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            Abstract
The origin of mutations is central to understanding evolution and of key relevance to health. Variation occurs non-randomly across the genome, and mechanisms for this remain to be defined. Here we report that the 5′ ends of Okazaki fragments have significantly increased levels of nucleotide substitution, indicating a replicative origin for such mutations. Using a novel method, emRiboSeq, we map the genome-wide contribution of polymerases, and show that despite Okazaki fragment processing, DNA synthesized by error-prone polymerase-α (Pol-α) is retained in vivo, comprising approximately 1.5% of the mature genome. We propose that DNA-binding proteins that rapidly re-associate post-replication act as partial barriers to Pol-δ-mediated displacement of Pol-α-synthesized DNA, resulting in incorporation of such Pol-α tracts and increased mutation rates at specific sites. We observe a mutational cost to chromatin and regulatory protein binding, resulting in mutation hotspots at regulatory elements, with signatures of this process detectable in both yeast and humans.
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                    Figure 1: Increased substitution rates at OJs.[image: ]


Figure 2: Frequent nucleotide substitutions at OF 5′ ends.[image: ]


Figure 3: Mapping DNA synthesis in vivo using emRiboSeq.[image: ]


Figure 4: Pol-α DNA synthesis contributes ∼1.5% of the mature genome.[image: ]


Figure 5: OF mutational signatures are conserved in humans.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Increased OJ and polymorphism rates correlate at binding sites of different nucleosome classes and at Rap1 binding sites.
a–f, OJ and polymorphism rates are strongly correlated for different classes of nucleosomes. Data presented as in Fig. 1a, for different sub-classes of S. cerevisiae nucleosomes, demonstrating that OJ and polymorphism rates co-vary in all cases. Transcription start site proximal nucleosomes (d) are probably subject to strong and asymmetrically distributed selective constraints, which is likely to explain the modestly reduced correlation for this subset. Such transcription start site proximal nucleosomes were excluded from analyses of other categories presented (b, c, e, f), except ‘all nucleosomes’ (a). g, OJ and polymorphism rates are correlated for the S. cerevisiae TF, Rap1. Data presented, as for Reb1 in Fig. 1b, show increased OJ and polymorphism rates around its binding site, with a dip corresponding to its central recognition sequence. h–j, Increased polymorphism and OJ rates at Rap1 (h), nucleosome (i) and Reb1 (j) binding sites are not caused by biases in nucleotide content. Distributions calculated as for g, Fig. 1a and b, respectively, using a trinucleotide preserving genome shuffle. Pink shaded areas denote 95% confidence intervals for nucleotide substitution rates (100 shuffles). k, l, Polymorphism (red) and between-species (black) substitution rates are highly correlated for nucleosome (k) and Reb1 (l) binding sites. Best fit splines shown only. y axes scaled to demonstrate similar shape distribution. Values plotted as percentage relative to the mean rate for all data points (central 11 nucleotides excluded for calculation of mean in g, l).


Extended Data Figure 2 EmRiboSeq methodology and validation.
a, Schematic of emRiboSeq library preparation. rN, ribonucleotide. b–d, Validation of strand-specific detection of enzymatically generated nicks through linker-ligation. Nb.BtsI nicking endonuclease cleaves the bottom strand of its recognition site releasing a 5′ fragment (cyan) with a free 3′-OH group after denaturation, to which the sequencing adaptor (pink) is ligated, allowing sequencing and mapping of this site to the genome (b). Nb.BtsI libraries have high reproducibility between Δrnh201 POL and Δrnh201 Pol-αpol1-L868M) strains after normalizing read counts to sequence tags per million (TPM). Bona fide Nb.BtsI sites were equally represented, at maximal frequency, in both libraries (c). Those with lower frequencies represented sites in close proximity to other Nb.BtsI sites, causing their partial loss during size selection. Additionally, Nb.BtsI-like sites were detected as the result of star activity. Libraries were also prepared using BciVI restriction enzyme digestion, that did not show such star activity (data not shown), allowing calculation of the site specificity for the method (>99.9%). Summed signal at Nb.BtsI sites shows >99.9% strand specificity (blue, correct strand; grey, opposite strand) and >99% single nucleotide resolution (d).


Extended Data Figure 3 Mapping replicative polymerase DNA synthesis using emRiboSeq.
a, Point mutations in replicative polymerases elevate ribonucleotide incorporation rates, permitting their contribution to genome synthesis to be tracked. Schematic of replication fork with polymerases and their ribonucleotide incorporation rates (refs 27, 30 and J. S. Williams, A. R. Clausen & T. A. Kunkel, personal communication) as indicated (POL denotes wild-type polymerases; asterisk denotes point mutants). Embedded ribonucleotides indicated by ‘R’; additional incorporation events due to polymerase mutations highlighted by shaded circles. b, c, Mapping of leading/lagging-strand synthesis by Pol-δ* and Pol-ε* yeast strain using emRiboSeq (as in Fig. 3) highlights both experimentally validated (pink dotted lines) and putative (grey dotted lines) replication origins. These often correspond to regions of early replicating DNA36 (c). d, Pol-αy axes show log2 of the strand ratio calculated in 2,001-nucleotide windows (b–d).


Extended Data Figure 4 Quantification of in vivo ribonucleotide incorporation by replicative polymerases.
a, b, Representative alkaline gel electrophoresis of genomic DNA from yeast strains with mutant replicative DNA polymerases (a), with accompanying densitometry plots (b). Embedded ribonucleotides are detected by increased fragmentation of genomic DNA following alkaline treatment in an RNase H2-deficient (Δrnh201) background. Increased rates are seen with all three mutant polymerases (indicated by asterisk, as defined in Extended Data Fig. 3a), and are reduced in Pol-ε′ which contains the point mutation Met644Leu, a mutation that increases selectivity for dNTPs over rNTPs27. c, Quantification of average ribonucleotide incorporation in polymerase mutants from four independent experiments. DNA isolated from mid-log phase cultures; error bars denote s.e.m. Overall ribonucleotide content is the product of incorporation frequency and the total contribution of each polymerase, resulting in the total ribonucleotide content detected to be highest for Pol-εd, Most of the yeast genome exhibits directional asymmetry in replication (median 4:1 strand ratio). Count of genomic segments calculated for consecutive 2,001-nucleotide windows over the yeast genome based on reanalysis of OF sequencing data17 denoted as ‘Okazaki-seq’. The strand asymmetry ratio was calculated after re-orienting all regions such that the predominant lagging strand was the forward strand. e–g, Genome-wide quantification of strand-specific incorporation of wild-type and mutant replicative DNA polymerases determined by emRiboSeq reflects their roles in leading- and lagging-strand replication. A close to linear correlation with Okazaki-seq strand ratios is observed. The strand ratio preference for lagging-strand ribonucleotide incorporation for independent libraries (including stationary phase libraries for POL and Pol-αf and g). f, g, Scatter plots illustrating the individual strand ratio data points for 2,001-nucleotide windows, for stationary phase POL (f) and Pol-αg) yeast. Pearson’s correlation = 0.49, P < 2.2 × 10−16 for POL (f); correlation = 0.75, P < 2.2 × 10−16 for Pol-αg).

Source data



Extended Data Figure 5 Pol-α-synthesized DNA retention is independent of RNase H2 processing of RNA primers.
a, b, The ribonucleotide content of genomic DNA is unchanged between Δrnh201 strains transformed with empty vector (−) or vector expressing Rnh201 separation-of-function mutant (sf), that retains the ability to cleave RNA:DNA hybrids, including RNA primers, but cannot cleave single embedded ribonucleotides39. In contrast, the same vector expressing wild-type Rnh201 (wt) fully rescues alkaline sensitivity of the DNA. As complementation with the separation-of-function mutant had no detectable effect on the ribonucleotide content seen in the Pol-α(Leu868Met) Δrnh201 strain, retention of Pol-α-synthesized DNA appears to be independent of a putative role for RNase H2 in RNA primer removal. Representative result shown for n = 3 independent experiments. c, Wild-type and mutant Rnh201 are expressed at equal levels, as shown by immuno-detection of the C-terminal FLAG tag. Loading control, actin.

Source data



Extended Data Figure 6 Elevated substitution rates are observed adjacent to many human TF binding sites.
a–d, Nucleotide substitution rates (plotted as GERP scores) are elevated immediately adjacent to REST (a, b) and CTCF binding sites (c, d). Colour intensity shows quartiles of ChIP-seq peak height (pink to brown: lower to higher), reflecting strength of binding/occupancy. Stronger binding correlates with greater increases of proximal substitution rate in the ‘shoulder’ region (asterisk). Increased substitution rates are not a consequence of local sequence composition effects (b, d). Strongest binding quartile of sites (brown) is shown compared to a trinucleotide preserving shuffle (black) based on the flanking sequence (100–300 nucleotides from motif midpoint) of the same genomic locations. Brown dashed line and grey shading denote 95% confidence intervals. e, Substitution rates plotted as GERP scores for human TF binding sites identified in ChIP-seq data sets (in conjunction with binding site motif). Sites aligned (x = 0) on the midpoint of the TF binding site within the ChIP-seq peak (colours as for a–d). Dashed black line shows y = 0, the genome wide expectation for neutral evolution.


Extended Data Figure 7 OJ and polymorphism rates are increased at yeast DNase I footprints.
a, b, DNase I footprint edges correspond, genome-wide, to increased OJ rates and locally elevated polymorphism rates in S. cerevisiae (a), a pattern that is maintained when footprints associated with Reb1 and Rap1 binding sites are excluded (b). Genome-wide DNase I footprints (n = 6,063) and excluding those within 50 nucleotides of a Reb1 or Rap1 binding site (n = 5,136) were aligned to their midpoint. c, d, Aligning DNase I footprints on their left edge rather than midpoint (to compensate for substantial heterogeneity in footprint size) demonstrates a distinct shoulder of elevated polymorphism rate at the aligned edge (c), with a significant elevation compared to nearby sequence upstream from the footprint (d). DNase I footprints from a were aligned to their left edge (x = 0) with corresponding polymorphism rates shown (c). The increased polymorphism rate cannot be explained by local sequence compositional distortions (d). Nucleotide substitution rates in the 11 nucleotides centred on the DNase footprint edge (pink line), and another 11 nucleotides encompassing positions −35 to −25 relative to the footprint edge (green line) were quantified. Darker pink and green filled circles denote the mean of observed substitution rates and lighter shades denote the mean for the same sites after trinucleotide preserving genomic shuffles. Error bars denote s.d.; statistics by Mann–Whitney test. e, Model shows that correlation of increased nucleotide substitution and OJ rates are consistent with increased mutation frequency across heterogeneous DNase I footprints. Polymorphism is reduced at sequence-specific binding sites within the footprints, owing to functional constraint. Therefore, the effect of OF-related mutagenesis in these regions is most sensitively detected in the region immediately adjacent to the binding site (left of vertical dashed blue line, representing footprints aligned to their left edge). This ‘shoulder’ of increased nucleotide substitutions represents sites with increased, OJ-associated mutation is followed by a region of depressed substitution rates, owing to selective effects of the functional binding sites within the footprints (to the right of the dashed blue line). Signals further to the right are not interpretable given the heterogeneity in DNase I footprint sizes. Given strong selection at TF and DNase I footprint sites, this ‘shoulder’ of elevated nucleotide substitutions could represent a measure for the local mutation rate for such regions, analogous to that measured by the fourfold degenerate sites in protein coding sequence.


Extended Data Figure 8 Model to show Pol-α DNA tract retention downstream of protein binding sites.
a, OF priming occurs stochastically, with the 5′ end of each OF initially synthesized by Pol-α and the remainder of the OF synthesized by Pol-δ. b, c, OF processing: when Pol-δ encounters the previously synthesized OF, Pol-δ continues to synthesize DNA displacing the 5′ end of the downstream OF, which is removed by nucleases to result in mature OFs which are then ligated. The OJs of such mature OFs before ligation were detected previously17 after depletion of temperature-sensitive DNA ligase I. They demonstrated that if a protein barrier is encountered (grey circle), Pol-δ progression is impaired, leading to reduced removal of the downstream OF (b). Given that ∼1.5% of the mature genome is synthesized by Pol-α, a proportion of lagging strands will retain Pol-α-synthesized DNA (red). When Pol-δ progression is impaired by protein binding, this will lead to an increased fraction of fragments containing Pol-α-synthesized DNA downstream of such sites (c).





Supplementary information
Supplementary Information
This file contains Supplementary Tables 1-3 and additional references. (PDF 175 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4

PowerPoint slide for Fig. 5




Source data
Source data to Fig. 1

Source data to Extended Data Fig. 2

Source data to Extended Data Fig. 3




Rights and permissions
Reprints and permissions


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



Cite this article
Reijns, M., Kemp, H., Ding, J. et al. Lagging-strand replication shapes the mutational landscape of the genome.
                    Nature 518, 502–506 (2015). https://doi.org/10.1038/nature14183
Download citation
	Received: 14 October 2014

	Accepted: 05 January 2015

	Published: 26 January 2015

	Issue Date: 26 February 2015

	DOI: https://doi.org/10.1038/nature14183


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

                
                    	
                            
                                
                                    
                                        Primase promotes the competition between transcription and replication on the same template strand resulting in DNA damage
                                    
                                

                            
                                
                                    	Weifeng Zhang
	Zhuo Yang
	Qianwen Sun


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Mechanistic investigation of human maturation of Okazaki fragments reveals slow kinetics
                                    
                                

                            
                                
                                    	Vlad-Stefan Raducanu
	Muhammad Tehseen
	Samir M. Hamdan


                                
                                Nature Communications (2022)

                            
	
                            
                                
                                    
                                        Global landscape of replicative DNA polymerase usage in the human genome
                                    
                                

                            
                                
                                    	Eri Koyanagi
	Yoko Kakimoto
	Yasukazu Daigaku


                                
                                Nature Communications (2022)

                            
	
                            
                                
                                    
                                        Signatures of TOP1 transcription-associated mutagenesis in cancer and germline
                                    
                                

                            
                                
                                    	Martin A. M. Reijns
	David A. Parry
	Andrew P. Jackson


                                
                                Nature (2022)

                            
	
                            
                                
                                    
                                        Functional and genetic determinants of mutation rate variability in regulatory elements of cancer genomes
                                    
                                

                            
                                
                                    	Christian A. Lee
	Diala Abd-Rabbo
	Jüri Reimand


                                
                                Genome 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
            
        

        
    



            

        
    


    
        Editorial Summary
Replication-linked genome variation
The mechanisms that underpin non-random distribution of mutations across the genome remain to be defined. Here Andrew Jackson and colleagues report that the 5′ ends of Okazaki fragments — short fragments of DNA synthesized on the lagging strand of DNA during replication — have increased levels of nucleotide substitution. With the help of a newly developed method tracking polymerase activity known as emRiboSeq, they show that despite Okazaki fragment processing, DNA synthesized by error-prone polymerase-α (Pol-α) is retained in vivo, and comprises about 1.5% of the genome. These findings establish establishing Pol-α as an important source of genomic variability, and provide a mechanism for site-specific variation in nucleotide substitution rates. Mutation hotspots at regulatory elements are therefore a mutational cost of chromatin and regulatory protein binding.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Genome-wide mapping of embedded ribonucleotides and other noncanonical nucleotides using emRiboSeq and EndoSeq
                

                
	James Ding
	Martin S Taylor
	Martin A M Reijns



                
    
        
            Nature Protocols
        
        Protocol
        
        
            27 Aug 2015
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
