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INTRODUCTION

In budding yeast, the Rad52 protein is required for efficient mitotic recombination (for a review: [START_REF] Krogh | Recombination proteins in yeast[END_REF]. Deletion of RAD52 is epistatic to loss of any other gene implicated in homologous recombination, including the recombinase Rad51, Rad54, the Rad51 paralogs, Rad55 and Rad57, Mre11-Rad50-Xrs2 (MRX) and Rad59.

There are at least two major Rad52-dependent pathways, one requiring Rad51, Rad55, Rad57 and Rad54 and the other independent of Rad51, but requiring Rad59 and MRX.

Rad51-dependent and independent pathways have been identified among spontaneous recombination events, in the repair of eroding telomeres in cells lacking telomerase, as well as those induced by a double-strand break. Rad52's homologue, Rad22, is also a central protein in recombination in fission yeast; but curiously, in many higher eukaryotes, even though biochemical interactions between Rad52 and Rad51 appear to be preserved, Rad52 plays a surprisingly minor role in homologous recombination [START_REF] Benson | Synergistic actions of Rad51 and Rad52 in recombination and DNA repair[END_REF][START_REF] Yamaguchi-Iwai | Homologous recombination, but not DNA repair, is reduced in vertebrate cells deficient in RAD52[END_REF]. In fact in Caenorhabditis, Rad52 does not appear to have been retained. In many metazoans, Rad52 function may have been taken over by BRCA2 [START_REF] Wong | RAD51 interacts with the evolutionarily conserved BRC in the human breast cancer susceptibility gene brca2[END_REF]Chen et al., 1998;[START_REF] Yuan | BRCA2 is required for ionizing radiation-induced assembly of Rad51 complex in vivo[END_REF][START_REF] Moynahan | BRCA2 is required for homology-directed repair of chromosomal breaks[END_REF][START_REF] Brough | Stable interaction between the products of the BRCA1 and BRCA2 tumor suppressor genes in mitotic and meiotic cells[END_REF][START_REF] Thorslund | Interactions between human BRCA2 protein and the meiosis-specific recombinase DMC1[END_REF].

Even in Saccharomyces, there are several Rad52 independent mechanisms of DSB repair. Single-strand annealing becomes Rad52-independent when homologous regions are several kb long, as between ribosomal rDNA repeats, although Rad52 is crucial when homologies flanking a DSB are < 1kb [START_REF] Ozenberger | A unique pathway of double-strand break repair operates in tandemly repeated genes[END_REF][START_REF] Sugawara | DNA length dependence of the single-strand annealing pathway and the role of Saccharomyces cerevisiae RAD59 in double-strand break repair[END_REF]. A rare class of survivors following loss of telomerase is also Rad52-independent [START_REF] Maringele | Telomerase-and recombination-independent immortalization of budding yeast[END_REF]. In haploids and diploids selected for recombination between heteroalleles, the absence of Rad52 reduces the rate of recombination by 50-100 fold. Strikingly, the great majority of outcomes are crossoverassociated, in contrast to a relatively low rate of crossover seen in isogenic wild type strains. [START_REF] Haber | Rad52-independent mitotic gene conversion in Saccharomyces cerevisiae frequently results in chromosomal loss[END_REF] analyzed mitotic recombination in rad52 diploids heteroallelic for pairs of non-reverting frameshift mutations in his4C and in his4A, and found recombination was reduced to 1.3% of WT levels. Most crossovers resulted from events that are rarely seen in WT cells. Most rad52-independent His + recombination events had undergone the loss of one of the participating chromosomes and the retained chromosome in the 2n-1 diploid was nearly always a crossover recombinant (Fig. 1D and Fig. 2A). Second, in wild-type cells, only 11% of the HIS4 gene conversions were accompanied by loss of heterozygosity (LOH) of a distal marker, among which most (82%) became homozygous for URA3, as expected if gene conversions resulted either from a simple crossing-over between his4 regions to join HIS4C and HIS4A or after heteroduplex formation or gap repair that did not cover both his4C and his4A (Fig. 1A and 1B). Heteroduplex formation could occur either in G1 or G2, with crossing-over completed after DNA replication [START_REF] Esposito | Evidence that spontaneous mitotic recombination occurs at the twostrand stage[END_REF]. However, in rad52 diploids, among the 42% of His + recombinants that present LOH in rad52 cells, 74% unexpectedly became homozygous for the LEU2 marker distal to his4C [START_REF] Haber | Rad52-independent mitotic gene conversion in Saccharomyces cerevisiae frequently results in chromosomal loss[END_REF](see also Fig. 2A). This outcome is most likely the result of heteroduplex formation covering both his4C and his4A followed by independent mismatch correction of each pair of mismatches (Fig. 1C). Thus Rad52-independent recombination is not simply a marked reduction in a normal spectrum of events but the consequences of a different pathway of recombination.

UV irradiation is a potent inducer of recombination [START_REF] Nakai | Studies on the genetic mechanism of radiation-induced mitotic segregation in yeast[END_REF][START_REF] Galli | On the mechanism of UV and gamma-ray-induced intrachromosomal recombination in yeast cells synchronized in different stages of the cell cycle[END_REF]. Since cells lacking Rad52 are hypersensitive to ionizing radiation, but show very little sensitivity to UV, we wondered if UV would stimulate Rad52-independent recombination. To our surprise, the events stimulated by UV in rad52 diploids were strikingly different from those arising spontaneously: the majority of recombinants had a pattern of recombination reminiscent of spontaneous (or UVinduced) WT recombination events. We have characterized these events and determined some of the genetic requirements of both spontaneous and UV-stimulated Rad52independent recombination. A central role for the MRX protein Rad50 emerged for both spontaneous and UV-induced events. Both Rad51 and the UV-regulated Crt1 were important in promoting gene conversion spontaneously and after UV-irradiation. Among spontaneous Rad52-independent recombinants, Rad59 also plays an important role.

MATERIAL AND METHODS

Strains and plasmids

The relevant genotypes of the strains used are listed in Table 1. The construction of MH134, MH160 was described previously [START_REF] Haber | Rad52-independent mitotic gene conversion in Saccharomyces cerevisiae frequently results in chromosomal loss[END_REF]. Strains AL103 (rad50Δ), AL114 (rad5Δ), AL117 (rad51Δ), AL119 (dun1Δ) and TF122 (crt1Δ) were constructed by transforming the haploid strains U319 and U325 with an appropriate KAN-MX cassette. To overcome the homologous recombination defect of rad52 strains, these strains were first transformed with a HIS4-containing centromeric plasmid bearing a WT copy of RAD52 (pJH1035). The KAN-MX fragment was amplified from the Research Genetics deletion strains using primers also amplifying 500 bp upstream and downstream the ORF to be deleted. Transformants was checked by colony-PCR. For complementation analysis, a NAT-MX-containing centromeric plasmid bearing a WT copy of RAD52 (pTF01) was introduced into each double mutant strain.

Selection of recombinants

HIS4 (His + ) recombinants were obtained by replica-plating patches of diploid cells on YEPD to medium lacking histidine. After incubation for up to 5 days, a single His + papillus from each patch was selected to ensure independence of the recombination event. UV-induced recombinants were selected by irradiating the replica-plated patched at 15 J/m 2 prior to incubation.

Analysis of recombination

Recombinant papillae were patched on medium lacking histidine and replica plated to SC-leu and SC-ura media. Recombinants were also tested for their mating-type and for the linkage between the centromere distal markers and MAT alleles by replica plating on minimum plates containing 200 µl of YEPD and a lawn of MATa or MATα tester strains that were either ura3 or leu2.

Determination of recombination rates and frequencies

The spontaneous rate of His + prototroph formation was determined by a fluctuation test (method of the median). Cultures were grown overnight to saturation, diluted in a large volume to a concentration of 10 2 cells/ml and aliquoted to a minimum of 9 tubes. These 9 cultures were incubated at 30 o C to a concentration of 10 8 cells/ml and dilutions were plated on both YEPD and SC-his media. Rate of spontaneous His + prototroph formation was determined analytically using data from (Lea and Coulson).

UV sensitivity and the frequency of UV-induced His + prototroph formation were determined by exposing strains on YEPD and on SC-his media to increasing doses of UV. Frequency of recombination was calculated after correcting for concentration and normalizing against survival on YEPD plates at the corresponding UV dose as well as spontaneous recombination.

Each experiment was repeated at least three times.

RESULTS

UV-irradiation stimulates Rad52-independent recombinants different from those arising spontaneously.

We investigated whether UV-irradiation would stimulate Rad52-independent recombination. Spontaneous recombination rates are very low in the rad52-1 strain: 6.9 His + /10 8 cells/generation compared to 440 His + /10 8 cells/generation in WT cells. As described previously [START_REF] Prakash | Effects of the RAD52 Gene on Recombination in SACCHAROMYCES CEREVISIAE[END_REF], we found that the rad52 homozygous diploid is only slightly sensitive to UV (Fig. 3). In rad52 cells UV-induced recombination is reduced compared to WT almost to the same extent as in spontaneous recombination (16 to 24 fold according to the dose of UV compared to 65 fold spontaneously, Fig. 3), but recombination frequencies were still inducible: the frequency of Rad52-independent recombination is increased from 1.6 His + /10 8 survivors at 10 J/m 2 to 12.9/10 8 at 30 J/m 2 .

We presume that all of the His + colonies arising in diploids heteroallelic for the his4A and his4C alleles arose by recombination since both alleles are double frameshift mutations that show virtually no reversion [START_REF] Jackson | Gene conversion between duplicated genetic elements in yeast[END_REF].

In the study by [START_REF] Haber | Rad52-independent mitotic gene conversion in Saccharomyces cerevisiae frequently results in chromosomal loss[END_REF], the arrangement of markers along each of the two chromosomes after recombination in WT cells was analyzed through meiosis to separate the two chromosomes III and to determine without ambiguity the linkage between the HIS4 allele and the markers URA3, LEU2 and MAT. In rad52 cells, they took advantage of rare spontaneous chromosome loss observed in rad52 homozygous diploids [START_REF] Mortimer | Mitotic chromosome loss in a radiation-sensitive strain of the yeast Saccharomyces cerevisiae[END_REF] to analyze the configuration of alleles among recombinants. Here we analyzed spontaneous and UV-induced Rad52-independent recombinants in the same way (see Material and Methods). Four recombination outcomes were observed (Fig. 2). (1) Gene conversion without associated crossing-over (GC) occurs when one of the his4 alleles is converted to the HIS4 allele, resulting in the parental phenotype of His + Leu + Ura + and non-mating (i.e. MATa/MATα). (2) Gene conversions associated with chromosome loss (GC+CL) result in the conversion of one his4 allele to HIS4 and the concomitant loss of the homologous chromosome. GC+CL recombinants carry either only the LEU2 or the URA3 marker, and show a mating type phenotype corresponding to the parental configuration of alleles (LEU2 MATα or URA3 MATa). (3) Gene conversion may also be associated with a crossover (GC+CO) in which the flanking LEU2 and URA3 markers are exchanged. Depending on the mitotic segregation of the four chromatids at mitosis, three GC+CO phenotypes are possible. In two of these, the cells become homozygous either for LEU2 or URA3 and are therefore auxotrophic for uracil or leucine, respectively, but they are still MATa/MATα non-maters.

The third GC+CO phenotype is phenotypically identical to the parental phenotype, although LEU2 is now linked to MATa instead of MATα and URA3 is linked to MATα.

(4) Gene conversion can also be associated with both crossing-over and chromosome loss (GC+CO+CL). The recombinant mates strongly as either MATa or MATα and is auxotrophic for either uracil or leucine. What differentiates these recombinants from those in the GC+CO category is that they are 2n-1 monosomic for chromosome III and have a strong MATa or MATα phenotype.

The analysis of 240 RAD52 and 217 rad52-1 spontaneous recombinants confirmed the results observed by [START_REF] Haber | Rad52-independent mitotic gene conversion in Saccharomyces cerevisiae frequently results in chromosomal loss[END_REF]. In this study, WT recombinants were mostly the result of GC (78%). The rest were equally distributed between GC+CO with reverse linkage of the markers and GC+CO associated with lost of heterozygosity of the markers (LOH) (Figs. 2 and4).

We confirmed that the rad52-1 homozygous diploid produces a very different spectrum of recombinants (Figs. 2 and4 andSupplemental Table 1). Approximately 35% of the events were solely GC and 8% GC+CL. The remaining recombination events were associated with CO: 27% were GC+CO and another 29% were GC+CO+CL. Among the GC+CO, none showed the simple reversed linkage arrangement expected if both participating chromatids segregated together. The inability to recover both participating chromatids may be the result of instability of the recombination intermediate and a high rate of CL. That GC+CO and GC+CO+CL are in the same proportions suggests that the two classes are the result of random segregations of the HIS4-bearing chromatid with either the chromatid of the homologous chromosome that participated in recombination (but was lost) or the chromatid that was not involved in the exchange. These results confirm that RAD52-independent recombination in vegetative cells occurs through a mechanism distinct from that in WT. Surprisingly, UV-induced rad52 recombinants resembled WT recombinants (Fig. 2 and Fig. 4). In WT cells, UV-induced recombinants were virtually all the result of GC.

Only one event of GC+CO associated with LOH has been detected among 207 recombinants. We didn't analyze WT recombinants through meiosis because the very low proportion of GC+CO associated with LOH suggests that the proportion of GC+CO with a reverse linkage is also very low. In rad52 homozygous diploids, 78% of the recombination events were solely GC and only 15 % were associated to a CO. Therefore, UV induces a very different mechanism of repair involving mostly GC.

Because the rad52-1 allele used in this study is a missense mutation with a null phenotype [START_REF] Adzuma | Primary structure of the RAD52 gene in Saccharomyces cerevisiae[END_REF], we were concerned that UV irradiation could induce phenotypic suppression of the mutation. We therefore repeated these experiments in an isogenic diploid strain in which rad52-1 was replaced by a full deletion of the RAD52 coding sequence. The same results were obtained, both spontaneously and after UV irradiation (Figs. 2 and4).

The MRX protein Rad50 is required for both spontaneous and UV-induced Rad52independent recombination pathways.

To investigate the genetic requirements of the two Rad52-independent pathways, we quantified spontaneous and UV-induced recombination in strains bearing deletions of three genes belonging to the RAD52 epistasis group but involved in different aspects of homologous recombination: RAD50, RAD51 and RAD59. Rad50 is a member of the MRX complex, involved in the 5' to 3' resection of DNA ends necessary to form invasive 3' ssDNA tails (for review see [START_REF] Symington | Role of RAD52 epistasis group genes in homologous recombination and double-strand break repair[END_REF][START_REF] Krogh | Recombination proteins in yeast[END_REF][START_REF] Williams | Mre11-Rad50-Nbs1 is a keystone complex connecting DNA repair machinery, double-strand break signaling, and the chromatin template[END_REF]. MRX has been implicated in an array of cellular responses including non-homologous end-joining, telomere maintenance and cell-cycle checkpoints. Most recently the MRX complex has been shown to be required for the recruitment of cohesins and SMC5/6 complexes to the sites of DSBs and thus to facilitate sister-chromatid repair [START_REF] Strom | Postreplicative recruitment of cohesin to double-strand breaks is required for DNA repair[END_REF][START_REF] Unal | DNA damage response pathway uses histone modification to assemble a doublestrand break-specific cohesin domain[END_REF][START_REF] De Piccoli | Smc5-Smc6 mediate DNA double-strand-break repair by promoting sister-chromatid recombination[END_REF][START_REF] Lindroos | Chromosomal association of the Smc5/6 complex reveals that it functions in differently regulated pathways[END_REF][START_REF] Strom | Chromosome segregation and double-strand break repair -a complex connection[END_REF]. This observation may explain why MRX mutants show an enhanced rate of heteroallelic recombination in diploids [START_REF] Ivanov | XRS2, a DNA repair gene of Saccharomyces cerevisiae, is needed for meiotic recombination[END_REF][START_REF] Bressan | The Mre11-Rad50-Xrs2 protein complex facilitates homologous recombination-based double-strand break repair in Saccharomyces cerevisiae[END_REF], if lesions are less often repaired by sister chromatids.

Rad51 forms a nucleoprotein filament on single stranded DNA that is active in searching for homology, in the formation of joint molecules and in the exchange of DNA strands [START_REF] Krogh | Recombination proteins in yeast[END_REF]. Rad52 is required for Rad51 filament formation at DSBs [START_REF] Sugawara | In vivo roles of Rad52, Rad54, and Rad55 proteins in Rad51-mediated recombination[END_REF]Wolner et al., 2003;[START_REF] Lisby | Choreography of the DNA damage response: spatiotemporal relationships among checkpoint and repair proteins[END_REF]. Rad59 has homology to the N terminus of Rad52, and promotes annealing of complementary DNA sequences. This protein is involved in both Rad51-dependent and independent pathways [START_REF] Krogh | Recombination proteins in yeast[END_REF]. Of these three genes, only the deletion of RAD50 in the rad52-1 background shows a profound decrease both in spontaneous (0.19 HIS + /10 8 cells/generation, a 36 fold decrease compared to rad52-1, Fig. 3) and UV-induced recombination (0.15/10 8 survivors after 10J/m 2 , a 10 fold decrease compared to rad52-1, Fig. 3). Both rad52-1 rad51Δ and rad52-1 rad59Δ do not show a significant change compared to rad52-1.

The distribution of recombinants is statistically different in rad52-1 rad50Δ compared to rad52-1 (Figs. 2 and4 and Supplemental Table 1). Among spontaneous recombinants, the class of GC+CO with LOH increased from 27% in rad52-1 to 48% in the double mutant, to the detriment of GC+CO+CL. We postulate that Rad50 facilitates the co-segregation of the two participating chromatids after recombination (although the second chromatid is not stable), thus leading to a high number of GC+CO+CL events; without Rad50, the HIS4 chromosome is recovered more often with the non-participating homologous chromatid. After UV irradiation, the same kind of distribution is found, but the GC+CL class disappears, consistent with the general finding that recombination in the presence of Rad50 occurs in ways that retain both participating chromatids.

Alternatively, it is possible that without Rad50 the HIS4-containing chromosome itself is lost, so that these events are not recovered.

To establish that the effects of rad50Δ and other mutations discussed below are specific to recombination in the absence of Rad52, we introduced a centromeric plasmid carrying RAD52. Restoring RAD52 yielded outcomes that were very similar to WT cells, UV-treated or not (data not shown). Therefore, the role of Rad50 described here is specific for Rad52-independent recombination.

Roles of Rad51 and Rad59 in Rad52-independent recombination.

Both rad52-1 rad51Δ and rad52-1 rad59Δ show a statistically significant decrease in the GC class and an increase of the two classes of CO among spontaneous recombinants, compared to rad52-1 (Figs. 2 and4 and Supplemental Table 1). This suggests that in the absence of Rad52, GC not associated with CO results from a Rad51-and Rad59-dependent mechanism. Another mechanism, that is Rad51-and Rad59independent leads to the formation of half CO. Since the recombination rates are unaffected in both double mutants, the lesions normally leading to GC in the presence of Rad51 or Rad59 can be directed efficiently to the half CO pathway. After UV irradiation, the deletion of RAD51 in rad52-1 leads to a distribution of events similar to the one observed among spontaneous events. Therefore, the large increase in the UV-induced GC class is completely Rad51-dependent. Deletion of RAD59 did not change the distribution of recombinant types, suggesting that a specific Rad51-dependent pathway generates GC when rad52-1 cells are exposed to UV.

RAD52 complementation in both double mutants restored the distribution of recombination events seen in WT, both spontaneously and after UV-irradiation (data not shown), indicating that the high proportion of half CO observed in both rad52 rad51Δ and rad52 rad59Δ double mutants is linked to the absence of Rad52.

The UV-regulated genes CRT1 and DUN1 are involved in the UV-induced and spontaneous GC pathways.

One hypothesis to explain the UV-induced pathway of Rad52-independent recombination, with its quasi-WT spectrum of recombination, is that it requires an activator of gene conversion or a crossover-suppressor that is induced by UV-irradiation.

We tested mutants of the UV-inducible kinase Dun1 and its downstream target, the transcriptional repressor Crt1. While the complete range of genes controlled by Crt1 is not yet known, it has been experimentally shown to repress the transcription of ribonucleotide reductase genes as well as the damage-induced gene HUG1 [START_REF] Huang | The DNA replication and damage checkpoint pathways induce transcription by inhibition of the Crt1 repressor[END_REF][START_REF] Basrai | NORF5/HUG1 is a component of the MEC1-mediated checkpoint response to DNA damage and replication arrest in Saccharomyces cerevisiae[END_REF]. A simple hypothesis would be that UV exposure leads to derepression of Crt1-regulated genes.

The rad52 dun1Δ double mutant shows an additive sensitivity to UV irradiation, as previously noted by Fasullo et al. [START_REF] Fasullo | Radiosensitive and mitotic recombination phenotypes of the Saccharomyces cerevisiae dun1 mutant defective in DNA damage-inducible gene expression[END_REF], and a slight increase in UVinduced recombination. We found no modification of the spontaneous rate of recombination compared with rad52-1 (Fig. 4). The double mutant, which might maintain Crt1 repression both spontaneously and after UV, would be expected to show low amounts of gene conversion without crossing-over after UV-induction; but in fact, such gene conversions were the largest class (52% in Figs. 2 and4), as in the rad52-1 mutant.

If a UV-inducible gene under the control of the Crt1 repressor were responsible for the high proportion of GC, then we might expect to see a high level of GC even in absence of UV-irradiation. Therefore we would expect a high level of GC among spontaneous recombinants in the rad52 crt1Δ mutant as well. This is not what we observed; GC dropped to 7% among spontaneous recombinants and to 17% after UVirradiation (Fig. 2 and4 and Supplemental Table 1). This result indicates on the contrary that GC is somehow under the control of CRT1. The deletion of CRT1 does not increase UV sensitivity in rad52 mutants and recombination frequencies are not modified (Fig. 3).

However, spontaneous recombination shows a significant increase (3 fold), but the rate is still very low compared to WT. Since the deletion of CRT1 does not reduce the rates of recombination and does not affect the incidence of half-COs, it seems that the lesions repaired by a CRT1-dependent GC pathway can alternatively be processed efficiently by a Crt1-independent pathway yielding half-COs.

Restoring RAD52 activity in the rad52 dun1Δ and rad52 crt1Δ double mutant leads to a wild-type distribution of spontaneous and UV-induced recombinants (data not shown), arguing that the high proportion of half-CO depends on the absence of Rad52.

After UV treatment, half-crossovers are also more often associated with LEU2 [START_REF] Haber | Rad52-independent mitotic gene conversion in Saccharomyces cerevisiae frequently results in chromosomal loss[END_REF] showed that there was a marked change in the proportion of His + recombinants homozygous for each of the centromere-distal markers in rad52 mutant. In wild type diploids, there was a strong bias to the recovery of LOH events retaining the URA3 marker while in rad52, this bias was suppressed if not reversed (Fig. 4).

UV-induced Rad52-independent recombinants associated with LOH are also more often associated with LEU2 (Fig. 5). This indicates that the same pathway probably generates half-crossing-overs spontaneously and after UV-irradiation. This bias is also observed in all the double mutants tested for spontaneous and UV-induced recombination.

DISCUSSION

Most mitotic homologous recombination requires the action of the Rad52 protein, but there are significant Rad52-independent gene conversion mechanisms of both spontaneous and UV-induced recombination. Our previous study, confirmed here, demonstrated that Rad52-independent spontaneous recombination differs mechanistically from that seen in wild type cells. First, the proportion of events involving a crossover is surprisingly high, in the present study accounting for 56% of all events being either 2n but homozygous for a distal marker or 2n-1 with only a crossover chromosome remaining. Another 8% showed chromosome loss with a parental arrangement of flanking markers. In RAD52 cells, crossovers resulting in LOH accounted for only 8% of all gene conversions and events leading to chromosome loss were rare. If crossing-over occurs in G2, then the two crossover classes are the expected outcomes if the HIS4containing chromosome segregates at random with either the uninvolved homologous chromatid (i.e. 2n GC+CO) or the apparently unstable participating chromatid (i.e. 2n-1 GC+CO+CL). We have suggested that Rad52-independent crossovers are in fact halfcrossovers in which the second participating chromatid is still broken and/or unrepaired [START_REF] Haber | Rad52-independent mitotic gene conversion in Saccharomyces cerevisiae frequently results in chromosomal loss[END_REF].

The rate of spontaneous gene conversion in rad52 diploids is strongly dependent on Rad50; in contrast, the rate of His + recombinants was not affected by deleting Rad51 or Rad59. Given the many biochemical activities of MRX proteins (end-tethering, control of 5' to 3' resection, strand annealing, strand unwinding and damage-induced recruitment of cohesins and Smc5/6) [START_REF] Paull | Nbs1 potentiates ATP-driven DNA unwinding and endonuclease cleavage by the Mre11/Rad50 complex[END_REF][START_REF] Jackson | The Mre11 complex: at the crossroads of dna repair and checkpoint signalling[END_REF][START_REF] Strom | Postreplicative recruitment of cohesin to double-strand breaks is required for DNA repair[END_REF][START_REF] Unal | DNA damage response pathway uses histone modification to assemble a doublestrand break-specific cohesin domain[END_REF][START_REF] De Piccoli | Smc5-Smc6 mediate DNA double-strand-break repair by promoting sister-chromatid recombination[END_REF][START_REF] Lindroos | Chromosomal association of the Smc5/6 complex reveals that it functions in differently regulated pathways[END_REF][START_REF] Strom | Chromosome segregation and double-strand break repair -a complex connection[END_REF][START_REF] Williams | Mre11-Rad50-Nbs1 is a keystone complex connecting DNA repair machinery, double-strand break signaling, and the chromatin template[END_REF] one can imagine many scenarios that might account for the role of MRX in facilitating recombination in the absence of the efficient Rad51 filament formation or the strand annealing activities of Rad52. In spontaneous heteroallelic recombination, deleting Rad50 significantly increases prototroph formation, possibly because of its indirect role in recruiting cohesins or Smc5/6, or because reduced 5' to 3' resection would increase the proportion of heteroduplexes that would not result in coconversion. But here, in the absence of Rad52, deleting Rad50 nearly eliminates the recovery of HIS4 prototrophs. This suggests that the MRX complex must provide a means to carry out strand invasion -a conclusion that has also been reached in the analysis of Rad51-independent (but Rad52-dependent) DSB repair events [START_REF] Chen | Two survivor pathways that allow growth in the absence of telomerase are generated by distinct telomere recombination events[END_REF][START_REF] Signon | Genetic requirements for RAD51-and RAD54-independent break-induced replication repair of a chromosomal double-strand break[END_REF][START_REF] Ira | Characterization of RAD51-independent break-induced replication that acts preferentially with short homologous sequences[END_REF]. Here MRX succeeds without Rad52.

The fact that the absence of Rad50 also causes an increase in the proportion of GC+CO outcomes over GC+CO+CL suggests that the MRX complex might contribute to the preferential segregation of both participating chromatids.

The analysis of rad52 in combination with mutations in other important recombination genes showed some small, but often statistically significant, effects on the types of recombinants recovered. There was a significant reduction in noncrossover gene conversions in rad52 rad59Δ and rad52 rad51Δ compared to rad52. The most unexpected finding was that deleting the UV-regulated repressor protein Crt1 (Rfx1) had the most profound effect, such that 93% of the outcomes were either crossover-associated and/or exhibited chromosome loss, compared to 64% of rad52 cells. The basis of this effect is not understood. Until now, Crt1 has been known as a regulator of RNR genes; although it also affects other genes [START_REF] Zaim | Identification of new genes regulated by the Crt1 transcription factor, an effector of the DNA damage checkpoint pathway in Saccharomyces cerevisiae[END_REF], none have been implicated in recombinational repair. We note that deleting CRT1 in otherwise wild type cells does not affect the types of outcomes that are recovered; CRT1 affects specifically a Rad52independent recombination pathway. The role of CRT1 is not readily explained by assuming that Crt1 represses a gene that promotes non-crossover gene conversion; however Crt1 could repress a downstream repressor so that a deletion would yield different results.

Another important discovery is that Rad51 must have a Rad52-independent role in recombination. Rad51 ensures that intermediates of gene conversion are resolved as noncrossovers. In the absence of Rad51, the spectrum of recombination outcomes for UV-induced His + Rad52-independent recombinants resembles the profile seen in spontaneous rad52 rad51Δ cells; that is, there are relatively few noncrossover gene conversions and > 85% of the events are either LOH crossovers and/or chromosome losses. Again, the role of Rad51 in this pathway is distinct from that which occurs in RAD52 cells; when the rad52 rad51Δ cells are complemented with RAD52, about 90% all His + recombinants -either spontaneous or UV-induced -are noncrossover gene conversions. Current biochemical consensus is that Rad51 acts after being loaded onto ssDNA by Rad52 [START_REF] Sung | Rad51 recombinase and recombination mediators[END_REF]. It is possible that other proteins (Rad55/Rad57 or the newly characterized Rad51D-like Shu2 protein [START_REF] Shor | A genetic screen for top3 suppressors in Saccharomyces cerevisiae identifies SHU1, SHU2, PSY3 and CSM2: four genes involved in error-free DNA repair[END_REF][START_REF] Martin | Sws1 is a conserved regulator of homologous recombination in eukaryotic cells[END_REF][START_REF] Mankouri | Shu proteins promote the formation of homologous recombination intermediates that are processed by sgs1-rmi1-top3[END_REF]) might be able to promote at least limited successful filament formation without Rad52. Also, heteroduplex DNA has been detected physically in rad52 mutants during meiosis [START_REF] Borts | Analysis of meiosis-defective mutations in yeast by physical monitoring of recombination[END_REF][START_REF] Nag | Physical detection of heteroduplexes during meiotic recombination in the yeast Saccharomyces cerevisiae[END_REF]. In any case, about 60% of Rad52-independent UV-induced GC events are Rad51-dependent. It is possible that the anti-recombinogenic activity of Srs2 helicase in dismantling the Rad51 filament at the sites of damage leading to HIS4 recombinants [START_REF] Sung | Rad51 recombinase and recombination mediators[END_REF]Veaute et al., 2003) might be less active after UV induction.

On the other hand, after UV-irradiation, the formation of single-stranded DNA by the nucleotide excision repair process could allow the formation of Rad51 filament, which might not be eliminated by Srs2. Those filaments could engage recombination through a mechanism that does not allow the formation of crossovers, like SDSA or by strand assimilation mechanisms discussed below.

Possible mechanisms of Rad52-independent recombination

How Rad52-independent recombination events can form is unknown. Four possibilities are shown in Fig. 6. In the first two, the initiating lesion is presumed to be a DSB. In the last two, the initiating lesion is imagined as a large single-stranded gap.

One possibility (Fig. 6A) is that one end of a DSB is able to engage in strand invasion without Rad52 but that Rad52's strand annealing activity would be needed to recruit the second end of a DSB [START_REF] Sugiyama | Rad52-mediated DNA annealing after Rad51-mediated DNA strand exchange promotes second ssDNA capture[END_REF]. Such events have been suggested by Neil Hunter [START_REF] Lao | Rad52 promotes postinvasion steps of meiotic recombination. Moll Cell[END_REF], who has observed Rad52-independent single-end invasions in meiotic cells, where Dmc1 promotes strand invasion. Rad52-independent meiotic crossovers were first documented by [START_REF] Borts | Analysis of meiosis-defective mutations in yeast by physical monitoring of recombination[END_REF] and more recent analysis has suggested that many of these events may be nonreciprocal exchanges, with accompanying chromosome loss (A. Malkova and J.E.H., unpublished). We note also that rare Rad52-independent recombinants were also recovered in mitotic diploids where one chromosome was cut by the HO endonuclease; consistent with the results discussed here, these rare outcomes were 2n-1 diploids in which there had been a crossover [START_REF] Malkova | Double-strand break repair in the absence of RAD51 in yeast: a possible role for break-induced DNA replication[END_REF]. In this scenario, an unstable strand-invasion intermediate could be stabilized by branch migration, to yield a more stable double Holliday junction whose resolution would yield one intact crossover chromosome and a chromosome fragment that would be lost. Whether such exchanges could occur without Rad51 (and when Dmc1 is not expressed) is not known, but our results in mitotic yeast cells argues that these events do occur without the only active strand exchange protein, Rad51. As mentioned above, Rad51 may be able to form at least a short nucleoprotein filament without Rad52. This scenario could account for the other important difference in Rad52independent recombination, the frequent recovery of diploids homozygous for the "wrong" distal marker. To obtain such diploids, the simplest mechanism would be to have a long region of heteroduplex DNA covering both the his4A and his4C markers, followed by independent mismatch repair. The single end invasion model could generate such intermediates if the heteroduplex DNA between the two Holliday junctions were several kb long. Resolution of this intermediate could also generate gene conversions without an associated crossover.

A second mechanism that would account for both Rad52-independent exchanges and the frequent recovery of the "wrong" distal marker would be through Rad52independent inter-homologue single-strand annealing (SSA). In this scenario (Fig. 6B), there would have to be sufficiently frequent spontaneous DSBs to have breaks on both participating chromatids. In a rad52Δ haploid, about 10% of cell divisions produce one mother or daughter cell that grows into a colony and one cell that becomes arrested at G2/M characteristic of a single unrepaired DSB (J.E.H. unpublished). Thus there is about 1 lesion -we assume it is a DSB that is not rejoined by DNA ligase4 and Kumediated end-joining -that requires Rad52 for sister-chromatid repair in every 5 diploid cells. The DSB rate is 0.1/genome or 0.1 x 10 -4 /kb. The left arm of chromosome III is recombinants appear at a rate of ~ 2 x 10 -8 . So about 1/50 pairs of DSBs would have to result in HIS4. Resection can lead to SSA between sequences at least 50 kb apart and SSA can occur without Rad52 when the regions annealing are >10 kb [START_REF] Ozenberger | A unique pathway of double-strand break repair operates in tandemly repeated genes[END_REF]. Thus it is entirely possible that Rad52-independent events could arise from SSA-based repair of spontaneous DSBs. These considerations could equally be applied to other repair events, for example damage leading to single-strand lesion.

A third possibility is that HIS4 recombinants could arise from the Rad52independent annealing of two large single-strand gaps of opposite polarity on the two homologues (Fig. 6C). There would be a long region of heteroduplex DNA that would be subjected to independent mismatch repair of his4A and his4C alleles. The postulated intermediate would be resolved either with or without crossing-over although following UV, the results would somehow be biased towards outcomes without crossing-over.

Moreover, after UV, there could be an increased use of another Rad51-dependent mechanism which involves strand-invasion and which does not lead to CO, such as SDSA.

A variation on this idea would be strand assimilation of complementary sequences to provoke mismatch repair, following which the intact template might be reformed and the gap filled in (Fig. 6D).

UV-induced Rad52-independent recombination: yet another pathway of recombination.

Although rad52 cells are mostly sensitive to ionizing radiation, they do have modest UV-sensitivity. Nevertheless, UV irradiation of rad52 cells causes an induction of recombination. Measuring the frequency of these events after a brief exposure to UV is equivalent to determining the rate of recombination. At 10 j/m 2 the increase in the rates of His + recombinants in rad52 compared to spontaneous events increased 86-fold, compared to a very similar 94-fold increase in the same strain complemented by a RAD52 gene.

The significant increase in UV-stimulated events relative to spontaneous Rad52independent events suggests that most of the His + recombinants arose after UV irradiation rather than UV irradiation altering the outcomes of a small number of pre-existing events.

The most surprising aspect of the outcomes in UV-irradiated rad52-1 and rad52Δ diploids is that the proportion of noncrossover events rose from 36% among spontaneous events to 77% of the UV-irradiated cohort. These results suggest that UV either induces recombination proteins to carry out such events or creates DNA lesions that are intrinsically more likely to result in noncrossover outcomes. The UV-induced events apparently depend on an unidentified Dun1-and Crt1-dependent target. Earlier studies have suggested that IR and UV are equally likely to result in mitotic crossovers leading to loss of heterozygosity of more distal markers [START_REF] Nakai | Studies on the genetic mechanism of radiation-induced mitotic segregation in yeast[END_REF]), but we cannot specify the way that UV suppresses the nonreciprocal exchanges and loss of chromosomes seen for spontaneous events. UV irradiation would, both by excision repair and by replication fork stalling, create single-stranded regions that could be recombinogenic; this fact leads to the suggestion that the UV-induced Rad52-independent recombination events could be initiated in a different fashion from spontaneous events and consequently could have quite different outcomes. Repair apparently involves at least transient strand assimilation and correction, and almost always occurs without a crossover. MRX must play a decisive role in this process.

Although deleting Rad51 does not significantly reduce the rate of His + recombinants in the absence of Rad52, Rad51 plays an important Rad52-independent role in ensuring that intermediates of gene conversion are resolved as noncrossovers. In the absence of Rad51, the spectrum of recombination outcomes for UV-induced His + recombinants resembles the profile seen in spontaneous rad52 and rad52 rad51Δ cells, that is, there are relatively few noncrossover gene conversions and > 85% of the events are either LOH crossovers and/or chromosome losses. Again, the role of Rad51 in this pathway is distinct from that which occurs in RAD52 cells; when the rad52 rad51Δ cells are complemented with RAD52, about 90% all His + recombinants -either spontaneous or UV-induced -are noncrossover gene conversions. Possibly, there is a Rad52independent, Rad51-dependent SDSA mechanism. 

Strain

Genotype Reference U319 hml::LEU2 his4C-864,-1176 MATα rad52-1 ura3-52 leu2-3,112 lys2 [START_REF] Haber | Rad52-independent mitotic gene conversion in Saccharomyces cerevisiae frequently results in chromosomal loss[END_REF] U325 HMLα-URA3 his4A-39,260 MATa rad52-1 ura3-52 leu2-3,112 lys2 ade1 [START_REF] Haber | Rad52-independent mitotic gene conversion in Saccharomyces cerevisiae frequently results in chromosomal loss[END_REF] MH134 HMLα-URA3 his4A-39,260 MATa ura3-52 leu2-3,112 hml::LEU2 his4C-864,-1176 MATα ura3-52 leu2-3,112 [START_REF] Haber | Rad52-independent mitotic gene conversion in Saccharomyces cerevisiae frequently results in chromosomal loss[END_REF] MH160 HMLα-URA3 his4A-39,260 MATa rad52-1 ura3-52 leu2-3,112 lys2 hml::LEU2 his4C-864,-1176 MATα rad52-1 ura3-52 leu2-3,112 lys2 [START_REF] Haber | Rad52-independent mitotic gene conversion in Saccharomyces cerevisiae frequently results in chromosomal loss[END_REF] ECY526 
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 2 Figure 2. The distribution of recombination products in rad52 double mutants. (A)

Figure 3 .
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