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            Abstract
Successful infection by enteric bacterial pathogens depends on the ability of the bacteria to colonize the gut, replicate in host tissues and disseminate to other hosts. Pathogens such as Salmonella, Shigella and enteropathogenic and enterohaemorrhagic (EPEC and EHEC, respectively) Escherichia coli use a type III secretion system (T3SS) to deliver virulence effector proteins into host cells during infection that promote colonization and interfere with antimicrobial host responses1,2,3. Here we report that the T3SS effector NleB1 from EPEC binds to host cell death-domain-containing proteins and thereby inhibits death receptor signalling. Protein interaction studies identified FADD, TRADD and RIPK1 as binding partners of NleB1. NleB1 expressed ectopically or injected by the bacterial T3SS prevented Fas ligand or TNF-induced formation of the canonical death-inducing signalling complex (DISC) and proteolytic activation of caspase-8, an essential step in death-receptor-induced apoptosis. This inhibition depended on the N-acetylglucosamine transferase activity of NleB1, which specifically modified Arg 117 in the death domain of FADD. The importance of the death receptor apoptotic pathway to host defence was demonstrated using mice deficient in the FAS signalling pathway, which showed delayed clearance of the EPEC-like mouse pathogen Citrobacter rodentium and reversion to virulence of an nleB mutant. The activity of NleB suggests that EPEC and other attaching and effacing pathogens antagonize death-receptor-induced apoptosis of infected cells, thereby blocking a major antimicrobial host response.
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                    Figure 1: NleB1 binds death domain proteins and inhibits caspase-8 activation.[image: ]


Figure 2: Enzymatic activity of NleB1.[image: ]


Figure 3: Inhibition of FasL-induced DISC formation and cell death by EPEC.[image: ]


Figure 4: Infection of mice deficient for FAS signalling with C. rodentium.[image: ]
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Extended data figures and tables

Extended Data Figure 1 NleB1 binds FADD, TRADD and RIPK1 and blocks extrinsic apoptosis.
a, Co-immunoprecipitation of bacterially delivered NleB1–2HA with FADD–Flag, TRADD–Flag and RIPK1–Flag in HeLa cells. Lane 1, HeLa cells infected with EPEC ΔnleB1 (pNleB1) (negative control). Lane 2, HeLa cells infected with EPEC ΔnleB1 (pNleB1–2HA). Actin, loading control. Representative immunoblot from at least three independent experiments. b, GFP-Trap pull-down of FADD–Flag or FADDΔDD–Flag. NleB1 from EPEC E2348/69, EHEC O157:H7 EDL933 and C. rodentium ICC169 fused with EGFP were used as indicated. Actin, loading control. Representative immunoblot from at least three independent experiments. c, HeLa cells were infected with derivatives of EPEC as indicated for 4 h and left unstimulated (dark grey bars) or stimulated with TNF for 8 h (light grey bars). Results are the mean ± s.e.m. of at least three independent experiments carried out in duplicate. The * indicates significantly greater than uninfected, unstimulated cells, P < 0.0001, one-way ANOVA with Dunnett’s multiple comparison test. d, Apoptosis was induced by FasL and HeLa cells were stained with antibodies to cleaved caspase-8. Arrows indicate cells with cleaved caspase-8. Scale bar, 5 μm. Representative images from at least three independent experiments. e, Quantification of cleaved caspase-8 or cleaved caspase-3 by immunofluorescence microscopy in HeLa cells expressing EGFP or EGFP–NleB1. UT, untransfected; Results are the mean ± s.e.m. of percentage of cells with cleaved caspase-8 or cleaved caspase-3 from at least three independent experiments counting ∼200 cells in triplicate. *P < 0.0001, unpaired, two-tailed t-test. f, N-acetylglucosylation of FADD–Flag detected using a monoclonal antibody to GlcNAc of immunoprecipitated lysate from HEK293T cells. Actin, loading control. Representative immunoblot from at least three independent experiments.


Extended Data Figure 2 Mass spectra of peptides identifying FADD Arg 117 GlcNAc modification.
Fragment ions of overlapping tryptic missed cleaved peptides confirm Arg 117 of FADD as the modification site.


Extended Data Figure 3 Mass spectra obtained using electron transfer dissociation fragmentation on the Orbitrap Elite mass spectrometer.
a, Red and blue spectra represent the c and z series ions that matches the peptide sequence DWKRLAR-HexNAc-ELKVSEAKM (addition of 203.0793 Da) produced from an AspN endoproteinase digest of FADD incubated with NleB1. Insert box shows the precursor ion present as a 4+ charge isotope series with a delta mass of 0.15 p.p.m. between the measured and theoretical mass of the modified peptide. Xcorr score of 6.26 was obtained using the Sequest HT (V1.3) search engine. b, Total ion current of the AspN digest. c, Extracted ion chromatogram of mass 541.5449 belonging to the HexNAc modified peptide DWKRLARELKVSEAKM using isolation mass tolerance of 10 p.p.m. d, ETD fragmentation spectra of the 541.55 precursor ion. Insert table shows the theoretical masses associated with the respective fragmentation ions.


Extended Data Figure 4 GlcNAc modification of FADD by GST–NleB1.
a, Intact protein mass spectrometry of FADD with an R117A substitution incubated with GST–NleB1 and UDP-GlcNAc reveals no GlcNAc modification. b, Intact protein mass spectrometry of FADD with S122A substitution incubated with GST–NleB1 and UDP-GlcNAc reveals a single GlcNAc modification. c, In vitro assay for NleB1 GlcNAc modification of mutated forms of FADD as indicated. Representative immunoblot from at least three independent experiments.


Extended Data Figure 5 Comparison of FasL and TNF-mediated caspase-8 processing and analysis of NleB2.
a, GFP-Trap pull-down of FADD–Flag, TRADD–Flag or RIPK1–Flag with EGFP–NleB2 in HEK293T cells. Actin, loading control. Representative immunoblot from at least three independent experiments. b–d, Co-immunoprecipitation of bacterially delivered NleB2–2HA with FADD–Flag, TRADD–Flag and RIPK1–Flag in HeLa cells using HA antibodies. Lane 1, HeLa cells infected with EPEC ΔnleB2 (pNleB2) (negative control). Lane 2, HeLa cells infected with EPEC ΔnleB2 (pNleB2–2HA). Actin, loading control. Representative immunoblots from at least three independent experiments. e, Unprocessed and cleaved caspase-8 in HeLa cells infected for 3 h with derivatives of EPEC and left untreated or treated with Fcγ–FasL or TNF for 1 h, as indicated. Representative immunoblot from at least three independent experiments. f, Unprocessed and cleaved caspase-8 in HeLa cells infected for 45 min with derivatives of EPEC and left untreated or treated with TNF and cyclohexamide (CHX) for 1 h as indicated. Actin, loading control. Representative immunoblot from at least three independent experiments. g, Adherence of EPEC to HeLa cells. HeLa cells were infected with derivatives of EPEC for 3 h followed by treatment with FasL for 1 h. Number of recovered bacteria and the inoculum are shown for comparison. Mean ± s.e.m. are indicated. Data are from three independent experiments performed in triplicate.


Extended Data Figure 6 Infection of C57BL/6 and Faslpr/lpr mice with C. rodentium.
a, Immunofluorescence staining of cleaved caspase-8 in different colonic sections from C57BL/6 mice infected with wild type C. rodentium and an nleB mutant as indicated, using antibodies to C. rodentium O-antigen (anti-O152, green) and cleaved caspase-8 (red). Intestinal tissue was visualized with Hoechst staining for DNA (blue). Arrows indicate cleaved caspase-8 positive cells sloughed into the gut lumen. Scale bar, 100 μm. Representative images from at least three separate sections of colon at least 100 μm apart (transverse or longitudinal), per animal from five individual mice per group. b, Time course of infection of C57BL/6 and Faslpr/lpr mutant mice with C. rodentium. Each data point represents log10 c.f.u. per 100 mg faeces per individual animal on the indicated days. Mean ± s.e.m. are indicated, dotted line represents detection limit. C. rodentium, mice infected with wild type C. rodentium; ΔnleB mice infected with C. rodentium nleB mutant. *P < 0.05, **P < 0.01, ***P < 0.001. P values from Mann–Whitney U-test. Dotted line represents the detection limit.


Extended Data Figure 7 Histological analysis of intestinal sections at day 10 from FAS-deficient mice infected with C. rodentium.
a, Bacterial load in the colon of mice infected with C. rodentium (CR). Each data point represents log10 c.f.u. per 100 mg colon per individual animal on day 10 post-infection. C57BL/6 CR, wild-type mice infected with wild-type C. rodentium; C57BL/6 ΔnleB, wild-type mice infected with C. rodentium nleB mutant; Faslpr/lpr CR, Faslpr/lprmice infected with wild-type C. rodentium, dotted line is the detection limit. P = 0.0002, Mann–Whitney U-test. Mean ± s.e.m. are indicated. b, Resected colon weights (between rectum and caecum) of individual animals on day 10 post-infection. C57BL/6 CR, wild-type mice infected with wild-type C. rodentium; C57BL/6 ΔnleB, wild-type mice infected with C. rodentium nleB mutant; Faslpr/lpr CR, Faslpr/lpr mice infected with wild type C. rodentium. P = 0.0164, Mann–Whitney U-test. Mean ± s.e.m. are indicated. c, Mean ± s.e.m. crypt height in μm in haematoxylin and eosin stained sections from C57BL/6 and Faslpr/lprmice infected with wild type C. rodentium. UI, uninfected. Data are from 4 sections of colon measured at least 50 μm apart per animal from at least 3 individual mice per group. d, Mean ± s.e.m. tissue damage score in colon sections for individual mice infected with wild type C. rodentium. Scoring system is described in the Methods. UI, uninfected. P < 0.05, Mann–Whitney U-test. e, Haematoxylin and eosin stained sections of colon from C57BL/6 (wild-type) or Faslpr/lprmice uninfected or infected with wild type C. rodentium (day 10 post-infection). UI, uninfected. Scale bar, 100 μm. Mucosal inflammation (asterisk), neutrophil invasion of the muscularis mucosa (arrow), erosion of the epithelium (arrowhead). Representative images from two sections of colon at least 100 μm apart (transverse or longitudinal) from at least three individual mice per group.


Extended Data Figure 8 Diarrhoea score and histological analysis of intestinal sections at day 12 from C57BL/6 (wild-type), Faslpr/lpr, Fasgld/gld and Bid−/− mice infected with C. rodentium.
a, Bacterial load in the faeces of different mouse strains infected with wild-type C. rodentium as indicated. Each data point represents log10 c.f.u. per 100 mg colon per individual animal. Dotted line is detection limit. Mean ± s.e.m. are indicated. b, Diarrhoea score at day 12 post-infection of different strains of mice infected with C. rodentium. Scoring system is described in the Methods. Mean ± s.e.m. are indicated. P values from one-way ANOVA. c, Mean ± s.e.m. crypt height in μm in haematoxylin and eosin stained sections from different mouse strains infected with wild-type C. rodentium. UI, uninfected. Data are from 4 sections of colon measured at least 50 μm apart per animal from at least three individual mice per group. d, Haematoxylin and eosin stained sections of colon from different mouse strains infected with wild type C. rodentium. Scale bar, 100 μm. Representative images from two sections of colon at least 100 μm apart (transverse or longitudinal) from at least three individual mice per group.


Extended Data Figure 9 Bacterial load in the faeces of Faslpr/lprmice infected with wild-type C. rodentium, an espI mutant and an espF mutant.
a, Bacterial load in the faeces of mice during infection with derivatives of C. rodentium. Each data point represents log10 c.f.u. per 100 mg faeces or colon as indicated per individual animal on days 4, 8, 10 and 12 post-infection. Mean ± s.e.m. are indicated, dotted line represents detection limit. b, Diarrhoea score at day 4, 8, 10 and 12 post-infection. Scoring system is described in the Methods. Mean ± s.e.m. are indicated. P values from one-way ANOVA. c, d, Bacterial load in the faeces of mice infected with derivatives of C. rodentium. Each data point represents log10 c.f.u. per 100 mg faeces per individual animal on day 8 post-infection. Mean ± s.e.m. are indicated, dotted line represents detection limit. P values from Mann–Whitney U-test.
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        Editorial Summary
Virulence mechanism of bacterial effector NleB
Previous studies identified a group of effectors from enteropathogenic Escherichia coli that can inhibit host nuclear factor-κB (NF-κB) signalling, yet only one of them, known as NleB, is required for bacterial virulence in vivo. Two papers published in this issue demonstrate the unique mechanism of action of NleB. It directly targets death receptor signalling complexes, binding to the death domains (DDs) of multiple DD-containing proteins including the TNF receptor, FAS, RIPK1, TRADD and FADD. NleB is shown to function as an N-acetylglucosamine (GlcNAc) transferase that modifies a conserved DD arginine, blocking the receptor-adapter interaction. These findings suggest that GlcNAc modification is essential for bacterial virulence and can regulate death receptor signalling.

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
	protocols.io
	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 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: ]
