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            Abstract
Cytosolic DNA arising from intracellular pathogens triggers a powerful innate immune response1,2. It is sensed by cyclic GMP–AMP synthase (cGAS), which elicits the production of type I interferons by generating the second messenger 2′3′-cyclic-GMP–AMP (cGAMP)3,4,5. Endogenous nuclear or mitochondrial DNA can also be sensed by cGAS under certain conditions, resulting in sterile inflammation. The cGAS dimer binds two DNA ligands shorter than 20 base pairs side-by-side6,7,8,9, but 20-base-pair DNA fails to activate cGAS in vivo and is a poor activator in vitro. Here we show that cGAS is activated in a strongly DNA length-dependent manner both in vitro and in human cells. We also show that cGAS dimers form ladder-like networks with DNA, leading to cooperative sensing of DNA length: assembly of the pioneering cGAS dimer between two DNA molecules is ineffective; but, once formed, it prearranges the flanking DNA to promote binding of subsequent cGAS dimers. Remarkably, bacterial and mitochondrial nucleoid proteins HU and mitochondrial transcription factor A (TFAM), as well as high-mobility group box 1 protein (HMGB1), can strongly stimulate long DNA sensing by cGAS. U-turns and bends in DNA induced by these proteins pre-structure DNA to nucleate cGAS dimers. Our results suggest a nucleation-cooperativity-based mechanism for sensitive detection of mitochondrial DNA10 and pathogen genomes11, and identify HMGB/TFAM proteins as DNA-structuring host factors. They provide an explanation for the peculiar cGAS dimer structure and suggest that cGAS preferentially binds incomplete nucleoid-like structures or bent DNA.
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                    Figure 1: cGAS shows DNA length-dependent activity and forms DNA–protein ladders.[image: ]


Figure 2: cGAS and DNA assemble into cGAS2n–DNA2 complexes in solution.[image: ]


Figure 3: DNA–protein ladder model.[image: ]


Figure 4: DNA-bending proteins enhance cGAS activity by prearranging DNA into U-shaped structures.[image: ]
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Extended data figures and tables

Extended Data Figure 1 cGAS activity increases with DNA length in vitro and in vivo.
a, b, CXCL10 cytokine production of WT (a) and cGAS-KO (b) transdifferentiated BLaER1 cells. Cells were transfected with 20, 40, and 60 ng DNA of increasing length (20–100 bp in 5 bp intervals) and herring testis (HT) DNA, and CXCL10 concentration in the supernatant was measured by ELISA. The first two bars of each series represent unstimulated cells and Lipofectamine controls. Shown are mean values ± s.d., n = 3. c, Fold change of IFN-β mRNA expression in WT and cGAS-KO BLaER1 cells transfected with 20–100 bp and herring testis DNA. IFN-β mRNA expression levels were normalized to GAPDH mRNA and the fold change was calculated on the basis of the unstimulated control. Shown are mean values ± s.d., n = 3. d, Radiolabelled cGAMP production of cGAS stimulated with DNA of different lengths (20, 35, 55 bp, and plasmid). cGAS reactions in the presence of [α32P]ATP were stopped at the indicated time points and radiolabelled compounds (shown with black arrows) were visualized. e, f, Radiolabelled cGAMP production by (left to right) hcGAScd, hcGAS, and mcGAScd stimulated with 14, 16, 18, 20, 50 bp and plasmid DNA. cGAS (e, 5 μM; f, 10 μM) was incubated with 325 ng μl−1 (e) or 650 ng μl−1 (f) DNA of indicated length in the presence of ATP, GTP, and [α32P]ATP at 37 °C. The reactions were stopped at the indicated time points and radiolabelled compounds (shown with black arrows) were visualized. g, mcGAScd activity measured by the rate of fATP incorporation into fGAMP (see Extended Data Fig. 2 for the assays) in the presence of linearized or circular plasmid DNA. Mean values of initial cGAS reaction rates (∆F/∆t) are plotted against DNA constructs ± s.d., n = 3. No significant difference between linearized and circular plasmid could be detected.


Extended Data Figure 2 Description of the fluorescence-based cGAS activity assay.
a, Radiolabelled cGAS products obtained with different NTP combinations. Reactions were stopped at the indicated time points, and products separated by thin-layer chromatography and visualized by radiography. b, The principle of the fluorescence-based cGAS activity assay. cGAS catalyses the conversion of fluorescent ATP analogue fATP (2-aminopurine riboside triphosphate, three orange stars) into less fluorescent fGAMP (fluorescent cGAS product, one orange star), resulting in a gradual decrease in fluorescence intensity during the reaction. c, General workflow for calculating the initial cGAS reaction rates. From initial fluorescence curves (left), the background fluorescence was subtracted and the resulting curve was inverted for better visualization (∆F). Initial rates were calculated as a slope of the linear intervals (red dashed lines) and defined as ∆F/∆t (relative fluorescence units per minute) (right). d, e, fGAMP mobility in anion-exchange chromatography on a MonoQ 5/50 GL column. d, Comparison of fGAMP, produced by cGAS from fATP and GTP (red), 2′3′-cGAMP (black), and 3′3′-cGAMP (blue) mobilities. e, Comparison of fGAMP (red), fATP (black), and GTP (blue) mobilities.


Extended Data Figure 3 Electron densities and comparison with cGAS in complex with 18 bp DNA.
a, 2Fo − Fc electron density of 39 bp DNA within the complex at a contour level of 1σ. b, Close-up view of the cGAS active site (orange) superposed with a previously published structure of cGAS bound to 18 bp DNA (PDB accession number 4LEY, blue). Shown is the 2Fo − Fc electron density of the active-site residues at a contour level of 1σ. c, Superposition of the cGAS complex with 39 bp DNA (green and grey) with 18 bp DNA-bound cGAS (PDB accession number 4LEY, blue). A slight rotation of superposed 18 bp-cGAS (blue) relative to 39 bp-cGAS (grey) is shown with a black arrow. The superposition shows the difference between a hypothetical straight (red dashed line) DNA, leading the previously proposed DNA end preference of cGAS, and the curved DNA observed in our crystal structure. d, Binding mode of the DNA strands to cGAS within the previously published structure (PDB accession number 4LEY). Two neighbouring crystallographic asymmetric units represent a ‘head-to-tail’ cGAS dimer orientation. Elongation of both strands (red dashed line) leads to a steric clash (orange star). e, Schematic model of cGAS binding to continuous DNA in alternating ‘head-to-head’ and ‘tail-to-tail’ arrangements. DNA curves over λ bp (black arrows). f, Schematic model of cGAS binding to continuous DNA in a (not observed) ‘head-to-tail’ arrangement. DNA curves over λ/2 bp (black arrows), if the same density of cGAS per DNA is assumed. Thus DNA must be bent twice more often than in model e to sustain the parallel DNA arrangement and is energetically less favourable.


Extended Data Figure 4 Asymmetric unit of the cGAS–39 bp complex and details of protein–protein and protein–DNA contacts.
a, An overview of the asymmetric unit of 39 bp DNA-bound cGAS. Filled oval-like symbol represents a twofold crystallographic symmetry axis; black dashed lines represent non-crystallographic twofold symmetry axes. The asymmetric unit contains one full and one half ‘head-to-head’-oriented cGAS4–DNA2 complex. Residues mutated to examine four areas (encircled 1–4) are shown as red sticks. b, Close-up view of mutated interfaces: 1, cGAS active site (yellow) with superimposed cGAMP (from PDB accession number 4LEZ, grey) and labelled active-site residues D213 and D307; 2–4, potential protein–protein or DNA–protein interaction sites, respectively. Mutated residues are in red. c, d, Mutational analysis of the described regions of mcGAScd in vitro and hcGAS in vivo, respectively. D307N and D319N correspond to active-site mutations in mouse and human cGAS, respectively. c, cGAS activity measured by the rate of fATP incorporation into fGAMP (∆F/∆t, see Extended Data Fig. 2) and normalized to WT. Mean values represent percentage of WT activity ± s.d., n = 3. d, Percentage change of IFN-β promoter-driven luciferase activity upon the expression of WT or mutant cGAS. IFN-β response was measured as a proportion of firefly (FF) to Renilla (REN) luciferase activity in HEK293T STING-KI cells upon Flag/HA–hcGAS overexpression. All ratios were normalized to WT. Mean values represent the percentage of WT activity ± s.d., n = 3. Mutants are named according to their position in hcGAS: D319N (active site), Q454R, S263K, R166E, K173E, K458E, K258E mutants refer to D307N, Q439R, S249K, K151E, R158E, R443E, and R244E in mcGAS.


Extended Data Figure 5 cGAS affinity to DNA increases with DNA length accompanied by increase in number of cGAS binding sites along the DNA.
ITC measurements of mcGAScd binding to 20, 40, 45, 50, 70, and 80 bp DNA. For each DNA, the power differential (DP) is plotted against time and ∆H is plotted against the molar ratio of DNA:cGAS. Calculated binding parameters are given on each graph.


Extended Data Figure 6 cGAS forms higher-ordered structures on long DNA.
a, Signature plots for each ITC measurement (Extended Data Fig. 5) showing ∆G (green), ∆H (blue), and −T∆S (red) for each binding reaction. b, ∆H and −T∆S components of Gibbs free energy measured with ITC for mcGAScd binding to 20–80 bp DNA are plotted against DNA length ± s.d. of the measured values from the fit. c, Molecular mass distribution within SEC peaks (Fig. 2c–f) containing mcGAScd1–DNA1 (with 20 bp DNA), mcGAScd4–DNA2 (with 50 bp DNA), and mcGAScd6–DNA2 (with 70 and 80 bp DNA) calculated with RALS. Refractive index (red) and estimated molecular mass (black) are plotted against retention volume.


Extended Data Figure 7 TFAM enhances cGAS activity by prearranging DNA into U-shape.
a, DNA ladders (blue) and (b) DNA-bound TFAM structure (PDB 3TMM, red) arrange DNA in a remarkably similar fashion. The two similarly spaced DNA strands flanking cGAS ladders or the TFAM U-turn (black dotted lines) provide a possible explanation for the effect of TFAM on cGAS activity. c, Radiolabelled cGAMP production in the presence of increasing TFAM concentrations. cGAS reactions with ATP, GTP, and [α32P]ATP were stopped at the indicated time points and the radiolabelled compounds (shown with black arrows) were visualized. d, Activation of mcGAScd by mTFAM and DNA of increasing length (20–200 bp or plasmid DNA). Mean values of initial cGAS reaction rates (∆F/∆t, see Extended Data Fig. 2) are plotted against increasing concentrations of mTFAM ± s.d., n = 4–8.


Extended Data Figure 8 HMGB proteins activate cGAS through DNA bending.
a, Sequence alignment of HMG boxes from different HMG proteins. Positions of intercalating residues, responsible for the DNA-bending activity (red), are shown with respect to their location within helices I, II, or III of HMGB1_boxA (green lines) and HMGB1_boxB (blue lines). b, Structures of box A in complex with DNA (PDB accession number 4QR9) and box B (PDB accession number 1HME) of rat HMGB1 with indicated intercalating residues (red). c, mcGAScd activity measured by the rate of fATP incorporation into fGAMP (see Extended Data Fig. 2) in the presence of increasing concentration of mHMGB1dCTT WT and intercalating residues mutants. Double mutations (F38A in box A, and F103A or I122A in box B) or triple mutants (F38A in box A, and both F103A and I122A in box B) were used. Mean values of initial cGAS reaction rates (∆F/∆t) are plotted against increasing concentrations of mHMGB1dCTT ± s.d., n = 7. d, Electrophoretic mobility shift assay of mHMGB1dCTT WT and point mutants with 2.6 ng μl−1 (~200 nM binding sites) 200 bp DNA. Introduced mutations do not reduce DNA binding of mHMGB1 mutants under conditions used for cGAS activity assays (c). e, mcGAScd activity measured by the rate of fATP incorporation into fGAMP (see Extended Data Fig. 2) in the presence of mTFAM with circular or linearized plasmid. Mean values of initial cGAS reaction rates (∆F/∆t) are plotted against increasing concentrations of mTFAM ± s.d., n = 3. f, ITC of hcGAS with hTFAM at 35, 25, and 15 °C. Power differential (DP) is plotted against time of the experiment. hTFAM (~530 μM) was titrated to ~50 μM hcGAS. No binding is observed, indicating Kd > 100 μM. g, h, cGAS activity measured by the rate of fATP incorporation into fGAMP (see Extended Data Fig. 2) in the presence of increasing TFAM concentrations. Mean values of initial cGAS reaction rates (∆F/∆t) are plotted against increasing concentrations of TFAM ± s.d., n = 3 or 4. mcGAScd (g) and hcGAS (h) are activated by both human and mouse TFAM.


Extended Data Figure 9 TFAM relocalizes from mitochondria into cytosol during mitochondrial stress.
a, b, TFAM (green) localization upon mitochondrial stress induction. Cells were incubated with caspase and Bcl-2 inhibitors for indicated time and stained for super-resolution fluorescence microscopy (3D SIM). Mitochondria were visualized by TOM20 (mitochondrial import receptor subunit, red) staining, cell nuclei by DAPI (blue). a, TFAM cytosolic localization under mitochondrial stress conditions in HEK293T cells. b, TFAM decondensation in mitochondria and its leakage into cytoplasm in human primary fibroblasts in response to mitochondrial stress. c, Example of statistical analysis in human primary fibroblasts (b). Cells were incubated with caspase and Bcl-2 inhibitors for 6 h and stained for super-resolution fluorescence microscopy (3D SIM). Mitochondria were visualized by TOM20 (mitochondrial import receptor subunit) staining, cell nuclei by DAPI. Areas stained for TFAM (green), TOM20 (red), and nucleus (blue) are defined with yellow line. Cytosolic TFAM spots are depicted on the top left view. d, Comparison of cytosolic TFAM signal in control cells (0 h) and under mitochondrial stress conditions (6 h) (b, c). Plotted are mean values of cytosolic TFAM signal calculated as area (top) or number of spots (bottom) ± s.d. Three cells of each type and three segments per cell were used (n = 9). Single asterisk indicates a statistically significant difference (P < 0.05, P = 0.0267), double asterisk indicates a statistically significant difference (P < 0.01, P = 0.0050), compared with control. The TFAM signal in the cytosol of control cells (0 h) represents background signal. e, Co-immunopurification of cGAS and TFAM. Cell lysates with overexpressed Flag/HA–cGAS and HA–TFAM were incubated with anti-hcGAS or with a control antibody (A/b) and the proteins in total lysates (TL) and elution fractions (IP) were visualized by immunoblotting (IB).


Extended Data Figure 10 HMGB1 but not eGFP co-localizes with cytosolic DNA.
a, b, HMGB1 (red), eGFP (green), and DNA (blue) localization in WT or HMGB1-KO MEFs. DNA was stained by DAPI (blue). Images were obtained by wide-field fluorescence microscopy (pDV). Fluorescent signal within enlarged images is enhanced until saturation of the nuclear signal to better visualize cytoplasmic structures. a, Cells were transfected with eGFP expression construct. HMGB1 co-localizes with DAPI-staining in WT but not HMGB1-KO cells. eGFP does not co-localize with DNA or HMGB1. b, In non-transfected cells, HMGB1 and DAPI stainings are present only in the nucleus. The HMGB1 staining in the cytosol of non-transfected and HMGB1-KO cells represents background signals that become visible with the artificial signal amplification beyond saturation, as shown in the zoom-in images.





Supplementary information
Supplementary Information
This file contains Supplementary Methods and Supplementary Tables 1-3. The Supplementary Methods contain a detailed explanation of the DPL model and the derivation of equations for its mathematical description. They also contain a description of the global fitting of the experimental data with DPL and generic Hill equations. (PDF 794 kb)


Reporting Summary (PDF 83 kb)




PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


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



Cite this article
Andreeva, L., Hiller, B., Kostrewa, D. et al. cGAS senses long and HMGB/TFAM-bound U-turn DNA by forming protein–DNA ladders.
                    Nature 549, 394–398 (2017). https://doi.org/10.1038/nature23890
Download citation
	Received: 14 February 2017

	Accepted: 31 July 2017

	Published: 13 September 2017

	Issue Date: 21 September 2017

	DOI: https://doi.org/10.1038/nature23890


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

                
                    	
                            
                                
                                    
                                        Mitochondrial DNA replication stress triggers a pro-inflammatory endosomal pathway of nucleoid disposal
                                    
                                

                            
                                
                                    	Laura E. Newman
	Sammy Weiser Novak
	Gerald S. Shadel


                                
                                Nature Cell Biology (2024)

                            
	
                            
                                
                                    
                                        cGAMP-activated cGAS–STING signaling: its bacterial origins and evolutionary adaptation by metazoans
                                    
                                

                            
                                
                                    	Dinshaw J. Patel
	You Yu
	Wei Xie


                                
                                Nature Structural & Molecular Biology (2023)

                            
	
                            
                                
                                    
                                        Molecular mechanisms of mitochondrial DNA release and activation of the cGAS-STING pathway
                                    
                                

                            
                                
                                    	Jeonghan Kim
	Ho-Shik Kim
	Jay H. Chung


                                
                                Experimental & Molecular Medicine (2023)

                            
	
                            
                                
                                    
                                        Possible frequent multiple mitochondrial DNA copies in a single nucleoid in HeLa cells
                                    
                                

                            
                                
                                    	Vojtěch Pavluch
	Tomáš Špaček
	Petr Ježek


                                
                                Scientific Reports (2023)

                            
	
                            
                                
                                    
                                        Computational design of constitutively active cGAS
                                    
                                

                            
                                
                                    	Quinton M. Dowling
	Hannah E. Volkman
	Neil P. King


                                
                                Nature Structural & Molecular Biology (2023)

                            


                

            

        
    

            
                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
DNA–protein ladders
The DNA sensor cGAS is activated by binding to potentially dangerous double-stranded DNA in the cytosol to produce cyclic-GMP–AMP, which activates the production of interferon and inflammatory cytokines. In this study, KP Hopfner and colleagues examine the relationship between the length of DNA and the activation of cGAS. They propose a model for where cGAS forms DNA–protein 'ladders', with two DNA ligands serving as beams and cGAS dimers as rungs. These structures lead to cooperative binding of cGAS to DNA as a function of DNA length. Proteins that facilitate DNA bending or the formation of U-shaped structures, including the host factors HMGB1 and TFAM, enhanced long-DNA sensing by cGAS.

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 — 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: ]
