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            Abstract
During DNA repair by homologous recombination (HR), DNA synthesis copies information from a template DNA molecule. Multiple DNA polymerases have been implicated in repair-specific DNA synthesis1,2,3, but it has remained unclear whether a DNA helicase is involved in this reaction. A good candidate DNA helicase is Pif1, an evolutionarily conserved helicase in Saccharomyces cerevisiae important for break-induced replication (BIR)4 as well as HR-dependent telomere maintenance in the absence of telomerase5 found in 10–15% of all cancers6. Pif1 has a role in DNA synthesis across hard-to-replicate sites7,8 and in lagging-strand synthesis with polymerase δ (Polδ)9,10,11. Here we provide evidence that Pif1 stimulates DNA synthesis during BIR and crossover recombination. The initial steps of BIR occur normally in Pif1-deficient cells, but Polδ recruitment and DNA synthesis are decreased, resulting in premature resolution of DNA intermediates into half-crossovers. Purified Pif1 protein strongly stimulates Polδ-mediated DNA synthesis from a D-loop made by the Rad51 recombinase. Notably, Pif1 liberates the newly synthesized strand to prevent the accumulation of topological constraint and to facilitate extensive DNA synthesis via the establishment of a migrating D-loop structure. Our results uncover a novel function of Pif1 and provide insights into the mechanism of HR.
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                    Figure 1: Pif1 promotes DNA synthesis during BIR.[image: ]


Figure 2: Pif1 is important for crossover recombination.[image: ]


Figure 3: Pif1 promotes DNA extension at a D-loop.[image: ]


Figure 4: Evidence for DNA synthesis in a migrating D-loop.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Analysis of BIR and conversion tracts in pif1Δ mutants and crossover frequency in polymerases mutants.
a, Southern blot analysis of BIR product formation and template chromosome maintenance. Chromosomes were separated by pulsed-field gel electrophoresis and a DNA probe specific for either ADE1 or ADE3 was used. Quantification is shown in Fig. 1c. b, c, Analysis of DSB repair outcomes in the BIR assay of the indicated mutants. d, Schematic of allelic recombination between the leu2 alleles (left). Longer conversion tracts associated with conversion of ‘R’ leads to formation of Leu− recombinants, whereas shorter conversion tracts lead to formation of Leu+ recombinants. Quantification of gene conversion events with shorter conversion tracts (Leu+) in wild-type (WT) and pif1Δ cells is shown. The difference between wild-type and pif1Δ cells is statistically significant, P < 0.0001. e, Southern blot analysis of gene conversion with and without crossing over in the indicated strains using the ectopic recombination assay shown in Fig. 2a. Quantification of crossover product in the indicated mutants compared to wild type that is set to 1. Plotted are the mean values ± s.d. n = 3.


Extended Data Figure 2 Analysis of recombination products in Pif1-deficient cells.
a, Illustration of the half-crossover pathway where the part of the template chromosome distal to the initial invasion site is fused to the broken chromosome, with the remainder of the template chromosome either becoming stabilized (examples shown in Fig. 2b) or lost (as shown in Fig. 2c). b, Analysis of recombination products from Ade+ NATR Leu− colonies. Examples are shown where rearrangements of the template chromosome are indicated by an asterisk. c, Analysis of half-crossover recombination products from Ade− NATR Leu− colonies. d, Analysis of rare NATS Ade+ colonies.


Extended Data Figure 3 Role of Pif1 in ectopic BIR.
a, Schematic of the ectopic BIR assay. b, Southern blot analysis of ectopic BIR kinetics in wild-type and pif1Δ cells. A probe specific for the MCH2 gene located at the end of chromosome XI was used in the analysis. c, Quantification of ectopic BIR repair (CanS colonies) in wild-type and pif1Δ cells. Plotted are the mean values ± s.d. n = 3. d, e, CHEF analysis of rare products from canavanine-sensitive colonies in pif1Δ (d) and wild-type cells (e). Examples where synthesis is initiated but not finished are indicated by an asterisk. In these cases, a functional CAN1 gene is formed but synthesis is abandoned resulting in shorter products. Red circles indicate major rearrangement of chromosome V or template chromosome XI.


Extended Data Figure 4 Analysis of Pif1’s role in the initial steps of BIR and of Pif1 recruitment at the DSB and template.
a, b, Analysis of initial strand invasion in wild-type and pif1Δ cells. a, Enrichment of Rad51 at the DSB site and template by ChIP analysis. b, Kinetics of removal of the non-homologous Ya tail by qPCR analysis in wild-type and pif1-m2 strains compared to the control strains rad51Δ and rad54Δ that are defective in strand invasion. c, Enrichment of Pif1 at the DSB and template by ChIP analysis in wild-type, pol32 and rad52 cells. The regions amplified by qPCR are indicated. d, Control ChIP experiments in the PIF1-13×Myc strain where crosslinking was omitted and in a strain where the Myc tag was absent. a–d, plotted are the mean values ± s.d. n = 3.


Extended Data Figure 5 Quality analyses of proteins, protein requirements for DNA extension, effect on Pif1 on D-loop stability, and time-course analysis of DNA extension.
a, Purified Pif1 and pif1(K264A) were analysed by SDS–PAGE and staining with Coomassie blue. b, The plasmid DNA in all the lanes was pBluescript SK replicative form I (RFI). DNA synthesis reactions were performed with 13, 27 and 40 nM Pif1 and the reaction mixtures (lanes 1–8) from the 8-min time point were incubated at 95 °C for 2 min to disrupt the D-loop, followed by native gel electrophoresis and staining with ethidium bromide. Various other DNA forms (lane 9, plasmid DNA alone; lane 10, plasmid DNA linearized with XhoI; lane 11, plasmid DNA relaxed by calf thymus topoisomerase I; lane 12, plasmid DNA relaxed by E. coli topoisomerase I; lane 13, plasmid DNA digested with DNase I) are shown. c, DNA synthesis reactions by Polδ in conjunction with Pif1 (40 nM Pif1 and 8-min incubation) with the omission of one or more of the protein factors or dNTPs, as indicated. The reaction products were analysed in a native gel (top) or denaturing gel (bottom). Note that a substantial portion of the D-loop was dissociated by Pif1 in the absence of PCNA, RFC, Polδ, or dNTPs (lanes 5, 7, 9 and 19). d, Time course of DNA synthesis by Polδ in conjunction with Pif1 (40 nM Pif1). The reaction products were analysed in a native gel (top) or a denaturing gel (bottom).


Extended Data Figure 6 Effect of Rad51 and/or Rad54 removal on DNA extension.
a, DNA synthesis from a deproteinized D-loop by Polδ in conjunction with Pif1 (8, 16 and 24 nM) was examined. Pif1 was at 24 nM in lane 6. The reaction products were analysed in a native gel (left) or denaturing gel (right). b, After the D-loop reaction had proceeded for 2 min, Rad54, which is highly heat labile19, was inactivated by incubation at 42 °C for 20 min. DNA extension reaction and analysis were then performed by adding RPA, RFC, PCNA, Polδ and Pif1 (40 nM Pif1 and 8-min incubation). The reaction products were analysed in a native gel (left) or denaturing gel (right). The inactivation of Rad54 was verified by examining the ATPase activity of Rad54, which decreased by ∼95% compared to the unheated control (data not shown).


Extended Data Figure 7 Specificity of Polδ–Pif1-mediated DNA extension.
a, DNA synthesis reactions were conducted with Polδ and Pif1, Mph1, Rrm3, or DinG (13, 27, 40, 120 nM). The reaction products from the 8-min time point were resolved in a native (top) or denaturing gel (bottom) (lane 1, no protein control; lane 2, D-loop formed by Rad51–Rad54; lanes 3–20, D-loop extended with Polδ and the indicated helicase). b, E. coli DNA polymerase I Klenow fragment (100 nM, from NEB) was tested for DNA extension with Pif1 (13, 27, 40 nM) with or without PCNA (200 nM) and RFC (200 nM). The reaction products from the 8-min time point were analysed in a native gel.


Extended Data Figure 8 Requirement for the Polδ subunit Pol32 in DNA extension, and interaction of Pif1 with PCNA.
a, Purified Polδ (Flag–Pol3, GST–Pol31, Pol32), Polδ* (Flag–Pol3, GST–Pol31) and MBP–Pol32 were analysed by SDS–PAGE and staining with Coomassie blue. b, Pull-down assay to examine Pol32–Polδ* interaction. c, DNA synthesis was performed with Polδ or Polδ* (20 or 40 nM) with Pif1 (40 nM). In lanes 10–13, Polδ* and Pol32 (125 nM) were pre-incubated on ice for 10 min before use. The reaction products from the 8-min time point were resolved in a native gel (left) or denaturing gel (right). d, Pull-down reactions of 6×His–Pif1 and PCNA (left), Polδ (Flag–Pol3, GST–Pol31, Pol32) and PCNA, Polδ and Pif1 (right). E, SDS eluate; S, supernatant; W, wash.


Extended Data Figure 9 Effect of topoisomerase I in DNA extension.
a, DNA synthesis products, initiated by Polδ for 4 min, and then continued with Pif1 (13, 27, 40 nM) with and without calf thymus topoisomerase I (0.4 U μl−1) for 8 min. The reaction mixtures were resolved in a native gel (top) or denaturing gel (middle). Lanes 1 and 2 contained DNA substrates only and lanes 3–12 contained D-loop made by Rad51–Rad54. An overexposed image and the scan of lanes 5 and 6 to highlight the effect of topoisomerase when Pif1 was absent are shown (bottom). b, Two-dimensional gel analysis of the extension products. The reaction products, prepared as in lanes 5, 6, 11 and 12 of panel a, were subject to two-dimensional gel analysis.


Extended Data Figure 10 Measurement of ssDNA intermediates formed during BIR and analysis of BIR efficiency in the absence of Psf2 and Mcm4.
a, Schematic of the assay. b, Measurement of the relative increase of ssDNA at the indicated time after DSB induction compared to the amount of ssDNA in logarithmically growing cells (t = 0). Measurement of ssDNA intermediate 10 and 40 kb from the site of strand invasion at the template chromosome and at a control locus on chromosome V which does not participate in recombination. Plotted are the mean values ± s.d. n = 3. c, An analysis of the growth of cells harbouring temperature-sensitive degron alleles of td-mcm4 and td-psf2. Both strains are inviable at 37 °C even without overexpression of the ubiquitin ligase Ubr1. d, Western blot analysis of td-Mcm4 and td-Psf2 protein degradation. e, Southern blot analysis of the BIR assay in cells with conditional depletion of td-Mcm4 or td-Psf2. Quantification of the Southern blots is shown in Fig. 2f.
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        Editorial Summary
Pif1 helicase promotes BIR-specific DNA synthesis
When DNA is repaired by homologous recombination, DNA synthesis is involved in the latter stages. Two papers published in this issue of Nature now define a role for the DNA helicase Pif1 in this reaction. They show that although the initial stages of break-induced replication (BIR) can occur normally in the absence of Pif1, synthesis from a migrating D-loop intermediate is compromised. The mechanism of replication during BIR involves a unique bubble-like replication fork that results in conservative inheritance of the new genetic material, in contrast to the S-phase replication that duplicates the genome before cell division, and is inherently mutagenic.
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