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            Abstract
Srs2 helicase is known to dismantle nucleofilaments of Rad51 recombinase to prevent spurious recombination events1,2,3,4,5,6 and unwind trinucleotide sequences that are prone to hairpin formation7. Here we document a new, unexpected genome maintenance role of Srs2 in the suppression of mutations arising from mis-insertion of ribonucleoside monophosphates during DNA replication. In cells lacking RNase H2, Srs2 unwinds DNA from the 5â€² side of a nick generated by DNA topoisomerase I8 at a ribonucleoside monophosphate residue. In addition, Srs2 interacts with and enhances the activity of the nuclease Exo1, to generate a DNA gap in preparation for repair. Srs2â€“Exo1 thus functions in a new pathway of nick processing-gap filling that mediates tolerance of ribonucleoside monophosphates in the genome. Our results have implications for understanding the basis of Aicardiâ€“GoutiÃ¨res syndrome, which stems from inactivation of the human RNase H2 complex9.
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                    Figure 1: Genome stability maintenance role of Srs2 helicase in rnh202Î” cells.


Figure 2: Causation of genome instability in rnh202Î”â€‰srs2Î” mutant by Top1.


Figure 3: Srs2-mediated displacement of the 5â€² strand at a Topo-I-induced DNA nick.


Figure 4: Interactions of Exo1 with Srs2.
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Extended data figures and tables

Extended Data Figure 1 Genetic interactions of the RNH201/202/203 genes and SRS2.
Lists of genes were obtained from the Saccharomyces Genome Database. Genes in grey are synthetically sick or synthetically lethal with either RNH201/RNH202/RNH203 or with SRS2. Genes in black are synthetically sick/lethal with both RNH201/RNH202/RNH203 and SRS2.


Extended Data Figure 2 Full-length srs2-KA shows the same double mutant phenotype with rnh202Î” as do srs2Î” and srs2-KA860.
a, Strains harbouring the helicase null K41A variant at the chromosomal SRS2 locus were constructed. b, Synthetic interaction of rnh202Î” and srs2-KA. c, Dinucleotide slippage rates; plotted are median rates with error bars representing 95% confidence intervals23 (n = 18).


Extended Data Figure 3 Increased DNA damage load in the rnh202Î” srs2Î” double mutant.
a, Left, percentage cells with spontaneous Rad52â€“yellow fluorescent protein (YFP) foci formation, with at least ten fields of 50â€“200 cells counted per strain. Right, representative differential interference contrast and YFP images of a Rad52-YFP focus. b, Log-phase cells were analysed by flow cytometry to determine DNA content and data were quantified using FlowJo software. c, Percentage of large doublet cells in mid-log-phase cultures. Total number of cells and number of large doublet cells were determined for each strain by examining at least ten fields of 50â€“200 cells per strain. d, Wild-type and rnh202Î”â€‰srs2Î” double mutant cells were grown in YPD media, washed and treated for 1â€‰h with 100â€‰mM hydroxyurea. Lysates were extracted and subjected to immunoblotting with an anti-Rad53 antibody26. The higher species represents phosphorylated Rad53. Plotted in a and c are the mean valuesâ€‰Â±â€‰s.d. (n = 3).


Extended Data Figure 4 Mutation spectra at the CAN1 locus for the rnh202Î” single and rnh202Î” srs2Î” double mutant cells.
Independent mutations in the rnh202Î” (blue) and rnh202Î”â€‰srs2Î” (red) Canr mutant strains. Base substitutions are written above the wild-type sequence, deletions are represented by â€˜ = â€™ and insertions are represented by .


Extended Data Figure 5 Unwinding of nicked duplex DNA by Srs2.
Intact duplex DNA (a) and nicked duplex DNA labelled at either the (b) 5â€² or (c) 3â€² end of the nicked strand were incubated with Srs2 for 10â€‰min at 30â€‰Â°C with or without ATP. Reactions were run in a polyacrylamide gel and analysed by phosphorimaging analysis. The results are quantified in d. Plotted are the mean valuesâ€‰Â±â€‰s.d. (n = 3).


Extended Data Figure 6 Topoâ€‰I-catalysed DNA cleavage at the rUMP site.
a, Duplex DNA with or without an embedded rUMP residue (5â€‰nM) was incubated with either E. coli or calf thymus Topoâ€‰I for 30â€‰min at 37â€‰Â°C. b, Reactions were analysed by electrophoresis in a polyacrylamide gel followed by phosphorimaging analysis. c, Schematic for the construction of the DNA substrate that harbours a unique nick induced by calf thymus Topoâ€‰I at a rUMP residue.


Extended Data Figure 7 Mph1 does not act at the Topo-I-induced nick.
a, DNA substrate (5â€‰nM) that harbours a Topo-I-induced nick and radiolabelled on the 3â€² side was incubated with Srs2 or Mph1 (20 or 40â€‰nM) in the presence or absence of ATP at 30â€‰Â°C for 10â€‰min. The reactions were analysed as before. b, (AG)4 dinucleotide slippage rates; plotted are median rates, with error bars representing 95% confidence intervals23 (n = 18). c, Exo1 shows 5â€² endo- and exonuclease activities on the 5â€² Flap and the nicked duplex DNA, respectively. Radiolabelled 5â€² Flap without or with a gap region, nicked duplex DNA, or oligonucleotide dT (5â€‰nM each) was incubated with Exo1 for 10â€‰min at 30â€‰Â°C. The reactions were analysed as before and the products indicated by the arrows.


Extended Data Figure 8 Stimulation of Exo1-catalysed digestion of a 5â€²â€‰Flap and a Topo-I-induced nick by Srs2.
a, Radiolabelled 5â€²â€‰Flap substrate (5â€‰nM) was incubated with Exo1 (0.1â€‰nM) in the absence or presence of Mph1 for 10â€‰min at 30â€‰Â°C. b, Radiolabelled 5â€²â€‰Flap substrate (5â€‰nM) was incubated with hEXO1 (4â€‰nM) in the absence or presence of Srs2 (0.4, 2 and 10â€‰nM) for 10â€‰min at 37â€‰Â°C. c, Radiolabelled DNA substrate harbouring a Topo-I-induced nick (5â€‰nM) was incubated with Exo1 (0.1â€‰nM) in the absence or presence of Srs2 or Mph1 for 10â€‰min at 30â€‰Â°C. d, Radiolabelled substrate harbouring a Topo-I-induced nick (5â€‰nM) was incubated with increasing amounts of hEXO1 (0.25, 0.5 and 1â€‰nM) in the absence or presence of Srs2 (10â€‰nM) for 10â€‰min at 37â€‰Â°C. The reactions in aâ€“d were analysed as before. Plotted in b and d are the mean valuesâ€‰Â±â€‰s.d. (n = 3).


Extended Data Figure 9 Model of Srs2â€“Exo1-mediated processing of a DNA nick induced by Top1 at an embedded ribonucleotide.
RNase H2 normally removes misincorporated rNMPs from DNA (not shown). In the absence of RNase H2, topoisomerase 1 can cleave at the embedded ribonucleotide, leaving 3â€² cyclic phosphate and 5â€² OH ends that cannot be ligated. Repair starts with unwinding of DNA from the 5â€² OH side by Srs2, followed by DNA digestion by Exo1 through its exonuclease or 5â€² Flap endonuclease activity to result in a DNA gap, to be filled by a DNA polymerase. Our results show that Srs2 enhances the nuclease activities of Exo1. In the absence of Srs2, re-ligation of ends processed by unknown nuclease activities leads to a deletion mutation.


Extended Data Table 1 Table 1Full size table
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