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            Abstract
The repair of chromosomal double strand breaks (DSBs) is crucial for the maintenance of genomic integrity. However, the repair of DSBs can also destabilize the genome by causing mutations and chromosomal rearrangements, the driving forces for carcinogenesis and hereditary diseases. Break-induced replication (BIR) is one of the DSB repair pathways that is highly prone to genetic instability1,2,3. BIR proceeds by invasion of one broken end into a homologous DNA sequence followed by replication that can copy hundreds of kilobases of DNA from a donor molecule all the way through its telomere4,5. The resulting repaired chromosome comes at a great cost to the cell, as BIR promotes mutagenesis, loss of heterozygosity, translocations, and copy number variations, all hallmarks of carcinogenesis4,5,6,7,8,9. BIR uses most known replication proteins to copy large portions of DNA, similar to S-phase replication10,11. It has therefore been suggested that BIR proceeds by semiconservative replication; however, the model of a bona fide, stable replication fork contradicts the known instabilities associated with BIR such as a 1,000-fold increase in mutation rate compared to normal replication9. Here we demonstrate that in budding yeast the mechanism of replication during BIR is significantly different from S-phase replication, as it proceeds via an unusual bubble-like replication fork that results in conservative inheritance of the new genetic material. We provide evidence that this atypical mode of DNA replication, dependent on Pif1 helicase, is responsible for the marked increase in BIR-associated mutations. We propose that the BIR mode of synthesis presents a powerful mechanism that can initiate bursts of genetic instability in eukaryotes, including humans.
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                    Figure 1: The mode of DNA synthesis during BIR.[image: ]


Figure 2: BIR-induced mutations.[image: ]


Figure 3: DNA synthesis during BIR is conservative.[image: ]


Figure 4: Molecular intermediates of BIR.[image: ]
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Extended data figures and tables

Extended Data Figure 1 BIR efficiency during molecular combing analysis of molecular intermediates of BIR.
a, BIR efficiency was analysed by PFGE from samples used for dynamic molecular combing analysis (Fig. 3d). DNA was prepared from cells containing truncated chromosome III (Trunc Chr III) before DSB induction and 11â€‰h or 13â€‰h after DSB induction from wild-type (PIF1) and pif1Î” cells, respectively. In pif1Î”, a later time point (13â€‰h) was analysed owing to slower kinetics of DSB repair in pif1Î” as compared to PIF1. Chromosomes were separated by PFGE followed by Southern hybridization with an ADE1-specific probe. b, Quantification of DSB repair efficiency (BIR, or other recombination pathways) based on the results of 3â€“5 individual experiments and presented as averageâ€‰Â±â€‰s.d. c, Schematic of the BIR assay. Interruption of BIR leads to the resolution of BIR intermediates resulting in half-crossover formation.


Extended Data Figure 2 Analysis of molecular mechanism and mutagenesis associated with BIR.
a, The summary of molecular combing analysis presented in Fig. 3 and in Extended Data Fig. 3 is shown. A strong bias towards BrdU tracts present only in the recipient chromosome was also observed in three additional independent experiments. b, Mutation spectra of BIR-induced base substitutions in ura3-29 in the presence or absence of 1.5â€‰mM MMS is shown.


Extended Data Figure 3 Molecular outcomes of BIR.
a, Left: interrupted BrdU tract in recipient may result from half-crossover. Right: an example of wild-type (PIF1) recipient with interrupted BrdU tract hybridized to P1, P2, P3 probes (green) and treated with anti-BrdU antibody (red). b, Left: BIR initiated by strand invasion between FS2 (inverted repeat of Ty1 located 30â€‰kb centromere proximal to MAT) and P1 results in formation of recipients hybridizing to P1, P2, P3 and BrdU. Right: an example of wild-type (PIF1) recipient. Top: hybridization to P1, P2, P3. Middle: treatment with anti-BrdU antibody. Bottom: merge. c, Left: BrdU incorporation in the recipient resulting from BIR (red) and from filling-in synthesis (pink) following extensive resection. Right: an example of wild-type (PIF1) recipient. Top: hybridization to P1, P2, P3. Middle: treatment with anti-BrdU antibody. Bottom: merge. d, Left: HJ resolution at the end of BIR progression leads to switch from conservative to semiconservative BIR resulting in a short patch of BrdU overlapping with P3 in the donor. Right: an example of BrdU incorporation in the donor from wild-type (PIF1) strain hybridized to P1, P2, P3 and treated with anti-BrdU antibody.


Extended Data Figure 4 Conservative DNA synthesis associated with BIR.
Results from a series of three experiments where only P1, P2 and anti-BrdU antibody were used. a, BrdU incorporation in the recipient is expected from conservative BIR (i; red) and from filling-in synthesis (pink) following extensive resection (ii). b, c, Analysis of the donor (D) and repaired recipient (R) chromosomes extracted after PFGE (b) and hybridization with probes (green tract) and treatment with anti-BrdU antibodies (red tract) (c). No BrdU tracts are visible in more than 97% of donors. The repaired recipient contains long stretches of BrdU overlapping with the P2 region.


Extended Data Figure 5 BIR kinetics during 2D analysis of molecular intermediates of BIR.
a, BIR kinetics was analysed by PFGE from samples used to determine the structure of BIR intermediates by 2D electrophoresis (Fig. 4c, d). DNA was prepared for PFGE at intervals after induction of DSBs at MAT a and separated by PFGE (a) followed by Southern hybridization with an ADE1-specific probe (b). c, BIR efficiency quantified based on the results of four individual experiments including the one shown in Fig. 4 presented as averageâ€‰Â±â€‰s.d. d, Flow cytometry of DNA analysis of cells undergoing BIR repair.


Extended Data Figure 6 The structure of molecular intermediates of BIR.
a, The structure of the chromosome III region with LYS2 inserted 16â€‰kb centromere distal to MATÎ±-inc. P1, P2, P3, and so on designate positions of PstI sites flanking LYS2. b, The structure of replication bubbles migrating through LYS2 (with black rectangle designating LYS2-specific probe). i, Replication bubble with synchronous leading and lagging strands (double-stranded). ii, Replication bubble with delayed initiation of the lagging strand with respect to the leading strand (partially single-stranded bubble). iii, A partially single-stranded bubble with one or several PstI sites behind the bubble inactivated due to accumulation of single-stranded DNA. Red and pink rectangles represent oligonucleotides PstO3 and PstO4, respectively. iv, A single-stranded bubble that has passed beyond the P3â€“P4 region. c, Theoretical bubble-migration curves for the intermediates shown in b. d, Calculation of parameters of the bubble-like structures for the intermediates shown in b.


Extended Data Figure 7 Molecular intermediates of BIR.
BIR intermediates were analysed by 2D gel electrophoresis of BglII-digested intact chromosomal DNA embedded in agarose plugs. a, D-loop migration in 2D gels (hybridized to LYS2, black rectangle) during coordinated (i) and uncoordinated (ii, iii) leading- and lagging-strand synthesis. b, Schematic of 2D gel separation of replication and BIR intermediates. Annealing to oligonucleotides (BglO3 and BglO4) restores BglII sites (B) in ssDNA (see a, ii) and changes migration of the intermediate as shown by 2â€² (red). c, 2D analysis of Y-arc during normal replication (0â€‰Hr) and bubble-like structures at time points after BIR induction. Similar bubble structures were observed in nine additional independent experiments (see the legend to Fig. 4). d, High-molecular-mass tails (arrows) disappear after simultaneous addition of BglO3 and BglO4 (BIR/BglO3+BglO4). The addition of each of these oligonucleotides individually (BIR/BglO3 or BIR/BglO4) failed to eliminate the tail.


Extended Data Table 1 The rate of spontaneous and DSB-associated Ura+ mutationsFull size table


Extended Data Table 2 The rate of DSB-associated Lys+ mutations (top), and the rate of spontaneous Lys+ mutations (bottom)Full size table


Extended Data Table 3 Strain listFull size table
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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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