







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 22 July 2019



                    Inhibition of bacterial ubiquitin ligases by SidJ–calmodulin catalysed glutamylation

                    	Sagar Bhogaraju1,2,3, 
	Florian Bonn1, 
	Rukmini Mukherjee1,2, 
	Michael Adams3, 
	Moritz M. Pfleiderer3, 
	Wojciech P. Galej3, 
	Vigor Matkovic1,2, 
	Jaime Lopez-Mosqueda1,4, 
	Sissy Kalayil1,2, 
	Donghyuk Shin1,2,5 & 
	…
	Ivan Dikic1,2,5 

Show authors

                    

                    
                        
    Nature

                        volume 572, pages 382–386 (2019)Cite this article
                    

                    
        
            	
                        12k Accesses

                    
	
                        76 Citations

                    
	
                            123 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Enzyme mechanisms
	Pathogens


    


                
    
    

    
    

                
            


        
            Abstract
The family of bacterial SidE enzymes catalyses phosphoribosyl-linked serine ubiquitination and promotes infectivity of Legionella pneumophila, a pathogenic bacteria that causes Legionnaires’ disease1,2,3. SidE enzymes share the genetic locus with the Legionella effector SidJ that spatiotemporally opposes the toxicity of these enzymes in yeast and mammalian cells, through a mechanism that is currently unknown4,5,6. Deletion of SidJ leads to a substantial defect in the growth of Legionella in both its natural hosts (amoebae) and in mouse macrophages4,5. Here we demonstrate that SidJ is a glutamylase that modifies the catalytic glutamate in the mono-ADP ribosyl transferase domain of the SdeA, thus blocking the ubiquitin ligase activity of SdeA. The glutamylation activity of SidJ requires interaction with the eukaryotic-specific co-factor calmodulin, and can be regulated by intracellular changes in Ca2+ concentrations. The cryo-electron microscopy structure of SidJ in complex with human apo-calmodulin revealed the architecture of this heterodimeric glutamylase. We show that, in cells infected with L. pneumophila, SidJ mediates the glutamylation of SidE enzymes on the surface of vacuoles that contain Legionella. We used quantitative proteomics to uncover multiple host proteins as putative targets of SidJ-mediated glutamylation. Our study reveals the mechanism by which SidE ligases are inhibited by a SidJ–calmodulin glutamylase, and opens avenues for exploring an understudied protein modification (glutamylation) in eukaryotes.
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                    Fig. 1: SidJ inhibits the ubiquitin–ADP ribosylation activity of SdeA.


Fig. 2: CaM is a host-specific factor that activates SidJ.


Fig. 3: SidJ is a CaM-dependent glutamylase.


Fig. 4: Glutamylation of SidE enzymes and host proteins during infection with Legionella.
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Extended data figures and tables

Extended Data Fig. 1 SidJ does not possess intrinsic deubiquitinase activity.
a, Genetic locus of sdeC-orf2-sidj-sdeB-sdeA in the Legionella genome. b, Left, GFP–SidJ that was ectopically expressed and purified from HEK293T cells was incubated with canonical HA–ubiquitin chains purified from mammalian cells. The canonical deubiquitinase USP2 was used as a positive control. Right, GFP or GFP–SidJ was incubated with purified SdeA–ubiquitinated Rab33b. The experiment was repeated twice independently, with similar results. c, Full-length SidJ was incubated with various substrates modified with canonical ubiquitination or phosphoribosyl-linked ubiquitination, to probe the cleavage activity. USP2 was used as a positive control for cleaving canonical ubiquitin chains. The experiment was repeated twice independently, with similar results. d, SidJ purified from Legionella was analysed by mass spectrometry, and protein quantification was performed using the MaxQuant iBAQ algorithm. The experiment was repeated twice independently, with similar results.

                          Source Data
                        


Extended Data Fig. 2 SidJ binds to CaM.
a, GFP and GFP–SidJ were ectopically expressed in HEK293T cells, and immunoprecipitated. The samples were analysed by SDS–PAGE, followed by Coomassie staining. The experiment was repeated twice independently, with similar results. b, Purified SdeA from HEK293T cells that express SdeA alone, or in combination with SidJ or SidJ(ΔIQ) (here labelled SidJ(1–819)), was used in ε-NAD+ hydrolysis assays. The experiment was repeated twice independently, with similar results. c, A549 cells infected with wild-type L. pneumophila for different time periods were loaded with Fura2AM for 30 min at 37 °C, followed by ratiometric measurement of intracellular Ca2+ using a plate reader. Infection with bacteria did not change total Ca2+ levels in the cell. n = 3 biologically independent experiments, Data points indicate mean and error bars represent s.d. d, A549 cells expressing endoplasmic reticulum–GFP and endoplasmic reticulum–cepia were infected with L. pneumophila (Ds-Red lp02) followed by time-lapse imaging. Fluorescence intensity of endoplasmic reticulum–cepia at each region is proportional to local Ca2+ levels. Endoplasmic reticulum–GFP fluorescence is independent of Ca2+ concentration. The endoplasmic reticulum has a heterogenous and dynamic distribution of Ca2+. The bacteria make transient contacts with the endoplasmic reticulum, and may be influenced by local Ca2+ fluxes in the cell. Endoplasmic reticulum–cepia is marked in red, endoplasmic reticulum–GFP in green and bacteria are marked by white dotted lines. Time-lapse images were taken at 1-s intervals for 2 min. Images shown in the montage are at 10-s intervals. The experiment was repeated three times independently, with similar results. e, Crystal structure of SdeA (PDB 5YIM) is shown in cartoon representation, highlighting the missing peptide of SdeA in SidJ-treated samples (shown in red). The solvent-exposed part of this peptide that contains the catalytic glutamate (E860, shown in green) is marked.

                          Source Data
                        


Extended Data Fig. 3 Mass spectra showing glutamylation of E860 of SdeA.
a, Annotated mass spectra for di-glutamylation of E860 of SdeA from samples of immunoprecipitated GFP–SdeA co-expressed with SidJ. b, In vitro glutamylation of SdeA was carried in various conditions (as indicated), followed by ε-NAD+ hydrolysis assays to measure the ubiquitin–ADP ribosylation activity of SdeA. The experiment was repeated three times independently, with similar results.

                          Source Data
                        


Extended Data Fig. 4 In vitro glutamylation of SdeA.
a, Samples of in vitro glutamylation reactions that contained SdeA and SidJ, with or without ATP, were TMT-labelled and analysed by quantitative mass spectrometry. Mono- and di-glutamylation of the catalytic E860 of SdeA was enriched in samples that contained ATP. In vitro glutamylation was performed in n = 3 biologically independent experiments. Samples were labelled with TMT six-plex reagent and analysed in one liquid chromatography–mass spectrometry run. Significant differences between samples were detected by a two-sided Student’s t-test. b, Annotated mass spectra for mono-glutamylation of E860 of SdeA, from SidJ glutamylase in vitro reactions. c, Annotated mass spectra for di-glutamylation of E860 of SdeA, from SidJ glutamylase in vitro reactions.

                          Source Data
                        


Extended Data Fig. 5 Analysis of isobaric glutamylated peptide species.
a, Extracted ion chromatogram of +4-charged QVGRHGEGTESEFSVYLPEDVALVPVK peptide with +1 glutamate, showing that there are no other co-existing mono-glutamylated versions of the catalytic peptide (besides glutamylation of E860). b, Extracted ion chromatogram of the catalytic peptide plus two glutamates (charge +4) is separated into three peaks that could be assigned to di-glutamylation of E860, as well as two mono-glutamylations on the peptide on E860 and E857, and on E860 and E862. Annotated spectra are shown below. c, Extracted ion chromatogram of the catalytic peptide plus three glutamates (charge +4) is separated into three different peaks that could be assigned to di-glutamylation of E860, plus mono-glutamylation of E857 and a parallel mono-glutamylation of E857, E860 and E862; a third peak could not be clearly assigned. Annotated spectra of the annotated species are shown below. In a–c, in vitro glutamylation and label-free liquid chromatography–mass spectrometry analysis were performed in three biologically independent experiments with similar results. Corresponding quantitative information is shown in Fig. 3d.


Extended Data Fig. 6 Cryo-EM data processing and 3D reconstruction.
a, Size-exclusion profile of SidJ–CaM complex. Elution fractions were analysed by SDS–PAGE. Marked fractions were used for cryo-EM sample preparation. This experiment was repeated three times independently, with similar results. b, A representative electron micrograph for the cryo-EM dataset collected. c, Reference-free representative 2D class averages of the SidJ–CaM complex. Secondary structure features are visible in projection images. The number (n) of particles used to obtain a 2D class average is mentioned in each subpanel. d, Gold-standard FSC30 plot between two independently refined half-maps, FSC0.143 = 4.15-Å resolution. As expected, FSC between phase-randomized half-maps show a rapid drop of correlation beyond randomization point. e, Crystal structure of SidJ–CaM (PDB 6OQQ) is fitted into the cryo-EM 3D reconstruction. f, Part of d, magnified to highlight the difference between the crystal structure and the cryo-EM map.

                          Source Data
                        


Extended Data Fig. 7 Cryo-EM single-particle analysis pipeline.
Data-processing strategy for cryo-EM of the SidJ–CaM complex. Particle-picking on 2,423 micrographs (using WARP) resulted in the identification of 1,500,000 particles. The particle coordinates were imported into Relion and particles were extracted with a twofold binning factor. After 2D classification and an initial 3D classification, a 3D class with clear secondary structure features and 370,000 particles was identified. The particles of this class were re-extracted with full pixel size and 3D-refined, resulting in a 4.52-Å model. Two additional rounds of 3D classification and 3D refinement improved the resolution of the model to 4.15 Å. Final particle polishing and CTF refinement of the remaining particles did not result in a nominal improvement of the resolution.


Extended Data Fig. 8 Cryo-EM model refinement.
a, FSC between model and the map and cross-validation of the model fitting. FSC0.5 = 4.3 Å for the model versus map (sum). Half-map cross validation procedure31 does not show overfitting in the refined model. b, Local resolution analysis (using Relion) shows variation in the map resolution ranging from 3.9 to 5.1 Å. c, Overview of the model fitting into the map in the same orientation as in b. d, An example of the cryo-EM map quality with the atomic model fitted in, showing clear density for side chains.


Extended Data Fig. 9 Ligand-binding sites of SidJ–CaM complex.
a, Crystal structure of complex between SidJ and yeast CaM (PDB 6OQQ) is shown, marking the two proposed catalytic sites and the bound ligands. b, Electron-microscopy map showing cryo-EM density in the migrated pocket fitted with AMPPNP. c, Electron-microscopy map showing unassigned cryo-EM density in the canonical pocket.


Extended Data Fig. 10 SidJ-dependent glutamylation during Legionella infection.
a, Raw264.7 macrophages were infected with wild-type, ΔSidJ or ΔSidE Legionella for 3 h. Lysates were used for immunoprecipitation with polyglutamylation antibody, followed by immunoblotting with SdeA. ni, samples that were not infected with bacteria. This experiment was repeated twice independently, with similar results. b, A549 cells were infected with different strains of L. pneumophila for 3 h. Cells were fixed and immunostained with antibodies against calnexin and polyglutamylation (GT335). DAPI staining marks the nucleus and cytosolic bacteria. Yellow arrows indicate bacteria in infected cells. The ROI is defined as calnexin-stained LCV. ROIs of 80 × 100 μm2 were chosen in the perinuclear region of cells, followed by quantification of Mander’s coefficient (m) using the Coloc2 plugin in FIJI. m represents the fraction of calnexin-positive LCVs that are also positive for polyglutamylation. Centre lines show the medians; box limits indicate the 25th and 75th percentiles (as determined by R software); whiskers extend 1.5× the interquartile range from the 25th and 75th percentiles; and outliers are represented by dots. Number of ROIs (n) = 80 from 30 cells was used for quantification. ***P < 0.001 by two-tailed type-3 Student’s t-test. P value (wild type versus ΔsidJ) = 6.18 × 10−29; P value (wild type versus ΔsidE) = 1.09 × 10−5. This experiment was repeated twice independently, with similar results. c, Glutamylated proteins were isolated from wild-type, ΔsidE and ΔsidJ Legionella infection experiments using GT335 antibody and quantified using mass spectrometry. Correlation between wild-type versus ΔsidJ and ΔsidE versus ΔsidJ quantifications are plotted (inset), showing the most-correlated proteins in these two quantifications. Legionella infection and label-free liquid chromatograph–mass spectrometry analysis was performed with n = 3 biologically independent experiments. Significant differences between samples were detected by a corrected, two-sided Student's t-test with permutation-based false-discovery rate of 0.05. Proteins were labelled as significant if they were above the false-discovery-rate threshold of 0.05 in at least one comparison (ΔsidE and wild-type Legionella compared to ΔsidJ-infected cells). Proteins with a log2 ratio above two (mean) in wild-type samples were labelled as highly enriched compared to ΔsidJ-infected cells in samples from wild-type and ΔsidE-infected cells.

                          Source Data
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Supplementary Information
A description of the ligand binding sites in the Cryo-EM structure of SidJ/CaM, Supplementary Table 1 and Supplementary Figure 1, the uncropped gels.


Reporting Summary

Video 1: Calcium dynamics at the legionella-ER contact sites during infection
A549 cells expressing ER-GFP and ER-cepia were infected with Legionella pneumophilia (Ds-Red lp02) followed by time-lapse imaging. Fluorescence intensity of ER-cepia at each region is proportional to local Ca2+ levels. This video corresponds to the time-lapse figure presented in Extended Data Fig. 2d.





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. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 10




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Bhogaraju, S., Bonn, F., Mukherjee, R. et al. Inhibition of bacterial ubiquitin ligases by SidJ–calmodulin catalysed glutamylation.
                    Nature 572, 382–386 (2019). https://doi.org/10.1038/s41586-019-1440-8
Download citation
	Received: 25 April 2019

	Accepted: 09 July 2019

	Published: 22 July 2019

	Issue Date: 15 August 2019

	DOI: https://doi.org/10.1038/s41586-019-1440-8


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 for the toxicity of Legionella pneumophila effector SidH
                                    
                                

                            
                                
                                    	Rahul Sharma
	Michael Adams
	Sagar Bhogaraju


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        An expanded lexicon for the ubiquitin code
                                    
                                

                            
                                
                                    	Ivan Dikic
	Brenda A. Schulman


                                
                                Nature Reviews Molecular Cell Biology (2023)

                            
	
                            
                                
                                    
                                        Structural mechanisms of calmodulin activation of Shigella effector OspC3 to ADP-riboxanate caspase-4/11 and block pyroptosis
                                    
                                

                            
                                
                                    	Yanjie Hou
	Huan Zeng
	Jingjin Ding


                                
                                Nature Structural & Molecular Biology (2023)

                            
	
                            
                                
                                    
                                        Polyglutamylation: biology and analysis
                                    
                                

                            
                                
                                    	Cristian I. Ruse
	Hang Gyeong Chin
	Sriharsa Pradhan


                                
                                Amino Acids (2022)

                            
	
                            
                                
                                    
                                        Eosinophil extracellular traps drive asthma progression through neuro-immune signals
                                    
                                

                            
                                
                                    	Yiwen Lu
	Yijiao Huang
	Shicheng Su


                                
                                Nature Cell Biology (2021)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Regulation of phosphoribosyl ubiquitination by a calmodulin-dependent glutamylase
                

                
	Ninghai Gan
	Xiangkai Zhen
	Zhao-Qing Luo



                
    
        
            Nature
        
        Letter
        
        
            22 Jul 2019
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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 — 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
            
        


    









    








