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The repair of chromosomal double-strand breaks (DSBs) is essential to normal cell growth, and homologous
recombination is a universal process for DSB repair. We explored DSB repair mechanisms in the yeast
Saccharomyces cerevisiae using single-strand oligonucleotides with homology to both sides of a DSB. Oligonu-
cleotide-directed repair occurred exclusively via Rad52- and Rad59-mediated single-strand annealing (SSA).
Even the SSA domain of human Rad52 provided partial complementation for a null rad52 mutation. The repair
did not involve Rad51-driven strand invasion, and moreover the suppression of strand invasion increased
repair with oligonucleotides. A DSB was shown to activate targeting by oligonucleotides homologous to only one
side of the break at large distances (at least 20 kb) from the break in a strand-biased manner, suggesting
extensive 5’ to 3’ resection, followed by the restoration of resected DNA to the double-strand state. We conclude
that long resected chromosomal DSB ends are repaired by a single-strand DNA oligonucleotide through two
rounds of annealing. The repair by single-strand DNA can be conservative and may allow for accurate
restoration of chromosomal DNAs with closely spaced DSBs.

DNA double-strand breaks (DSBs) are common mediators
of genetic change in all organisms and can lead to mutations,
recombination, chromosome aberrations, and cell death. Re-
pair in eukaryotes can occur by recombination between homol-
ogous DNAs and by end joining (29, 30). To directly address
DSB repair mechanisms, many cellular studies have focused on
the repair of enzymatically induced single DSBs or the repair
of transfected broken plasmids (2, 13, 18, 30).

The repair of a DSB via nonhomologous end joining
(NHEJ) involves little or no homology and is often mutagenic
because of the misalignment of overhanging ends paired at
microhomologies (14). NHEJ can also generate gross rear-
rangements by joining the wrong DSB ends (reference 11 and
references therein).

There are two ways of establishing the interaction between
two recombining DNA sequences in homologous recombina-
tion (HR): strand invasion and single-strand annealing (SSA)
(2, 29, 44). Intrinsic to all HR mechanisms for DSB repair is 5’
to 3’ end resection that in the yeast Saccharomyces cerevisiae
can extend many kilobases from the DSB ends. The retained 3’
ends of a DSB can prime DNA synthesis or serve as a template.
If both ends “invade” an unbroken homologous sequence, the
resulting repair enables chromosome integrity to be main-
tained. An invasion by only one of the 3" ends and the subse-
quent replication (break-induced replication) could lead to
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chromosome aberrations, including chromosome rearrange-
ments and/or loss of heterozygosity.

SSA enables DSB repair by a less complex mechanism of
recombination since it does not require three-strand interac-
tion such as that involved in strand invasion. Following resec-
tion, repeat DNAs that flank a DSB can be simply annealed.
Repair is completed through the subsequent removal of non-
homologous tails, DNA synthesis to fill any single-strand gaps,
and ligation. SSA is considered to be a nonconservative mech-
anism of HR since the intervening sequence between repeats is
eliminated, generating a deletion, while the strand invasion
mechanism is considered conservative (error free) (44). In cells
with many long DNA repeats, such as human cells, where more
than 50% of the genome is repeated sequence (17), the SSA
mechanism could be an important source of genome change.

DSB-induced SSA between defined direct repeats has been
characterized in yeast as well as in bacteria, plant cells, Xeno-
pus laevis oocytes, and mammalian cells (3, 11, 20, 24, 33, 36,
45). As shown in yeast and in mammalian cells, SSA is a
mechanism that can compete efficiently with the strand inva-
sion mechanism for the repair of a DSB (19, 36, 47). Unlike the
strand invasion mechanism, SSA does not require Rad51,
while both mechanisms require the Rad52 protein. Rad52 can
anneal single-strand DNAs (ssDNAs), and it mediates the
loading of Rad51 onto ssDNAs for strand invasion (29).

The substrates for SSA are regions of ssDNA that are com-
monly found in cells as intermediates in many DNA repair
processes. ssDNA is generated as a consequence of 5" to 3’
resection of DSB ends (29). Replication fork collapse can also
lead to long ssDNA regions (for details, see reference 23).

Given the many possibilities for DSB induction in cells as
well as the frequent appearance of ssDNA and the potential
for genomic change, it is important to understand the mecha-
nisms by which ssDNA can initiate or participate in DNA
recombination and DSB repair. Recently, we reported that
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ssDNA presented to a cell as oligonucleotides with homology
to regions that are near or distant from the two sides of a
chromosomal DSB can efficiently repair the break (37). Be-
cause there was a requirement for Rad52 protein and for
homology between the DNAs, we concluded that the repair
relied on homologous recombination. However, the molecular
mechanism of this novel form of repair was unclear. We es-
tablish here that the repair can be accomplished through SSA
of the oligonucleotide with resected ends and does not involve
strand invasion, even when homologous regions are many ki-
lobases away from a DSB. Furthermore, we found that the
DSB activates recombination at distant sites and stimulates
oligonucleotide targeting to just one side of the break in a
strand-biased manner. Based on our findings, we conclude that
ssDNA can patch a DSB through two strand-annealing events.
This mechanism can explain the accurate repair of closely
opposed DSBs (i.e., in clusters) in homologous DNAs where
strand invasion repair cannot be utilized.

MATERIALS AND METHODS

Yeast strains and plasmids. The strain FRO-1 (MAT« ade5-1 his7-2 leu2-3,112
ura3-52) contains the CORE-I-Scel cassette (I-Scel gene under the GALI pro-
moter, hygromycin resistance gene, the counterselectable KIURA3) and the I-
Scel site (HOT site) in TRP5. FRO-1 also contains an Alu inverted repeat
(Alu-IR) with 100% homology inserted into the LYS2 gene. FRO-101 is the same
as FRO-1 except that the I-Scel site is truncated to 6 bp (TAGGGA) and is
nonfunctional (COLD site). Strains containing the rad52-327 and rad52-408
alleles were derived from FRO-1, where the C-terminal part of RAD52 was
replaced with the G418 resistance gene starting at codons 328 and 409, respec-
tively. Single-mutant deletion strains contain the kanMX4 module in place of the
chosen gene and are all derivatives of FRO-1. Strains with deletions of two genes
were obtained by tetrad dissection of diploids derived from crossing FRO-1
(containing a chosen deletion) with E133a (MATa) (38), which is isogenic to
CG379 (containing a replacement of RADS52 by kanMX4), and a CORE-I-Scel
site in TRP5 containing the natMX4 gene in place of the hygromycin resistance
gene, which provides resistance to nourseothricin (12). The diploid strains FRO-
922 (wild type) and FRO-923 (homozygous for rad51 deletion) were derivatives
of FRO-1 (wild type or Arad51) crossed with E133a (wild type or with RADS51
replaced by kanMX4), where trp1-289 was made wild type and TRP5 was dis-
rupted with LEU2. FRO-917 is a derivative of BY4742 (MAT« his3AI leu2A0
lys2A0 ura3A0), where the TRP5 gene was inactivated with a 31-bp insert by
CORE replacement (39) by using the oligonucleotide el.INS31 (Table 1).
Strains FRO-870, -872, -874, and -876 were derived from FRO-917 containing a
CORE-I-Scel cassette (with the hygromycin resistance gene) approximately 6,
10, and 20 kb upstream and 10 kb downstream, respectively, from the 31-bp
insert in TRPS5. The diploid strains FRO-888 and FRO-897 were generated by
mating FRO-872 with FRO-879 and FRO-876 with FRO-879, respectively.
FRO-879 is BY4741 (MATa his3A1 leu2A0 met15A0 ura3A0) (6), where TRPS
has been replaced by LEU2.

The CORE-I-Scel cassette used in this study was PCR amplified from plasmid
pGSHU (37) using the pairs of primers described in Table 1. The integration of
the CORE-I-Scel cassette in the yeast genome was carried out as previously
described (37, 40).

Plasmids YEpNAT, YEpSc_rad52-327, and YEph_rad52-209 were con-
structed as follows. Plasmid pAG25 was used in PCRs to amplify natMX4,
plasmid pRS316GALYRADS2 (E. Perkins, personal communication) was used
to amplify the first 327 codons of yeast RAD52, and plasmid pZAThuRADS2 (E.
Perkins, personal communication) was used to amplify the first 209 residues from
the cDNA of human Rad52 isoform « (NM_002879). The natMX4 marker was
placed upstream of yeast R4D52 and human Rad52 cDNA by fusion PCR. The
gene natMX4 and the fused fragments were placed next to the GALI promoter
on the YEp195SpGALFENI1-Ch vector (38) linearized by MscI and HindIII by
in vivo gap repair recombination selecting for the circularized plasmid in the
yeast E133 strain (38) (Ura* and narMX4-resistant clones). Plasmids were res-
cued in Escherichia coli and confirmed by sequence analysis. For the selection of
natMX4-resistant clones, cells were grown in yeast extract-peptone-dextrose-
adenine (YPDA) or YPGal medium containing 100 wg/ml of nourseothricin
(clonNAT; Werner BioAgents, Jena, Germany).
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Genetic methods and standard media were described previously (reference 37
and references therein).

DSB induction and targeting with oligonucleotides. DSB induction and tar-
geting with oligonucleotides were performed as previously described (37, 40).
Briefly, 1.5 ml of an overnight culture grown in rich YPDA medium was trans-
ferred into 50 ml of synthetic complete medium containing 2% galactose and
incubated with vigorous shaking at 30°C for 4 h (7 h for experiments involving
oligonucleotide targeting to the side of a DSB) (see Fig. 3) to express GALI-I-
Scel and induce a DSB. After incubation in galactose, cells were prepared for
transformation. Transformation was done with 1 nmol of total oligonucleotides.
Oligonucleotides (integrative recombinant oligonucleotides [IROs]) used to re-
pair the I-Scel DSBs and inverted repeat DSB and to integrate the 31-bp insert
in TRP5 are described in Table 1.

Cells from each oligonucleotide transformation were diluted appropriately
and spread directly to selective glucose Trp~ or Lys™ plates or to YPDA. To
select for colonies that had lost the CORE markers, the YPDA plates were
replica plated to 5-fluoroorotic acid medium after the first day of incubation.
After 3 days, colonies from 5-fluoroorotic acid were replica plated to YPDA and
YPDA containing hygromycin and on Trp ™~ plates if applicable.

Cells from oligonucleotide transformations done in the presence of plasmid
overexpressing yeast and human truncated Rad52 proteins were diluted appro-
priately and plated to YPGal medium containing nourseothricin in order to
maintain expression of the rad52 allele and selection for the plasmid. After 3
days, the cells were replica plated to Trp ™~ plates to select for the oligonucleotide
repair events.

Analysis of I-Scel-induced chromosomal DSBs. The chromosomal DNA from
cells collected after I-Scel induction in galactose was embedded in agarose plugs
using a CHEF genomic DNA plug kit from Bio-Rad (~10% cells/ml of plug)
according to the manufacturer’s instructions. Chromosomal DNA was separated
by transverse alternating field electrophoresis in a Gene Line II apparatus from
Beckman. Intact chromosome VII, along with DSB fragments, was detected by
Southern blot hybridization with a *?P-labeled, 300-bp ARO1-specific probe (for
the left arm of chromosome VII) and a 300-bp RT'S3-specific probe (for the right
arm of chromosome VII). The amounts of unbroken chromosome VII and
broken fragments were determined using a Molecular Dynamics PhosphorImager.
The quantization of the broken chromosomal bands was carried out with the Im-
ageQuant program.

RESULTS

DSB repair by a single-strand oligonucleotide occurs via
SSA. Previously, we demonstrated that a ssDNA oligonucleo-
tide can repair a DSB induced in yeast by the site-specific
I-Scel endonuclease or a spontaneous DSB generated at the
site of an IR composed of human Alu sequences (37). In the
wild-type yeast strain, the frequencies of oligonucleotide-tar-
geting events after DSB induction exceeded the frequencies of
transformation in cells without a DSB ~5,000-fold for the
I-Scel-induced break and 30-fold for the IR-induced break
(37) (data not shown). Therefore, the vast majority of trans-
formation events corresponded to the repair of a DSB by
single-strand oligonucleotides. Here we investigated the ge-
netic requirements in order to identify the processes involved
in the repair of these two different types of DSBs by ssDNA.

For this purpose, we constructed the haploid Saccharomyces
cerevisiae strain FRO-1 in which both types of DSBs could be
generated. This strain contains the self-generating DSB cas-
sette “CORE-I-Scel” (37) composed of I-Scel endonuclease
under the inducible GAL! promoter, along with the I-Scel
target scission site, integrated into the TRP5 locus (Fig. 1A).
As shown in Fig. 1B, 26 to 38% of the DNA is cut within 4 h
of induction in synthetic complete medium containing 2% ga-
lactose. The FRO-1 strain also contains the previously de-
scribed Alu-IR (22, 37), which is located in the middle of the
LYS?2 gene. In strains of the same background, this IR leads to
a spontaneous, hairpin-capped DSB in ~2% of the cells (22)
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TABLE 1. Oligonucleotides used to insert CORE-I-Scel cassette and IROs used in this study

Primer or IRO Size Sequence
Primers

TRPS.IIr 70-mer 5'-GGCCAATATAAGAATACAAGGATTTGAAGTCTTCCCAGAATGTGGGATCG
TTCGTACGCTGCAGGTCGAC

TRPS5.SIr 88-mer 5'-CTTCATGCATGTCTAAGAGAGTTGGAAAAGGGTTTTGATGAAGCTGTCGC
TAGGGATAACAGGGTAATTTGGATGGACGCAAAGAAGT

TRP5.1/281Ir 76-mer 5'-CTTCATGCATGTCTAAGAGAGTTGGAAAAGGGTTTTGATGAAGCTGTCGCT
AGGGATTGGATGGACGCAAAGAAGT

6KbUP.II 70-mer 5S'-TATTTGTAGTTAGAAATTAGAACCGCAAATTTGTAAAACATCTATATCGT
TTGGATGGACGCAAAGAAGT

6KbUP.IS 88-mer 5'-CATATAAAAGATCAGAAAACAGTAATTAGATCTTTTCCATTACGACATTAT
AGGGATAACAGGGTAATTTCGTACGCTGCAGGTCGAC

10KbUP.II 70-mer 5'-TCGTTCGTTATCCGAAGCTGGCCAATTGATACAATTAATTGACATCAGCA
TTGGATGGACGCAAAGAAGT

10KbUP.IS 88-mer 5'-AGATAATTTACCCTTGCTTTAAGCTGCGTATATCAAGTGCATTTGCTGTCTA
GGGATAACAGGGTAATTTCGTACGCTGCAGGTCGAC

20KbUP.11 70-mer 5'-TGTCGGTACTTCTGCCACTATCAGTATAAATAATTGCCGCCGTTCCATGA
TTGGATGGACGCAAAGAAGT

20KbUP.IS 88-mer 5'-ATTAATGAAGAATGGCCAAGATCAGAGTAAACCTTGCCATGCTCTCCATAT
AGGGATAACAGGGTAATTTCGTACGCTGCAGGTCGAC

10KbDW.II 70-mer S'-TTTGTCATTAGACACTTACCAGTTGATGTTTTCACTTTTTCTTTCCTTCC
TTGGATGGACGCAAAGAAGT

10KbDW.IS 88-mer 5'-CCGAGGTATTGTTGTATATACCACTACTCTGTGATTTTTTTTCACTCTTGTA
GGGATAACAGGGTAATTTCGTACGCTGCAGGTCGAC

IROs”

e 95-mer 5'-CATGCATGTCTAAGAGAGTTGGAAAAGGGTTTTGATGAAGCTGTCGC|G|G
ATCCCACATTCTGGGAAGACTTCAAATCCTTGTATTCTTATATTGG

f 95-mer 5'-CCAATATAAGAATACAAGGATTTGAAGTCTTCCCAGAATGTGGGAT(C|C|GC
GACAGCTTCATCAAAACCCTTTTCCAACTCTCTTAGACATGCATG

w 95-mer 5'-AATGGTGCGTTAGTTCACTGGGTTTATCCATATGCCAAATTGAGGGA||C||ICC
AAATGTTATTTCAACTATCAATGTTATGAGCTTAGCCGCCGTCGG

c 95-mer 5'-CCGACGGCGGCTAAGCTCATAACATTGATAGTTGAAATAACATTTGG|G|TC
CCTCAATTTGGCATATGGATAAACCCAGTGAACTAACGCACCATT

el.INS31 96-mer 5'-GAGTTGGAAAAGGGTTTTGATGAAGCTGTCGCCCAAATCCTCAGCATAATGA
TTAGGTATGCACGATCCCACATTCTGGGAAGACTTCAAATCCTT

R1_6kbUP.el 80-mer 5'-TAGAAATTAGAACCGCAAATTTGTAAAACATCTATATCGT|TAATGTCGTA
ATGGAAAAGATCTAATTACTGTTTTCTGAT

R2 6kbUP.f1 80-mer 5'-ATCAGAAAACAGTAATTAGATCTTTTCCATTACGACATTA|ACGATATAGAT
GTTTTACAAATTTGCGGTTCTAATTTCTA

R1_10kbUP.el 80-mer 5'-TCCGAAGCTGGCCAATTGATACAATTAATTGACATCAGCA|GACAGCAAAT
GCACTTGATATACGCAGCTTAAAGCAAGGG

R2_10kbUP.f1 80-mer 5'-CCCTTGCTTTAAGCTGCGTATATCAAGTGCATTTGCTGTC|TGCTGATGTCA
ATTAATTGTATCAATTGGCCAGCTTCGGA

R1_20kbUP.el 80-mer 5'-TCTGCCACTATCAGTATAAATAATTGCCGCCGTTCCATGA|TATGGAGAGC
ATGGCAAGGTTTACTCTGATCTTGGCCATT

R2 20kbUP.f1 80-mer 5'-AATGGCCAAGATCAGAGTAAACCTTGCCATGCTCTCCATA|TCATGGAACG
GCGGCAATTATTTATACTGATAGTGGCAGA

R1_10kbDW.el 80-mer 5'-GTTGTATATACCACTACTCTGTGATTTITTTTTCACTCTTG|GGAAGGAAAGA
AAAAGTGAAAACATCAACTGGTAAGTGTC

R2_10kbDW.f1 80-mer 5'-GACACTTACCAGTTGATGTTTTCACTTTTTCTTTCCTTCC|CAAGAGTGAAA

AAAAATCACAGAGTAGTGGTATATACAAC

“ The first group of oligonucleotides comprises primers used to amplify the CORE-I-Scel cassette, containing 50 nucleotides used for the homologous targeting and
20 bases used for the amplification from the KIURA3 side (single underlines) or 18 bases containing the I-Scel site (bold) and 20 bases used for the amplification from
the GALI-I-Scel side (double underlines). Primers TRP5.IIr and TRP5.SIr were used to integrate the CORE-I-Scel cassette, together with a complete I-Scel site (HOT
site) at the TRPS5 locus; primer TRP5.1/2SIr was used in combination with TRP5.IIr to insert the CORE-I-Scel cassette, together with a truncated, nonfunctional I-Scel
site (COLD site, bold) at the TRPS locus. Primers 6KbUP.II, 6KbUP.IS, 10KbUP.II, and 10KbDW.IS were used to integrate the CORE-I-Scel cassette 6, 10, and 20
kb upstream and 10 kb downstream, respectively, from the TRPS5 locus.

® The second group of oligonucleotides comprises the IROs used in this study. Oligonucleotides e and f target the TRP5 gene by introducing a silent mutation that
generates a BamHI site; w and ¢ target the LYS2 gene by introducing a silent mutation that generates an Avall site. Oligonucleotide e1.INS31 was used to target a
31-bp frameshift insertion (bold) in the TRP5 gene. Oligonucleotides of the series R/ and R2 delete the CORE-I-Scel cassette and repair a DSB generated at 6, 10,
and 20 kb upstream or 10 kb downstream from the 31-bp insert in TRP5. The parallel vertical lines (]|) separate the two homologous tails of each IRO. When present,
the new point mutation that is introduced is indicated in bold, and the resulting restriction site is underlined (BamHI or AvalT).

(Fig. 1C). A series of isogenic strains with deletions in DNA transformed with single-strand oligonucleotides (Table 1) de-
repair and recombination genes was also developed from signed to repair either the I-Scel break (e and/or f) or the

FRO-1.

spontaneous IR break (w and/or ¢), as described for Fig. 1A

Following galactose induction, the various strains were and C. Cells were selected either for loss of the CORE-I-Scel
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No DSB
(glucose)

DSB
(galactose)

WT  WT rad5l rad39 rads2 WT WT radil rad59 rads2

COLD HOT HOT HOT HOT

RESRAS———— | |

1100 kb

650 kb
450 kb

FIG. 1. Systems for generating an inducible and a spontaneous chromosomal DSB. (A) Diagram of the I-Scel-inducible DSB system, presenting
the scheme of the CORE-I-Scel cassette inserted into the middle of the TRP5 gene on chromosome VII. The position of the DSB is shown at the
I-Scel site. 95-mers e and/or f with homology upstream and downstream from the CORE-I-Scel and the I-Scel site are used to target and repair
the break and restore the TRP5 gene. The recombination product generating CORE loss Trp™ cells is shown. (B) Chromosome cleavage by I-Scel
endonuclease in wild-type (WT) and various mutant strains as determined by pulsed-field electrophoresis. Cells grown in glucose do not induce
I-Scel expression, while the expression of I-Scel in galactose results in a DSB. The following strains were tested for cleavage of chromosome VII:
FRO-101, wild type, containing a COLD (truncated) I-Scel site; FRO-1, wild type containing a HOT (intact) I-Scel site; and mutant rad51, rad59,
and rad52 strains derived from FRO-1. The DSB within TRP5 generates one band of 450 kb and one of 650 kb. Chromosome VII and fragments
were detected by Southern hybridization. Each genotype is represented by two immediately adjacent lanes. Based on quantification by ImageQuant
software, the broken chromosome VII represents 29% in the wild type, 32 to 33% in rad51, 26 to 27% in rad59, and 37 to 38% in rad52. A similar
frequency of DSB formation was also obtained in the BY4742 background after I-Scel cutting within the 7RP5 locus (not shown). (C) Diagram
of the spontaneous DSB associated with an A/u-IR that generates hairpin-capped ends (for details, see reference 22). 95-mers w and/or ¢ with
homology upstream and downstream from the A/u-IR are used to target and repair the break and restore the LYS2 gene. The recombination

product generating Lys™ cells without the Alu-IR is shown.

cassette (Trp™*) or for deletion of the Alu-IRs (Lys*). The
repair of both kinds of DSBs by single-strand oligonucleotides
required the Rad52 protein (Table 2) (also see reference 37 for
details of the repair of the I-Scel break). The deletion of
RADS59, a RAD52 homolog, also greatly reduced repair. How-
ever, a small number of repair events (<0.1%) occurred inde-
pendently from RADS2 (Table 2).

Rad52 is essential for both strand invasion and strand an-
nealing (44) and is implicated in end joining between DSBs
with complementary single-strand ends longer than eight bases
(9). There was no detectable effect on DSB repair of mutations
in the NHEJ genes YKU70 and LIG4 (Table 3), consistent with
the view that nearly all single-strand oligonucleotide repair of
a DSB is mediated through Rad52-dependent homologous
recombination. Therefore, we investigated the role of genes
specific for the genetic control of strand invasion. The Rad51
protein, like RecA of E. coli, is the recombinase that mediates

strand invasion by ssDNA. The deletion of RADS5! as well as
other genes involved in this mechanism (RAD55, RADS7,
RADS54, and RDH54) did not reduce repair efficiency. In fact,
targeting was increased as much as fivefold (Table 2), which is
similar to what has been observed for direct repeat recombi-
nation (25). This increase appears to be due to sister chromatid
competition for DSB repair (see below). The strong reduction
in repair of the I-Scel break observed in rad52 and rad59
mutants and the increased frequency of DSB repair observed
in the rad51 strain were not attributable to differences in DSB
formation (Fig. 1B). Survival after transformation was ~30 to
40% with or without oligonucleotides for the wild type and was
not changed in any mutant tested.

To further address the role of SSA versus strand invasion,
rad52-327 and rad52-408 mutants with C-terminal truncations
were examined. These mutants retain single-strand annealing
function but are unable to recruit Rad51 to ssDNA (16, 26, 46).
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TABLE 2. Impact of genes involved in single-strand annealing and
strand invasion on DSB repair by single-strand oligonucleotides

Relative transformation frequency for”:

I-Scel break-targeting IR break-targeting

Genotype oligonucleotide oligonucleotide
e f w c

WT 1 1 1 1
rad52 0.00052° 0.00088” <0.0016" <0.00078”
rad59 0.1 0.08° 0.34 0.34°
rad52 rad59 0.000053% 0.00011° ND ND
rad51 2.4b 2.2k 2.9% 2.6
rad52 rad51 0.000053% 0.00053° ND ND
rad59 rad51  0.043 0.074 ND ND
rad54 1 1.6 1.9 1.3
rad55 1.1 2.1° 5.20 4.6
rad57 2.7° 2.7 4.6 3.2°
rdh54 220 1.6° ND ND
rad52-327¢ 3.7° 3.9 1.7° 1.4°
rad52-408°¢ 3.40 320 1 12

“ Transformation frequency of single-strand oligonucleotides e and f used to
target the I-Scel break associated with the CORE-I-Scel cassette or w and ¢ used
to target a spontaneous break associated with an Alu-IR relative to the wild type
(WT). The relative transformation frequency was calculated by dividing the
absolute frequency for each mutant by the absolute frequency for the WT
obtained with the corresponding oligonucleotide. Absolute frequencies in the
WT correspond to 93,606 for e, 129,847 for f, 636 for w, and 1,281 for ¢ per 107
viable cells. All absolute values are provided in Tables S1 and S2 in the supple-
mental material. ND, not determined.

b Statistically significant decrease or increase over the WT based on nonover-
lapping 95% confidence intervals. Plasmid transformation frequencies are re-
duced about twofold in rad51, rad59, and rad51 rad59 and three- to fourfold in
rad52, rad52 rad51, and rad52 rad59 mutants. When the frequencies of oligonu-
cleotide targeting are normalized by plasmid transformation frequencies, their
values remain different from that of the WT (statistically significant; data not
shown).

¢ Mutant alleles of RADS52 defective in Rad51 interaction that contain a C-
terminal deletion from amino acids 328 (rad52-32) and 409 (rad52-408).

Both mutants were highly sensitive to gamma radiation in
manners similar to that of a rad52-null strain, while their sen-
sitivities to methyl methane sulfonate were intermediate be-
tween the wild-type and rad52-null strains (not shown) in man-
ners similar to those of other C-terminal deletion mutants of
RADS?2 (1, 5, 46). As shown in Table 2, the efficiency of DSB
repair by ssDNA in the rad52-327 and rad52-408 mutants was
increased to levels comparable to those found in mutants of
the Rad51 strand invasion mechanism. Thus, the primary path-
way for single-strand oligonucleotide repair of a DSB occurs
via the SSA function of Rad52.

Since large DNA regions must be lost in order to generate
the Trp" and Lys" recombinants (Fig. 1A and C), we exam-
ined the roles of the RAD1, RAD10, MSH2, and MSH3 genes,
which normally cleave the nonhomologous tails formed during
HR (for details, see reference 29) (Table 3). While the impact
was much smaller than that for the rad52 mutants, the Aradl
and Arad10 mutants reduced the repair of I-Scel and IR breaks
by single-strand oligonucleotides up to fivefold. The Amsh2
and Amsh3 mutants affected only repair of the IR break. Par-
tial dependence on Rad1/Rad10 and Msh2/Msh3 clippase is in
agreement with the existence of alternative pathways for 3’ tail
removal indicated for short (fewer than 30 nucleotides) 3’ tails
or in situations with only one nonhomologous 3’ tail (7, 28).
We note that in our experimental systems, only one long non-
homologous 3’ tail is formed per annealing of the oligonucle-

DSB REPAIR WITH SINGLE-STRAND DNA 7649

TABLE 3. Impact of genes involved in NHEJ and processing of
recombination intermediates on DSB repair by
single-strand oligonucleotides

Relative transformation frequency for®:

I-Scel break-targeting IR break-targeting

Genotype oligonucleotide oligonucleotide

e f w c
yku70 12 1.1 0.5° 0.6"
lig4 1.1 1.5° 0.8 0.6°
msh2 0.7 1.5 0.3° 0.2
msh3 0.5" 0.8 0.3% 0.2°
mihl 1.2 1.8 1 1.2
radl 0.2> 0.4° 0.3° 0.2°
radl0 0.2% 0.7 0.2 0.2

“ See footnote a to Table 2.
b Statistically significant decrease or increase over the wild type based on
nonoverlapping 95% confidence intervals.

otide to the end of a DSB, and the nonhomologous tail on the
other side can be very short (just 9 nucleotides of the I-Scel
site).

Because of the large impact of the yeast RADS52 gene, we
investigated whether the SSA function of the human Rad52
protein could also be characterized in our system. Amino acid
homology between S. cerevisiae Rad52 and other eukaryote
homologs in the N-terminal regions (27) suggests functional
similarity. Since the human N-terminal domain of Rad52 cor-
responding to amino acids 1 to 209 can promote single-strand
annealing in vitro (35), we asked if these same 209 residues of
human Rad52 isoform a could enable oligonucleotide repair of
a DSB in yeast. This sequence was placed under the GALI
promoter on an episomal plasmid containing the nourseothri-
cin selectable marker (12) in the Arad52 mutant. Galactose
induction results in both the expression of the human protein
and the generation of a DSB at the I-Scel site within the TRPS
gene. After transformation with single-strand oligonucleotides,
cells were plated to YPGal medium containing nourseothricin
in order to maintain the expression of the rad52 allele and
selection for the plasmid. Colonies formed on these plates
were replica plated to Trp~ plates to select for the oligonucle-
otide repair events.

As shown in Table 4, the overexpression of the human
Rad52 N-terminal domain resulted in significant albeit limited
levels of repair by the single-strand oligonucleotides. More-
over, we show that such repair mediated by the human Rad52
N-terminal domain is similar to repair mediated by the trun-
cated yeast protein in that it is independent of Rad51 and
partially dependent on Rad59. Our results with the human
Rad52 isoform « containing the N-terminal 209 residues pro-
vide the first direct evidence for human Rad52 SSA activity in
vivo. We conclude that the oligonucleotide DSB repair system
we developed can serve as a sensitive genetic assay for detect-
ing single-strand annealing capacity that can be extended to a
variety of Rad52 homologs with potential SSA function.

The Rad52 SSA oligonucleotide pathway for DSB repair is
an efficient alternative to repair via strand invasion. The en-
hanced DSB repair by SSA with oligonucleotides in the rad51
strand invasion mechanism mutants (Table 2) demonstrates
that this mechanism involving simple annealing of short
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TABLE 4. The N-terminal domain of human Rad52 mediates DSB repair of single-strand oligonucleotides in yeast

Transformation frequency for oligonucleotide®

Genotype Plasmid

e f
rad52 Vector 7(0-14) 14 (0-28)
rads?2 Sc_rad52-327 35,300 (31,800-49,400) 49,800 (42,400-76,900)
rad52 Hs_rad52-209 233 (219-278) 353 (254-409)
rad52 rads1 Vector <1(0-6.8) <1(0-6.8)
rad52 rads1 Sc_rad52-327 50,000 (50,000-50,700) 45,300 (40,500-45,900)
rad52 rads1 Hs_rad52-209 204 (171-337) 250 (236-277)
rad52 rad59 Vector <1(0-0) <1(0-5.8)
rad52 rad59 Sc_rad52-327 4,800 (4,300-5,500) 3,700 (3,600-6,800)
rad52 rad59 Hs_rad52-209 107 (82-173) 64 (53-134)

@ Median and >95% confidence interval or range (in parentheses) from three to nine determinations of Trp* transformant colonies per 107 viable cells. Cells were
transformed with single-strand oligonucleotide e or f after the overexpression of I-Scel along with yeast or the human N-terminal domain of Rad52 in a yeast rad52-null,
rad52 rad51, or rad52 rad59 FRO-1 background.

stretches of complementary DNAs can be highly efficient. oligonucleotide mechanism of repair. To establish that oligo-
Since only 30% of molecules have the DSB (Fig. 1A), in some nucleotide-mediated repair can substitute for a strand invasion
cases repair could be accomplished through strand invasion of mechanism, RAD " and rad51-null diploids that had the I-Scel
a sister chromatid that has vastly greater homology on both DSB-generating cassette in the TRP5 gene on chromosome
sides of the DSB. A lack of Rad51 would leave only the SSA VII (37) were utilized. The TRP5 gene of the homologous

A

VII -=pGpiH = CWH4l F——-

f

Consequences of DSB
101 WT/WT rad51 [ rad51 S
e ] homologous chromosome:
CORE loss Trp
1057
“ SSA with oligonucleotides:
% 1047 CORE loss Trp*
T O 2 NHEJ:
< gz Ly CORE* Trp-
° 2 -
E - Il 10° Strand invasion in sister
] ﬁ E_ 10 chromatid:
B BE CORE* Trp
10"
Chromosome loss:
— e f e+f — e f e+f CORE loss Trp
CORE loss 2,000,000 2,300,000 1,700,000 2000000 25000 £2,000 100,000 1400000
Trp* 0 2000 3000 65,000 0 67,000 96000 1,100,000
% Trp/CORE loss o 0.1 02 325 1] 82 96 79

FIG. 2. Oligonucleotide versus homologous chromosome-mediated DSB repair in diploid cells. (A) The diagram shows the position of the
CORE-I-Scel cassette and the DSB in TRPS5 in one copy of chromosome VII. TRP5 has been replaced with the LEU2 gene in the second copy
of chromosome VII. 95-mers e and/or f with homology upstream and downstream from the CORE-I-Scel and the I-Scel break site are used to
target and repair the break and restore the TRP5 gene. (B) CORE marker loss (light gray bars) and Trp™ colonies (dark gray bars) per 107 viable
cells that arise after DSB induction in the TRP5 gene and transformation with e, f, or both (e+f) oligonucleotides or no oligonucleotides (—) in
a wild-type (WT) (FRO-922) and in a rad51 homozygous (FRO-923) diploid. The vertical bars correspond to the average values from three to six
determinations, and the range (error bars) identifies the standard deviation. The genotype of strains analyzed is indicated above the bars. In order
to better compare the results, actual values are provided beneath the bars. Shown is the mean number of “CORE loss” colonies per 107 viable cells,
followed by the mean number of Trp™ colonies and finally by the percentage of Trp™ colonies among all the CORE loss colonies. The possible
consequences of a DSB in terms of phenotype are presented on the right side of the graph.
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TABLE 5. Oligonucleotide repair of a directly resectable I-Scel DSB and of a hairpin-capped DSB
I-Scel break-targeting oligonucleotide IR break-targeting oligonucleotide
e f w c
Genotype
No. of transformants per Relative No. of transformants per Relative tra Nfo. Of, " Relative  No. of transformants  Relative
107 cells* frequency” 107 cells frequency ~ AMSIOTMANIS g uency per 107 cells frequency
per 107 cells
WwT 93,606 (85,560-107,459) 1 129,847 (117,771-143,139) 1 636 (511-795) 1 1,281 (1,167-1,470) 1
mrell 28,709 (14,648-33,353) 0.3¢ 20,282 (13,776-21,752) 0.2¢ 0(0-2) 0.0016 2 (2-5) 0.0016
rad50 26,100 (21,138-34,770) 0.3¢ 40,608 (35,772-50,883) 0.3¢ 0 (0-0) <0.0016 0(0-3) 0.00078
xrs2 54,577 (43,337-71,083) 0.6 44,484 (35,542-56,787) 0.3¢ 2(0-2) 0.003 4 (2-6) 0.003

“ Median and >95% confidence interval, or range (in parentheses) when the number of repeated experiments was <6, of Trp™ transformant colonies per 107 viable
cells, resulting from targeting single-strand oligonucleotide e or f to the I-Scel break at the CORE-I-Scel cassette or oligonucleotide w or ¢ to a spontaneous break
associated with an Alu-IR. Survival was ~30 to 40% after transformation with or without oligonucleotides for the wild type and all mutant strains tested.

® Transformation frequency relative to the wild type (WT). The relative transformation frequency was calculated by dividing the absolute frequency for each mutant
by the absolute frequency for the WT obtained with the corresponding oligonucleotide. All values have statistically significant decreases from the WT based on
nonoverlapping 95% confidence intervals.

¢ Plasmid transformation frequency is reduced about threefold in mrel1, rad50, and xrs2 mutants. When these frequencies are normalized by plasmid transformation

frequency, there is no statistically significant difference from that of the WT.

chromosome was deleted by gene replacement with LEU2. Of
the four possible mechanisms of DSB repair, strand invasion
with a sister or homolog, NHEJ, or oligonucleotide-mediated
SSA, only the last would result in Trp" cells (Fig. 2A). The
SSA repair would simultaneously result in CORE loss, as
would recombination with the homolog, or complete loss of
the broken chromosome. Repair by NHEJ or by strand inva-
sion with the sister chromatid would not result in loss of the
CORE.

As previously reported (37), the efficiency of DSB repair
(frequency of Trp™) by a mix of e and f oligonucleotides in
wild-type diploid cells was 30-fold less than that for recombi-
national repair with the homologous chromosome (CORE loss
only) (Fig. 2B). The frequency of Trp™ transformants with e, f,
or both e and f oligonucleotides was 9- to 40-fold less than that
in a haploid wild-type parent (compare Fig. 2B with Table S1A
in the supplemental material for single oligonucleotides and
with Table 1 in reference 37 for the mixed oligonucleotides).
However, the deletion of the RADS51 gene in the diploid strain
resulted in a 15- to 30-fold increase in Trp™* colonies compared
to that in the RAD™ strain. Interestingly, the frequency of
Trp* transformant colonies in the rad51 diploid cells was com-
parable to that found in the haploid rad51 mutant. There was
no detectable loss of viability in the rad51 mutant cells (16% in
rad51 versus 15% in wild-type cells, with or without oligonu-
cleotides). Therefore, the increase in frequency of Trp™ col-
onies reflected the increase in efficiency of oligonucleotide-
mediated DSB repair. The higher repair efficiency with the
combined e and f oligonucleotides than with the individual e
and f oligonucleotides in the wild type and rad51 mutant (for
details, see reference 37) is likely due to simultaneous an-
nealing of complementary oligonucleotides to both sides of
a DSB and/or to the formation of duplex oligonucleotide
DNAs, which would be more resistant to degradation.

These results suggest that the presence of a homologous
chromosome in the wild-type diploid cells provides an alterna-
tive pathway for the DSB repair, an option not available in the
rad51 cells. Possibly, the opportunity to recombine with a ho-
mologous chromosome prevents additional rounds of cutting
that might occur following repair between sister chromatids,
thereby reducing the availability of a DSB for repair by the

oligonucleotides. The increase in the frequency of oligonucleo-
tide-targeted repair events in the absence of Rad51 could also
be explained by Rad51 preventing oligonucleotide-directed an-
nealing to ssDNA. We conclude that the Rad52 SSA oligonu-
cleotide pathway for DSB repair is an efficient alternative to
repair via strand invasion.

We note that SSA repair by an oligonucleotide(s) corre-
sponded to at least 80% of the CORE loss events in the rad51
diploid (Fig. 2B, see the table under the graph). The CORE
loss colonies that are also Trp~ may be due to oligonucleotide-
mediated repair with oligonucleotides that have mutations in
the TRPS5 sequence (37, 39) and/or to loss of the CORE mark-
ers independently from the oligonucleotides (e.g., deletion of
the CORE region followed by telomere addition or chromo-
some fusion).

It is interesting that there is an overall reduction (as much as
80-fold) in the category of events in rad51 diploids that are due
to only CORE loss. This is consistent with most CORE loss
events in wild-type cells arising by strand invasion with the
homologous chromosome. If in the absence of repair (strand
invasion or SSA) the broken chromosome VII is lost, this
either is a low-frequency event or leads to greatly reduced
colony formation among cells with a DSB. (Note that a DSB
occurs in ~30% of cells.)

Oligonucleotide targeting to a DSB requires single-strand
ends. The role of ssDNA at the DSB ends during repair by an
oligonucleotide could be addressed by comparing the genetic
requirements for the repair of a hairpin-capped break associ-
ated with IRs (break with closed ends) versus the repair of an
I-Scel-induced DSB (break with open ends). The IR-associ-
ated closed ends must be cut by the Mrell-Rad50-Xrs2
(MRX) complex in order to serve as a recipient for repair
utilizing an unbroken chromosome (22). The I-Scel break re-
sults in four-base, 3" OH overhangs (4, 31) and is available for
5’ resection. As shown in Table 5, repair of the IR-associated
DSB is reduced over 100-fold in cells lacking the MRX com-
plex. This contrasts with the modest (two- to fivefold) reduc-
tion in repair of the I-Scel break, consistent with our previous
results (22). Thus, efficient DSB repair by a single-strand oli-
gonucleotide requires DSB ends capable of forming single-
strand regions. The single-strand ends could be created via
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FIG. 3. DSB-mediated stimulation of oligonucleotide targeting to the side of the break in a strand-dependent manner. (A) The diagram shows one
copy of chromosome VII, where TRPS5 has been replaced with the LEU2 gene (Fig. 2). The second copy of chromosome VII contains a TRP5 locus that
has been inactivated by a 31-bp frameshift insertion and a CORE-I-Scel cassette that can generate a DSB either 10 kb upstream or 10 kb downstream
of the TRP5::ins31 site. The oligonucleotides e and f can restore the Trp" phenotype. The intact copy of chromosome VII can provide a template for
the repair of the DSB as described for the experiments illustrated in Fig. 2. (B) Number of Trp™ transformants per 107 viable cells resulting from targeting
1 nmol of oligonucleotide e or f or both following no DSB induction (light gray bars) or induction of the DSB (7 h in galactose) (dark gray bars) that
is either 10 kb upstream or 10 kb downstream from TRP5:ins31. The vertical light and dark gray bars correspond to the average values of three
determinations; the ranges (error bars) identify the standard deviations. (C) Scheme to address possible resection and strand bias during targeting of the
mutated 7RP5 locus that is many kilobases (6, 10, and 20 kb downstream or 10 kb upstream) from an I-Scel-induced DSB in yeast haploid cells. The
scheme and oligonucleotides are similar to those in panel A above, with the only difference being that repair oligonucleotides RI and/or R2 were added
to repair the DSB. (D) Number of Trp™ transformants per 107 viable cells resulting from targeting 0.33 nmol of oligonucleotide e or f to TRP5::ins31 with
DSB induction (7 h in galactose) (dark gray bars) and without DSB induction (light gray bars) at a position 6, 10, or 20 kb upstream or 10 kb downstream
from TRP5::ins31. Also included were 0.33 nmol of the repair oligonucleotide R/ and 0.33 nmol of R2 to repair the induced DSB. The frequency of
CORE marker loss events due to the addition of R/ and R2 was about 1% of viable cells when a DSB was induced and ~0.001% of viable cells in the
absence of DSB induction (not shown). The vertical light and dark gray bars correspond to the average values from three to six determinations; the ranges
(error bars) identify the standard deviations. The striped bars show the number of Trp* clones that were without CORE markers, and the percentages
of these clones are shown at the right of each bar. Trp* clones that were without CORE were detected only for cells with a DSB transformed with R/
or R2. (E) Number of Trp™ clones per 107 viable cells resulting from transformation with oligonucleotide e or f (0.5 nmol) alone or together with the
repairing oligonucleotide R7 or R2 (0.5 nmol) after cells were grown in glucose (no DSB; light gray bars) or in galactose for 7 h (DSB; dark gray bars).
The DSB was generated 10 kb upstream from TRPS5::ins31 (see scheme in panel C). The frequency of CORE marker loss due to the addition of R1 or
R2 was about 0.3% of viable cells in which a DSB was induced and ~0.0002% of viable cells in the absence of DSB induction (not shown). The vertical
bars correspond to the average values from four determinations; the ranges (error bars) identify the standard deviations. The striped bars show the
number of Trp* clones that were without CORE markers, and the percentages of these clones are shown at the right of each bar. Trp™ clones that were
without CORE were detected only for cells with a DSB transformed with R7 or R2.

resection or unwinding. The hairpin structures not only would
prevent resection but also may impede the unwinding of the
DNA ends to generate ssDNA regions.

Strand-biased oligonucleotide targeting to a site distant
from a DSB. As we previously demonstrated, a DSB can be
repaired by oligonucleotides with homologies to sequences of
up to 16 kb from the broken ends, suggesting that a DSB
activates a large region for SSA recombination (37). It is also
known that a DSB can stimulate triparental recombination,
promoting efficient gene conversion of a locus distant from the
break in yeast diploid cells (32). We hypothesize that in our
system, such stimulation occurs via SSA. This is supported by
the observation that in the absence of RADS5I, there was a

3.7-fold increase in repair frequency by single-strand oligonu-
cleotides capable of generating a 16-kb deletion around the
DSB (data not shown). These results in combination with the
requirements for repair of the open versus the hairpin-closed
DSB ends led us to propose that recombination distant from
the DSB might be due to the appearance of ssDNA. This, in
turn, predicts that ssDNA formed on either side of a DSB
increases the likelihood of targeting oligonucleotides comple-
mentary to only one side of a break.

To test the idea of DSB-stimulated targeting to one side of
a break, we initially constructed two diploid strains (Fig. 3A),
where one chromosome VII contained a mutated TRPS5 gene
inactivated by a 31-base frameshift insertion (7RP5::ins31) and
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FIG. 4. Models of rejoining of DSB ends by ssDNA via two SSA
events. Annealing interactions between cDNA regions are shown as
dotted, red parallel lines; actual pairing is identified as red, parallel
lines that are vertical; DNA synthesis is shown as a dotted thick black
line with an arrow. (A) Template intermediate model. The first an-
nealing interaction between the single-strand repair oligonucleotide
(blue arrow) and the DSB ends is presented as dotted, red parallel
lines. The repairing oligonucleotide pairs with the homologous region
on the 3’ strand after resection of the 5’ strand. The nonhomologous
sequence is clipped away, and DNA synthesis can occur to copy the
rest of the oligonucleotide. The original oligonucleotide may be re-
moved by a helicase function, and a second annealing interaction
occurs with the other 3’ end of the DSB as shown by the thin, dotted
red lines. Pairing of the 3’ strands, followed by clipping of nonhomolo-
gous tails and subsequent DNA synthesis and ligation, completes the
repair. (B) Bridge intermediate model. The repairing oligonucleotide
(blue arrow) anneals through two events with both the 3’ and 5’
unwound ends of a DSB. Cleavage of displaced ends, gap filling, and
ligation complete the repair event. The oligonucleotide region is either
displaced or ligated after the cleavage of nonhomologous tails and
DNA synthesis. (C) Multiple chromosomal breaks or closely spaced
DSBs in homologous DNA molecules can be repaired via multiple
rounds of SSA in a manner similar to that presented in panel A when
strand invasion might not be available or as an alternative to strand
invasion. Individual small chromosomal fragments after resection
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the other was the LEU2 replacement chromosome analogous
to that presented in Fig. 2A. The frequency of TRP5::ins31
reversions to Trp™ was <108, The CORE-I-Scel cassette was
placed 10 kb upstream of the TRP5::ins31 target in one diploid
strain (FRO-888) and 10 kb downstream of TRP5::ins31 in the
other diploid strain (FRO-897). The induced DSB led to a
20- to 60-fold increase in targeting (Trp*) to the distant
TRP5::ins31 site (Fig. 3B). We suggest that the homologous
chromosome provided an opportunity for DSB repair in a
manner similar to that for the experiments described in the
legend for Fig. 2, and this enabled the events targeted to the
side to be recovered. If targeting to the side of the break is
stimulated by strand-specific resection (i.e., the 5’ to 3’ resec-
tion) there should be a strand bias since only the oligonucle-
otide that is complementary to the remaining strand would
enable recombination. Indeed, the bias was observed in favor
of the oligonucleotide complementary to the strand expected
to remain intact after resection (Fig. 3B).

The findings for the diploid strains led us to examine the
ability of a DSB to stimulate recombination at a distant site in
yeast haploid cells under conditions where the DSB could be
repaired directly. To further characterize resection and possi-
ble strand bias, we created a series of haploid strains (FRO-
917) in which the CORE-I-Scel cassette, together with the
I-Scel cutting site, was inserted ~6 (FRO-870), 10 (FRO-872),
and 20 kb upstream (FRO-874) or 10 kb downstream (FRO-
876) from the TRP5::ins31 locus (Fig. 3C). Oligonucleotide e
or f, together with a second pair of oligonucleotides referred to
as repairing oligonucleotides R/ and R2 (Fig. 3C) that would
repair the DSB and delete the CORE-I-Scel cassette, was
transformed into cells grown in glucose (i.e., no-break induc-
tion) or incubated for 7 h in galactose. As shown in Fig. 3D,
glucose-grown cells exhibited comparable low frequencies of
Trp* transformants for oligonucleotide e or f in all strains. In
contrast, break induction led to a large increase in targeting
with a strong strand bias in favor of the oligonucleotide that is
complementary to the strand with a 3’ end if resection has
occurred at the DSB. This was the f oligonucleotide when the
break occurred upstream from the targeted TRP5::ins31 locus
and was the e oligonucleotide for the downstream DSB. In the
transformations where targeting to the side was stimulated by
a DSB, the most Trp™ events were associated with CORE loss.
The frequency of Trp* events not associated with CORE loss
was similar to the frequency of Trp™ events in the absence of
a DSB (glucose). These findings are consistent with mecha-
nisms that include the resection of a large region distant to the
break during repair with oligonucleotides.

provide opportunities for SSA repair. The multiple breaks might result
from closely spaced primary events or even at replication forks during
replication of DNA with closely opposed single-strand lesions. (D) Repair
of closely opposed DSBs in homologous molecules. Following DSB for-
mation, there is degradation of the 5’ strands allowing an annealing
interaction of the complementary single strands. DNA synthesis extends
the 3’ strands. Branch migration events, due to equilibrium between the
extended 3’ ends and the unwound 5’ tails, trigger reannealing of the
extended 3’ strands to their initial chromosomal ends. DNA synthesis and
ligation complete the repair of the DSB. Both original homologous
molecules are repaired without rearrangements.
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Interestingly, the presence of only one of the repairing oli-
gonucleotides, R/ or R2, was sufficient to enhance strand-
biased targeting. There was an approximate 7.5-fold increase
in Trp* transformants with the f oligonucleotide (Fig. 3C and
E). However, there was no increased targeting by the e oligo-
nucleotide.

The bias between oligonucleotides e and f in targeted re-
combination distant from the DSB suggests 5’ resection (at
least 20 kb) from the DSB, which is consistent with resection
detected by physical means (13, 21). Importantly, in every
transformant that arose from a break that was repaired by an
oligonucleotide(s) and in which there was oligonucleotide cor-
rection of sequence up to 20 kb away, the restoration of the
ssDNA to the double-strand state must have occurred. The
sufficiency of just a single RI or R2 oligonucleotide to repair
the resected DSB can be explained only if two separate SSA
events lead to the recovery of Trp™* recombinants. These find-
ings support the view that a DSB can be repaired by a ssDNA
via a “template” mechanism, as discussed below (Fig. 4A).

DISCUSSION

Single-strand DNA is formed during DNA replication, re-
combination, and repair. The ability to efficiently repair unique
spontaneous and enzyme-induced DSBs with exogenously
added single-strand oligonucleotides has provided opportuni-
ties to address minimal requirements for ssDNA in homolo-
gous recombination repair, characterize mechanisms of repair
by SSA, and propose how SSA may play a more general role in
DSB repair.

Mechanisms of DSB repair by single-strand oligonucleo-
tides. Based on the following results, we concluded that SSA is
the major mechanism of DSB repair by single-strand oligonu-
cleotides: (i) only the SSA domain of Rad52 was required for
repair; (i) NHEJ functions were not required for repair; (iii)
strand invasion functions mediated by RADS5I, RADSS,
RADS57, RADS54, and RDH54 were not required for repair and
even inhibited repair by single-strand oligonucleotide; and (iv)
repair with single-strand oligonucleotides required that the
ends of the DSB be open for resection or unwinding since
hairpin-capped ends of a DSB generated by a closely spaced IR
were unable to serve as substrates for repair unless cleaved by
the MRX complex.

The models previously proposed for oligonucleotide repair
accommodated intermediate steps involving strand invasion
and/or SSA (37). The present findings exclude strand invasion
in the repair process. Consistent with a proposed requirement
that nonhomologous DNA tails must be removed from cDNA
structures, the presence of the four proteins Radl, Radl0,
Msh2, and Msh3, which can function collectively as a “clip-
pase,” provides for more efficient repair with ssDNA (Table 3).

The molecular models for repairing a DSB by ssDNA via
SSA are presented in Fig. 4A and B. The models are based on
“bridge” and “template” intermediates proposed previously
(37). Each model of DSB repair by ssDNA invokes two SSA
events. In the bridge model, the same oligonucleotide must
anneal to each side of the break, whereas in the template
model, the second annealing event involves pairing between
the DNA copied from the oligonucleotide and a homologous
sequence on the other side of the DSB. Since repair can occur
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with single-strand oligonucleotides having homology several
kilobases away from the break, long stretches of ssDNA must
be available for SSA. These can be created by 5’ to 3’ resection
from the ends of DSBs. If both ends of a DSB are resected,
only the template model can provide for repair by a single-
strand oligonucleotide.

We developed a novel system in which resection associated
with DSB repair by single-strand oligonucleotides (R and/or
R2) was assessed by the extent of strand bias in the targeting of
a second single-strand oligonucleotide to a sequence distant
from the DSB (Fig. 3C to E). The bias as well as the ability to
target and modify chromosomal DNA to one side of a DSB
was observed over a large distance from the DSB (6 to 20 kb).
Moreover, we found that regardless of which side of the DSB
was repaired by a single repairing oligonucleotide, RI or R2,
there was a strong bias for targeting to the 3’ strand, consistent
with 5" end resection (Fig. 3E). These results can be explained
only by the template model (Fig. 4A). In fact, all DSB repair by
single-strand oligonucleotides in our experiments could be at-
tributed to the template mechanism. The biased stimulation of
single-strand oligonucleotide targeting to the side of a DSB
could be used to determine the extent and polarity of resection
under different physiological conditions, in different genetic
backgrounds, and also in organisms other than yeast. Further-
more, our results may also have implications for experiments
of gene targeting. The possibility of stimulating gene targeting
with oligonucleotides or vectors at sites many kilobases away
from a break may significantly expand the opportunity for
genome modification and may lead to applications in organ-
isms beyond yeast, including mammalian cells.

However, the bridge mechanism (Fig. 4B) cannot be com-
pletely excluded. An analysis of CORE-I-Scel loss events,
along with targeting to sites distant from the DSB, provides
support for the bridge mechanism in at least some repair
events. After DSB induction, 0.3% of all viable cells experi-
enced CORE-I-Scel loss as a result of RI or R2 targeting (Fig.
3E). Yet, 6 to 13% of Trp™ colonies lost the CORE markers
when cells were transformed with e and R/ or with e and R2
(Fig. 3E) (note that e is complementary to the 5’ strand at the
DSB). This frequency of CORE marker loss events among the
Trp* is at least 20-fold higher than that predicted for random
CORE marker loss and Trp™ coincident events. As expected
for cells grown in glucose (i.e., no DSB induction), there was
no loss of CORE markers among the Trp" clones. These
results indicate that targeting to one side of a break can also
occur on the 5’ strand. In the framework of the template
model, this could occur if (i) the 3’ end of a break anneals with
the complementary repairing oligonucleotide (R) and extends
on it and (ii) there is unwinding in the targeted TRPS5::ins31
region so that targeting to the 5" strand can be stimulated.
Alternatively, targeting to the 5’ strand can be explained by a
bridge model for SSA across a DSB where the repairing oli-
gonucleotide anneals to both sides of a break. The choice
between the two mechanisms, bridge versus template, in repair
by a single-strand oligonucleotide might be a function of the
extent of 5" end resection, where rapid and extensive resection
would favor the template model.

Biological relevance of DSB repair via multiple rounds of
strand annealing. Using single-strand oligonucleotides, we
showed that a single-strand DNA molecule can mediate the
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repair of broken chromosomal ends via two SSA events. Se-
quences at the broken chromosomal ends are patched precisely
in that the sequences in the oligonucleotides determine the
joining (breakpoint) in the repaired chromosome. SSA be-
tween direct repeats is generally considered a nonconservative
mechanism of DSB repair because of the loss of intervening
material (44). However, if the sequence carried by the single-
strand oligonucleotide exactly matches the ends of the DSB,
the SSA-mediated repair would be conservative (i.e., restore
broken DNAs as they were before the damage), even in cases
when the resected single-strand regions extended for several
kilobases.

Our findings not only are relevant to exogenously added
ssDNAs but also provide a model for the repair of DNAs that
experience two or more closely spaced DSBs. A high density of
DNA lesions caused by ionizing radiation can result in clus-
tered DSBs (42). For example, clustered DSBs can be directly
induced by high-linear energy transfer radiation generating
short DNA fragments (as close as 0.1 to 2 kb) (reference 34
and references therein). In addition, closely opposed cytolog-
ically detected chromatid breaks (isochromatid breaks) are
frequently observed after exposure to high-linear energy trans-
fer radiation. In human fibroblasts, the rejoining of these iso-
chromatid breaks occurs quickly and leads to the appearance
of slower kinetics for chromatid-type break rejoining (for de-
tails, see reference 15). In situations of closely opposed DSBs
on homologous molecules, recombinational repair via strand
invasion may be excluded since resection would progressively
convert DNA in the region of the breaks to single strands (Fig.
4C). In fact, the DSBs could even be rather distant. For exam-
ple, DSBs separated by many kilobases could become refrac-
tory to the strand invasion mechanism in a short time given the
reported resection rate in yeast of 4 kb/h (41).

As demonstrated by our experiments with single-strand oli-
gonucleotides in diploid cells (Fig. 2), SSA can provide a good
alternative to the strand invasion mechanism of recombina-
tional repair. We suggest that closely spaced chromosomal
DSBs in sister chromatids or even homologous chromosomes
that cannot be repaired by strand invasion because of resection
could be efficiently and accurately repaired through the mul-
tiple events described in the template model for SSA. The
minimal region of homology for SSA repair has not been
determined directly. However, we found that an oligonucleo-
tide with a 10-base homology to one side of a break could
participate in repair (37), suggesting that closely opposed
DSBs could be repaired, even when the distance between them
is very small. The model for ssDNA repair of a break through
rounds of SSA could also be applied to the repair of just two
closely opposed breaks in sister chromatids or homologous
chromosomes (Fig. 4D) through resection, association of 3’
ends, replication, and reannealing of fragments.

Along this line, the bacterium Deinococcus radiodurans can
tolerate high doses of ionizing radiation that result in hundreds
of genomic DSBs (8). These bacteria are able to quickly rejoin
many DSBs within the first 1.5 h following irradiation by a
recA-independent (i.e., Rad51-strand invasion independent)
recombination mechanism (10), and the repair can occur with-
out induction of genomic deletions, insertions, or rearrange-
ments (43). We suggest that the repair model via rounds of
SSA for clustered chromosomal DSBs involving extensive re-
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section (Fig. 4C and D) can explain the recA- and NHEJ-
independent repair in D. radiodurans. In general, the conser-
vative DSB repair by SSA described here operates with a
minimum number of recombination-associated functions and
it could provide genome integrity under conditions of extensive
damage, including high levels of DSBs.
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