp region of the cryoEM map (mesh) lacking the Î²-barrel superimposed with the atomic model of the PA pore (ribbons), showing correct assembling of the Î¦-clamp in the cryoEM map.


Extended Data Table 1 Data collection and structure refinement statisticsFull size table





Supplementary information
Video 1: CryoEM map of the PA pore at 2.9 Ã… resolution.
The surface view of the cryoEM map is rendered at different thresholds, rotated and rocked to show the overall structure, and then zoomed in to show the structural details of the Î¦-clamp. Last, superimposition of the cryoEM map with the atomic model is shown. Note that the cryoEM densities of the side chains of some acidic residues (Glu and Asp) are not visible at the chosen density threshold, but are visible at a lower threshold. These exposed acidic residues are probably more sensitive to electron radiation damage. Related to Fig. 1. (AVI 12484 kb)


Video 2: Rotation of domain 2c during the conversion from prepore to pore
The structure of the PA prepore (light green, PDB ID: 3TEW) is morphed into the conformation of the PA pore. Domains 1', 2c, and 3 of the pore are colored in pink, orange red, and blue, respectively, as in related Fig. 5c. Domains 2s and 4 are not shown. (AVI 1862 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4

PowerPoint slide for Fig. 5




Rights and permissions
Reprints and permissions


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



Cite this article
Jiang, J., Pentelute, B., Collier, R. et al. Atomic structure of anthrax protective antigen pore elucidates toxin translocation.
                    Nature 521, 545â€“549 (2015). https://doi.org/10.1038/nature14247
Download citation
	Received: 28 October 2014

	Accepted: 19 January 2015

	Published: 16 March 2015

	Issue Date: 28 May 2015

	DOI: https://doi.org/10.1038/nature14247


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

                
                    	
                            
                                
                                    
                                        Unconventional structure and mechanisms for membrane interaction and translocation of the NF-ÎºB-targeting toxin AIP56
                                    
                                

                            
                                
                                    	Johnny Lisboa
	Cassilda Pereira
	Nuno M. S. dos Santos


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Clostridium perfringens Beta2 toxin forms highly cation-selective channels in lipid bilayers
                                    
                                

                            
                                
                                    	Roland Benz
	Claudio Piselli
	Michel R. Popoff


                                
                                European Biophysics Journal (2022)

                            
	
                            
                                
                                    
                                        Bottom-up fabrication of a proteasomeâ€“nanopore that unravels and processes single proteins
                                    
                                

                            
                                
                                    	Shengli Zhang
	Gang Huang
	Giovanni Maglia


                                
                                Nature Chemistry (2021)

                            
	
                            
                                
                                    
                                        Reengineering anthrax toxin protective antigen for improved receptor-specific protein delivery
                                    
                                

                            
                                
                                    	Lukas Becker
	Wouter P. R. Verdurmen
	Andreas PlÃ¼ckthun


                                
                                BMC Biology (2020)

                            
	
                            
                                
                                    
                                        Atomic structures of anthrax toxin protective antigen channels bound to partially unfolded lethal and edema factors
                                    
                                

                            
                                
                                    	Nathan J. Hardenbrook
	Shiheng Liu
	Bryan A. Krantz


                                
                                Nature Communications (2020)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        Editorial Summary
Mechanism of action of anthrax toxin
Anthrax toxin uses its protective antigen (PA) component to form pores in the endosomal membrane to translocate its enzymic components, lethal factor and oedema factor, into the target cells. Hong Zhou and colleagues have used cryo-electron microscopy to determine the PA pore structure at an impressive resolution of 2.9 Ã…. The structure reveals the long-sought catalytic 'Î¦-clamp' or phenylalanine clamp and the membrane-spanning translocation channel, and supports a Brownian ratchet model for protein translocation.

show all

    

    
    

    
        
            
                
                    
                        
                            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: ]
