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            Abstract
Conventional CRISPR–Cas systems maintain genomic integrity by leveraging guide RNAs for the nuclease-dependent degradation of mobile genetic elements, including plasmids and viruses. Here we describe a notable inversion of this paradigm, in which bacterial Tn7-like transposons have co-opted nuclease-deficient CRISPR–Cas systems to catalyse RNA-guided integration of mobile genetic elements into the genome. Programmable transposition of Vibrio cholerae Tn6677 in Escherichia coli requires CRISPR- and transposon-associated molecular machineries, including a co-complex between the DNA-targeting complex Cascade and the transposition protein TniQ. Integration of donor DNA occurs in one of two possible orientations at a fixed distance downstream of target DNA sequences, and can accommodate variable length genetic payloads. Deep-sequencing experiments reveal highly specific, genome-wide DNA insertion across dozens of unique target sites. This discovery of a fully programmable, RNA-guided integrase lays the foundation for genomic manipulations that obviate the requirements for double-strand breaks and homology-directed repair.
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                    Fig. 1: RNA-guided DNA integration with a V. cholerae transposon.[image: ]


Fig. 2: TniQ forms a complex with Cascade and is necessary for RNA-guided DNA integration.[image: ]


Fig. 3: Influence of cargo size, PAM sequence, and crRNA mismatches on RNA-guided DNA integration.[image: ]


Fig. 4: Genome-wide analysis of programmable RNA-guided DNA integration.[image: ]


Fig. 5: Proposed model for RNA-guided DNA integration by Tn7-like transposons encoding CRISPR–Cas systems.[image: ]



                


                
                    
                
            

            
                Data availability

              
              Next-generation sequencing data are available in the National Center for Biotechnology Information Sequence Read Archive (BioProject Accession: PRJNA546035). Custom Python scripts used for the described data analyses are available online via GitHub (https://github.com/sternberglab/Klompe_etal_2019).
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Extended data figures and tables

Extended Data Fig. 1 Transposition of the E. coli Tn7 transposon and genetic architecture of the Tn6677 transposon from V. cholerae.
a, Genomic organization of the native E. coli Tn7 transposon adjacent to its known attachment site (attTn7) within the glmS gene. b, Expression plasmid and donor plasmid for Tn7 transposition experiments. c, Genomic locus containing the conserved TnsD-binding site (attTn7), including the expected and alternative orientation Tn7 transposition products and PCR primer pairs to selectively amplify them. d, PCR analysis of Tn7 transposition, resolved by agarose gel electrophoresis. Amplification of rssA serves as a loading control; gel source data may be found in Supplementary Fig. 1. e, Sanger sequencing chromatograms of both upstream and downstream junctions of genomically integrated Tn7. f, Genomic organization of the native V. cholerae strain HE-45 Tn6677 transposon. Genes that are conserved between Tn6677 and the E. coli Tn7 transposon, and between Tn6677 and a canonical type I-F CRISPR–Cas system from P. aeruginosa28, are highlighted. The cas1 and cas2-3 genes, which mediate spacer acquisition and DNA degradation during the adaptation and interference stages of adaptive immunity, respectively, are missing from CRISPR–Cas systems encoded by Tn7-like transposons. Similarly, the tnsE gene, which facilitates non-sequence-specific transposition, is absent. The V. cholerae HE-45 genome contains another Tn7-like transposon (located within GenBank accession ALED01000025.1), which lacks an encoded CRISPR–Cas system and exhibits low sequence similarity to the Tn6677 transposon investigated in this study.


Extended Data Fig. 2 Analysis of E. coli cultures and strain isolates containing lacZ-integrated transposons.
a, Top, genomic locus targeted by crRNA-3 and crRNA-4, including both potential transposition products and the PCR primer pairs to selectively amplify them. Bottom, NGS analysis of the distance between the Cascade target site and transposon insertion site for crRNA-3 (left) and crRNA-4 (right), determined with two alternative primer pairs. b, Top, schematic of the lacZ locus with or without integrated transposon after transposition experiments with crRNA-4. T-LR and T-RL denote transposition products in which the transposon left end and right end are proximal to the target site, respectively. Primer pairs g and h (external–internal) selectively amplify the integrated locus, whereas primer pair i (external–external) amplifies both unintegrated and integrated loci. Bottom, PCR analysis of 10 colonies after 24-h growth on +IPTG plates (left) indicates that all colonies contain integration events in both orientations (primer pairs g and h), but with efficiencies sufficiently low that the unintegrated product predominates after amplification with primer pair i. After resuspending cells, allowing for an additional 18 h of clonal growth on −IPTG plates, and performing the same PCR analysis on 10 colonies (right), 3 out of 10 colonies now exhibit clonal integration in the T-LR orientation (compare primer pairs h and i). The remaining colonies show low-level integration in both orientations, which presumably occurred during the additional 18-h growth owing to leaky expression. These analyses indicate that colonies are genetically heterogeneous after growth on +IPTG plates, and that RNA-guided DNA integration only occurs in a proportion of cells within growing colonies. I, integrated product; U, unintegrated product. Asterisk denotes mispriming product also present in the negative (unintegrated) control. c, Photograph of LB-agar plate used for blue–white colony screening. Cells from IPTG-containing plates were replated on X-gal-containing plates, and white colonies expected to contain lacZ-inactivating transposon insertions were selected for further characterization. d, PCR analysis of E. coli strains identified by blue–white colony screening that contain clonally integrated transposons, as in b. e, Schematic of Sanger sequencing coverage across the lacZ locus for strains shown in d. f, PCR analysis of transposition experiment with crRNA-4 after serially diluting lysate from a clonally integrated strain with lysate from a control strain to simulate variable integration efficiencies, as in b. These experiments demonstrate that transposition products can be reliably detected by PCR with an external–internal primer pair at efficiencies above 0.5%, but that PCR bias leads to preferential amplification of the unintegrated product using the external-external primer pair at any efficiency substantially below 100%. For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 3 Analysis of V. cholerae Cascade and TniQ–Cascade complexes.
a, Expression vectors for recombinant protein or ribonucleoprotein complex purification. b, Left, SDS–PAGE analysis of purified TniQ, Cascade and TniQ–Cascade complexes, highlighting protein bands excised for in-gel trypsin digestion and mass spectrometry analysis. Right, table listing E. coli and recombinant proteins identified from these data, and spectral counts of their associated peptides. Note that Cascade and TniQ–Cascade samples used for this analysis are distinct from the samples presented in Fig. 2. c, Size-exclusion chromatogram of the TniQ–Cascade co-complex on a Superose 6 10/300 column (left), and a calibration curve generated using protein standards (right). The measured retention time of TniQ–Cascade (maroon) is consistent with a complex having a molecular mass of approximately 440 kDa. d, RNase A and DNase I sensitivity of nucleic acids that co-purified with Cascade and TniQ–Cascade, resolved by denaturing urea–PAGE. e, TniQ, Cascade and a Cascade + TniQ binding reaction were resolved by size-exclusion chromatography (left), and indicated fractions were analysed by SDS–PAGE (right). Asterisk denotes an HtpG contaminant. For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 4 Control experiments demonstrating efficient DNA targeting with Cas9 and P. aeruginosa Cascade.
a, Plasmid expression system for S. pyogenes (Spy) Cas9-sgRNA (type II-A, left) and P. aeruginosa Cascade (PaeCascade) and Cas2-3 (type I-F, right). The Cas2-3 expression plasmid was omitted from experiments described in Fig. 2e. b, Cell killing experiments using S. pyogenes Cas9-sgRNA (left) or PaeCascade and Cas2-3 (right), monitored by determining colony-forming units (CFU) after plasmid transformation. Complexes were programmed with guide RNAs that target the same genomic lacZ sites as with V. cholerae crRNA-3 and crRNA-4, such that efficient DNA targeting and degradation results in lethality and thus a drop in transformation efficiency. c, qPCR-based quantification of transposition efficiency from experiments using the V. cholerae transposon donor and TnsA-TnsB-TnsC, together with DNA targeting components comprising V. cholerae Cascade (Vch), P. aeruginosa Cascade (Pae) or S. pyogenes dCas9–RNA (dCas9). TniQ was expressed either on its own from pTnsABCQ or as a fusion to the targeting complex (pCas-Q) at the Cas6 C terminus (6), Cas8 N terminus (8), or dCas9 N or C terminus. The same sample lysates as in Fig. 2e were used. Data in b and c are shown as mean ± s.d. for n = 3 biologically independent samples.


Extended Data Fig. 5 qPCR-based quantification of RNA-guided DNA integration efficiencies.
a, Potential lacZ transposition products in either orientation for both crRNA-3 and crRNA-4, and qPCR primer pairs to selectively amplify them. b, Comparison of simulated integration efficiencies for T-LR and T-RL orientations, generated by mixing clonally integrated and unintegrated lysates in known ratios, versus experimentally determined integration efficiencies measured by qPCR. c, Comparison of simulated mixtures of bidirectional integration efficiencies for crRNA-4, generated by mixing clonally integrated and unintegrated lysates in known ratios, versus experimentally determined integration efficiencies measured by qPCR. d, RNA-guided DNA integration efficiency as a function of IPTG concentration for crRNA-3 and crRNA-4, measured by qPCR. Data in b and c are shown as mean ± s.d. for n = 3 biologically independent samples.


Extended Data Fig. 6 Influence of transposon end sequences on RNA-guided DNA integration.
a, Sequence (top) and schematic (bottom) of V. cholerae Tn6677 left- and right-end sequences. The putative TnsB-binding sites (blue) were determined based on sequence similarity to the TnsBbinding sites previously described14. The 8-bp terminal ends are shown in yellow, and the empirically determined minimum end sequences required for transposition are denoted by red dashed boxes. b, Integration efficiency with crRNA-4 as a function of transposon end length, as determined by qPCR. c, The relative fraction of both integration orientations as a function of transposon end length, determined by qPCR. ND, not determined. Data in b and c are shown as mean ± s.d. for n = 3 biologically independent samples.


Extended Data Fig. 7 Analysis of RNA-guided DNA integration for PAM-tiled crRNAs and extended spacer length crRNAs.
a, Integration site distribution for all crRNAs described in Fig. 3d, e having a normalized transposition efficiency more than 20%, determined by NGS. b, Integration site distribution for a crRNA containing mismatches at positions 29–32, compared with the distribution with crRNA-4, determined by NGS. c, The crRNA-4 spacer length was shortened or lengthened by 6-nucleotide increments, and the resulting integration efficiencies were determined by qPCR. Data are normalized to crRNA-4 and are shown as mean ± s.d. for n = 3 biologically independent samples. d, Integration site distribution for extended length crRNAs compared with the distribution with crRNA-4, determined by NGS.


Extended Data Fig. 8 Development and analysis of Tn-seq.
a, Schematic of the V. cholerae transposon end sequences. The 8-bp terminal sequence of the transposon is boxed and highlighted in light yellow. Mutations generated to introduce MmeI recognition sites are shown in red letters, and the resulting recognition site is highlighted in red. Cleavage by MmeI occurs 17–19 bp away from the transposon end, generating a 2-bp overhang. b, Comparison of integration efficiencies for the wild-type and MmeI-containing transposon donors, determined by qPCR. Labels on the x axis denote which plasmid was transformed last; we reproducibly observed higher integration efficiencies when pQCascade was transformed last (crRNA-4) than when pDonor was transformed last. The transposon containing an MmeI site in the transposon ‘right’ end (R∗-L pDonor) was used for all Tn-seq experiments. Data are mean ± s.d. for n = 3 biologically independent samples. c, Plasmid expression system for Himar1C9 and the mariner transposon. d, Scatter plot showing correlation between two biological replicates of Tn-seq experiments with the mariner transposon. Reads were binned by E. coli gene annotations, and a linear regression fit and Pearson linear correlation coefficient (r) are shown. e, Schematic of 100-bp binning approach used for Tn-seq analysis of transposition experiments with the V. cholerae transposon, in which bin 1 is defined as the first 100 bp immediately downstream (PAM-distal) of the Cascade target site. f, Scatter plots showing correlation between biological replicates of Tn-seq experiments with the V. cholerae transposon programmed with crRNA-4. All highly sampled reads fall within bin 1, but we also observed low-level but reproducible, long-range integration into 100-bp bins just upstream and downstream of the primary integration site (bins −1, 2 and 3). g, Scatter plot showing correlation between biological replicates of Tn-seq experiments with the V. cholerae transposon programmed with a non-targeting crRNA (crRNA-NT). h, Scatter plot showing correlation between biological replicates of Tn-seq experiments with the V. cholerae transposon expressing TnsA-TnsB-TnsC-TniQ but not Cascade. For f–h, bins are only plotted when they contain at least one read in either dataset.


Extended Data Fig. 9 Tn-seq data for additional crRNAs tested.
a, b, Genome-wide distribution of genome-mapping Tn-seq reads from transposition experiments with the V. cholerae transposon programmed with crRNAs 1–8 (a) and crRNAs 17–24 (b). The location of each target site is denoted by a maroon triangle. Dagger symbol indicates that the lacZ target site for crRNA-3 is duplicated within the λ DE3 prophage, as is the transposon integration site; Tn-seq reads for this dataset were mapped to both genomic loci for visualization purposes only, although we are unable to determine from which locus they derive. c, Analysis of integration site distributions for crRNAs 1–24 determined from the Tn-seq data; the distance between the Cascade target site and transposon insertion site is shown. Data for both integration orientations are superimposed, with filled blue bars representing the T-RL orientation and the dark outlines representing the T-LR orientation. Values in the top-right corner of each graph give the on-target specificity (%), calculated as the percentage of reads resulting from integration within 100 bp of the primary integration site, as compared with the total number of reads aligning to the genome; and the orientation bias (X:Y), calculated as the ratio of reads for the T-RL orientation to reads for the T-LR orientation. Most crRNAs favour integration in the T-RL orientation 49–50 bp downstream of the Cascade target site. crRNA-21 is greyed out because the expected primary integration site is present in a repetitive stretch of DNA that does not allow us to map the reads confidently. Asterisks denote samples for which more than 1% of the genome-mapping reads could not be uniquely mapped.


Extended Data Fig. 10 Bacterial transposons also contain type V-U5 CRISPR–Cas systems encoding C2c5.
Representative genomic loci from various bacterial species containing identifiable transposon left and right ends (blue boxes, L and R), genes with homology to tnsB-tnsC-tniQ (shades of yellow), CRISPR arrays (maroon), and the CRISPR-associated gene c2c5 (blue). The example from Hassallia byssoidea (top) highlights the target-site duplication and terminal repeats, as well as genes found within the cargo portion of the transposon. As with the type I CRISPR–Cas system-containing Tn7-like transposons, type V CRISPR–Cas system-containing transposons appear to preferentially contain genes associated with innate immune system functions, such as restriction-modification systems. c2c5 genes are frequently flanked by the predicted transcriptional regulator, merR (light blue), and the C2c5-containing transposons appear to usually fall just upstream of tRNA genes (green), a phenomenon that has also been observed for other prokaryotic integrative elements62,63. Analysis of 50 spacers from the 8 CRISPR arrays shown with CRISPRTarget59 revealed 6 spacers with imperfectly matching targets (average of 6 mismatches), none of which mapped to bacteriophages, plasmids, or to the same bacterial genome containing the transposon itself. Whether C2c5 also mediates RNA-guided DNA integration awaits future experimentation.





Supplementary information
Supplementary Note
Nomenclature for transposons and CRISPR-Cas systems described in this study.


Reporting Summary

Supplementary Figures
This file contains Supplementary Figures 1-8 including legends.


Supplementary Table 1
Description and sequence of plasmids used in this study.


Supplementary Table 2
Gene and protein sequences for the Vibrio cholerae RNA-guided DNA integration machinery used in this study. ∗ The V. cholerae HE-45 genome contains another Tn7-like transposon (GenBank accession ALED01000025.1), which lacks an encoded CRISPR–Cas system and exhibits low sequence similarity to the transposon investigated in this study. † The gene sequences shown are copied from the Vibrio cholerae HE-45 genome. Actual sequences used in this study contained additional silent point mutations for cloning purposes, and can be found in Supplementary Table 1. ‡ The protein sequences shown are full-length translations from the Vibrio cholerae HE-45 genome. TnsA in our experiments contained an additional alanine residue after the N-terminal methionine. § Cas8 is a Cas8-Cas5 fusion protein, as described in the main text.


Supplementary Table 3
Guide RNAs and genomic target sites used in this study. ∗ Coordinates are for the E. coli BL21(DE3) genome (GenBank accession CP001509). † PAM sequences denote the 2 nucleotides immediately 5’ of the target (V. cholerae and P. aeruginosa Cascade) or 3 nucleotides immediately 3’ of the target (S. pyogenes Cas9) on the non-target strand.


Supplementary Table 4
Next-generation sequencing library statistics.


Supplementary Table 5
Oligonucleotides used for PCR, qPCR, and NGS experiments in this study.





Rights and permissions
Reprints and permissions


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



Cite this article
Klompe, S.E., Vo, P.L.H., Halpin-Healy, T.S. et al. Transposon-encoded CRISPR–Cas systems direct RNA-guided DNA integration.
                    Nature 571, 219–225 (2019). https://doi.org/10.1038/s41586-019-1323-z
Download citation
	Received: 15 March 2019

	Accepted: 04 June 2019

	Published: 12 June 2019

	Issue Date: 11 July 2019

	DOI: https://doi.org/10.1038/s41586-019-1323-z


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

                
                    	
                            
                                
                                    
                                        CRISPR technologies for genome, epigenome and transcriptome editing
                                    
                                

                            
                                
                                    	Lukas Villiger
	Julia Joung
	Jonathan S. Gootenberg


                                
                                Nature Reviews Molecular Cell Biology (2024)

                            
	
                            
                                
                                    
                                        Precise genome-editing in human diseases: mechanisms, strategies and applications
                                    
                                

                            
                                
                                    	Yanjiang Zheng
	Yifei Li
	Yimin Hua


                                
                                Signal Transduction and Targeted Therapy (2024)

                            
	
                            
                                
                                    
                                        Targeted DNA integration in human cells without double-strand breaks using CRISPR-associated transposases
                                    
                                

                            
                                
                                    	George D. Lampe
	Rebeca T. King
	Samuel H. Sternberg


                                
                                Nature Biotechnology (2024)

                            
	
                            
                                
                                    
                                        Bacterial genome engineering using CRISPR-associated transposases
                                    
                                

                            
                                
                                    	Diego Rivera Gelsinger
	Phuc Leo H. Vo
	Samuel H. Sternberg


                                
                                Nature Protocols (2024)

                            
	
                            
                                
                                    
                                        Insight into the molecular mechanism of the transposon-encoded type I-F CRISPR-Cas system
                                    
                                

                            
                                
                                    	Amnah Alalmaie
	Saousen Diaf
	Raed Khashan


                                
                                Journal of Genetic Engineering and Biotechnology (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
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Hijack of CRISPR defences by selfish genes holds clinical promise
                

                
	Fyodor D. Urnov



                
    
        
            Nature
        
        News & Views
        
        
            12 Jun 2019
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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: ]
