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ABSTRACT

Chromosomal double-strand breaks (DSBs) can be repaired by either homology-dependent or homology-
independent pathways. Nonhomologous repair mechanisms have been relatively less well studied, despite
their potential importance in generating chromosomal rearrangements. We have developed a Saccharomyces
cerevisiae-based assay to identify and characterize homology-independent chromosomal rearrangements
associated with repair of a unique DSB generated within an engineered URA3 gene. Approximately 1% of
successfully repaired cells have accompanying chromosomal rearrangements consisting of large insertions,
deletions, aberrant gene conversions, or other more complex changes. We have analyzed rearrangements
in isogenic wild-type, rad52, yku80, and rad52 yku80 strains, to determine the types of events that occur
in the presence or absence of these key repair proteins. Deletions were found in all strain backgrounds,
but insertions were dependent upon the presence of Yku80p. A rare RAD52- and YKUS(-independent
form of deletion was present in all strains. These events were characterized by long one-sided deletions
(up to 13 kb) and extensive imperfect overlapping sequences (7-22 bp) at the junctions. Our results
demonstrate that the frequency and types of repair events depend on the specific genetic context. This

approach can be applied to a number of problems associated with chromosome stability.

ECOMBINATIONAL processes are essential for the
maintenance of genome stability, for repair of bro-
ken DNA and stalled replication forks, for normal meio-
sis, and for generating diversity in the immune system.
In mammals, end joining without regard for homology
appears to be the predominant mechanism of double-
strand break (DSB) repair, although homologous gene
duplication can frequently occur (LIANG et al. 1998). In
Saccharomyces cerevisiae (subsequently referred to as “yeast”),
homologous recombination is an extremely efficient
process, and as such this organism has become the pre-
mier eukaryote with which to study mechanisms of ho-
mologous recombination (PAQUEs and HABER 1999).
Given the marked propensity for yeast to undergo
homologous recombination, the mechanisms and con-
sequences of nonhomologous end joining (NHE]) have
been much less well studied in this organism. End join-
ing has been examined under circumstances in which
homologous recombination is not possible due to either
lack of homology (ScHiEsTL and PETES 1991; SCHIESTL
et al. 1993; Moort and HABER 1996a) or lack of an
essential component (e.g., Rad52p) in the homologous
recombination pathway (KRAMER et al. 1994; SCHIESTL
et al. 1994). Relying in part on work from mammalian
systems, 11 genes associated with NHE] have been iden-
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tified: YKU70 (also known as HDFI), YKUS0 (also known
as HDI2), DNIA, LIF1, RAD50, MRE11, XRS2, SIR2, SIR3,
and SIR4 (reviewed by LEwis and Resnick 2000) and
most recently NEJI (FRANK-VAILLANT and MARCAND
2001; KEGEL et al. 2001; Oor et al. 2001; VALENCIA et al.
2001). Several studies have shown that NHE] is not a
homogeneous process but can be divided into a more
efficient and error-free simple religation pathway and
a less efficient and more error-prone imprecise end-
joining pathway (BouLTON and JACKSON 1996a; MOORE
and HABER 1996a; VERKAIK et al. 2002).

In mammalian cells, chromosomal rearrangements
can lead to malignant transformation and genetic disor-
ders. Where examined, these rearrangements appear
to arise primarily by NHE] (WooDs-SAMUELS et al. 1991;
WIiEMELS and GREAVES 1999; LEGOIX ef al. 2000; RoTH-
KAMM et al. 2001). In yeast, spontaneously generated
gross chromosomal rearrangements have been observed
due to either homologous recombination between
multicopy repeat sequences (COpON et al. 1997; CASARE-
GOLA et al. 1998; FISCHER el al. 2000; UMEZU et al. 2002)
or, more rarely (<1 in a billion divisions), other mecha-
nisms involving little or no homology at the breakpoints
(CHEN et al. 1998; CHEN and KOLODNER 1999). Experi-
mentally derived rearrangements in yeast have generally
been based on systems where homologous sequences
are placed on the same or different chromosomes, and
a DSB is generated by treatment with DNA-damaging
agents or endonucleases. Recombination events that sub-
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sequently occur between the two homologous sequences
are then selected and scored (POTIER et al. 1982; SUGA-
WARA and SzosTAK 1983; FasurrLo and Davis 1988;
ScHIESTL 1989; FisSHMAN-LOBELL ¢f al. 1992; FASULLO
et al. 1994; HABER and LEuNG 1996).

Relatively little work has focused on the experimental
generation of chromosomal rearrangements by NHE]
pathways in yeast following a DSB. KRAMER et al. (1994)
showed that the typical mechanism of repair is rejoining,
with gain or loss of very little sequence from the broken
ends. In some cases more extensive deletions were seen
but these events were not systematically characterized.
MoORE and HABER (1996a) found that the proportion
of these larger deletions was increased by mutations in
MRELI, XRS2, or RAD50, or by restricting expression
of HO endonuclease to the G, phase of the cell cycle.
In the only yeast study that has looked for homology-
independent chromosomal DSB repair events in the
absence of yeast Ku proteins, none were found among
100 potential repair events (CLIKEMAN et al. 2001). We
and others have found that extrachromosomal DNA
sequences, either cDNA or mitochondrial DNA frag-
ments, can become inserted at a DSB in a way that
resembles NHE] (MOORE and HABER 1996b; TENG et al.
1996; RiccHETTI et al. 1999; YU and GABRIEL 1999).
However, it is unclear how these and other rare rearrange-
ments fitinto the broader range of yeast DSB repair events.

We present here an assay designed to select for rare
chromosomal rearrangements associated with repair of
a DSB in a variety of genetic backgrounds. This assay
was previously used to show that Tyl and mitochondrial
fragments could repair a DSB by inserting between the
ends, in a process that is RAD52 independent (Yu and
GABRIEL 1999). Here, we use this assay to show that the
insertion process is YKU80 dependent. Further, we find
that deletions of various lengths, ranging from several
bases to several kilobases, can occur in the presence or
absence of Yku80p and Rad52p. We observe and charac-
terize a long one-sided type of deletion in all back-
grounds that is proportionately more common in cells
lacking Yku80p. Smaller deletions, however, are much
more dependent on Yku80p. Finally, the assay provides
evidence for a RAD52-dependent mutagenic form of
gene conversion that occurs in the region at the junction
between identity and heterology.

MATERIALS AND METHODS

Plasmids and yeast strains: The experiments were carried
out using a set of eight isogenic strains, all derived from YFP17
(Ahml::ADE1, Amata::hisG, Ahmr::ADE1, ade3::GAL-HO, leu2::
HOcs, ura3-52; PAQUES et al. 1998). Construction of the
URA3::actin intron and URA3::actin intron::HO cut site cassettes
has been previously described (YU and GABRIEL 1999). Like-
wise construction of strains AGY150 (YFP17, LEU2, URA3::actin
intron is WT, 0 cut site), AGY117 (YFP17, URA3::actin intron::
HO cut siteis WT, 1 cut site), AGY391 (YFP17, LEU2, URA3::ac-
tin intron, Arad52::hisG is rad52, 0 cut site), and AGY127

(YFP17, LEU2, URA3::actin intron::HO cul site, Arad52::hisG is
rad52, 1 cut site) have been described (Yu and GABRIEL 1999).
In brief, YFP17 was converted to test strains by replacement
of leu2::HOcs with LEU2, and by replacement of ura3-52 with
either URA3::actin intron or URA3::actin intron::HO cut site.

Strains AGY293 (YFP17, LEU2, URA3::actin intron, Ayku80::
KanMX4is yku80, 0 cutsite), AGY287 (YFP17, LEU2, URA3::ac-
tn intron::HO cut site, Ayku80::KanMX4 is yku80, 1 cut site),
AGY407 (YFP17, LEU2, URA3:actin intron, Ayku80::KanMX4,
Arad52:hisG is rad52 yku80, 0 cut site) and AGY481 (YFP17,
LEU2, URA3:actin intron::HO cut site, Ayku80::KanMX4,
Arad52::hisG is rad52 yku80, 1 cut site) were constructed as
follows: The Ayku80::KanMX4 mutation was obtained by one-
step disruption (WACH et al. 1994). The Ayku80::KanMX4mod-
ule was amplified with primer RAG484 (5'-TTG AAC TAG
TTCAGCAAC CG-3") and primer RAG485 (5'-AAA AAA GTA
GTG CGC GAC AC-3'), using genomic DNA from a yeast strain
containing Ayku80::KanMX4 constructed by O. UzuN and A.
GaBriEL (unpublished data). The integrity of the Ayku80:
KanMX4 sequence was checked with primers RAG634 (5'-CGA
CAT CAT CTG CCC AGA TG-3') and RAG637 (5'-TTC GGG
CGG CAG TCA TCC AG-3'). A two-step procedure was used
to obtain the Arad52::hisG mutation (ALANT el al. 1987). All
strains were checked by PCR of the genomic DNA and by
Southern blot.

Media and growth conditions: Yeast cells were grown in
yeast extract-peptone-dextrose (YPD) or synthetic complete
media (SC) with appropriate amino acids missing (SHERMAN
et al. 1986). Yeast extract-peptone-galactose (YEP-galactose)
and yeast extract-peptone-raffinose (YEP-raffinose) contain
2% galactose (w/v) and 1% raffinose (w/v), respectively, in-
stead of dextrose (2%). 5-Fluoroorotic acid (5-FOA) plates
are SC-glucose plates supplemented with 1 mg/ml of 5-FOA
(BOEKE et al. 1984; STKORSKI and BOEkE 1991).

Induction of HO endonuclease, measurement of DSB re-
pair efficiency (survival frequency), and 5-FOA resistance fre-
quencies: Multiple independent colonies from each strain
were grown at 30° in YEP-raffinose liquid medium, to a final
concentration of ~3 X 107 cells/ml, to prepare the cells for
galactose induction. Appropriate dilutions of cells were then
plated on YPD or YEP-galactose plates. After 4 days of growth,
the colonies were counted. Colonies on the YEP-galactose
plates were replica plated onto synthetic complete 5-FOA-
containing media to measure the frequency of 5-FOA resis-
tance among the survivors of HO endonuclease induction.
Survival frequency was calculated as the ratio of the number
of colonies growing on YEP-galactose per milliliter of cells
plated vs. the number of colonies growing on YPD per milliliter
of cells plated. The frequency of 5-FOA resistance per survivor
was calculated as the ratio of the number of colonies growing
on 5-FOA-containing replica plates per milliliter of cells plated
divided by the number of colonies growing on YEP-galactose
plates per milliliter of cells plated. The absolute frequency of
5-FOA resistance per cell plated was calculated by multiplying
together the previous two terms. The absolute frequency of
specific types of rearrangements per cell plated was deter-
mined for each strain by multiplying the previous calculation
by the proportion of the total 5-FOA-resistant colonies shown
to have that rearrangement. The proportion of aberrant gene
conversions among all gene conversions was determined by
dividing the absolute frequency of aberrant gene conversions,
based on their proportion among 5-FOA-resistant cells per
cell plated, by the absolute frequency of gene conversions,
based on their proportion among surviving cells per cell
plated.

Analysis of surviving and 5-FOA-resistant colonies: 5-FOA-
sensitive or 5-FOA-resistant colonies from the above experi-
ments were single colony purified, patched, and then grown
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to saturation in liquid YPD media at 30° before genomic DNA
was extracted (HorrmaN and WinsToN 1987). Portions of the
URA3::actin intron::HO cut site region centered on the HO
endonuclease recognition sequence were PCR amplified using
Taq DNA polymerase. The oligomers used for amplification
were RAG512 (5'-GCG AGG CAT ATT TAT GGT GAA GG-3')
and RAG515 (5'-GGA GTT CAA TGC GTC CAT C-3'), both
of which are sequences flanking the URA3locus. Primers were
added to a final concentration of 0.2 pM for each reaction.
The PCR consisted of 30 cycles of 30 sec at 92°, 30 sec at 55°,
and 1-3 min at 72° in a DNA thermal cycler (Perkin-Elmer,
Norwalk, CT). The amplified products were visualized on 0.8%
agarose gel and representative samples were sequenced.

Clones that repeatedly failed to amplify using a variety of
primers from both sides of the HO cutsite, but that did amplify
using control primers at other loci, were subjected to inverse
PCR to identify junctional sequences. On the basis of these
results, appropriate primers were generated for further PCR
and sequencing reactions, to clarify the junctions.

To ensure independence of the colonies selected for analy-
sis, b-FOA-sensitive or 5-FOA-resistant colonies from multiple
trials were picked from separate galactose-containing plates
whenever possible or from widely spaced regions of the same
plate, when necessary. Cells were not exposed to galactose
and, therefore, DSB induction until they had been spread on
galactose-containing plates. In control experiments, spontane-
ous 5-FOA-resistant colonies (i.e., those without exposure to
galactose) occurred at <1 X 1077/cell plated, similar to the
frequency of 5-FOA resistance on galactose in the absence of
an HO cutsite. This indicates that leaky HO expression was not
asignificant source of 5-FOA-resistant cells, prior to induction.

DNA sequencing: PCR products were sequenced according
to the dsDNA cycle sequencing technique provided by GIBCO
BRL, using [v-*P]JATP from DuPont NEN Research Products
(Boston). The sequencing primers used were RAG513 (5'-
ATG TTC TAG CGC TTG CAC CAT C-3'), RAG444 (5'-TGT
TAG CGG TTT GAA GCA GG-3"), RAG442 (5'-TTA GTT GAA
GCATTA GGT CC-3"), RAG633 (5'-TTT CAA GCC CCT ATT
TAT TCC-3") for URA3. Sequences obtained were identified
using BLAST searches of the Saccharomyces Genome Database
(http:/ genome-www.stanford.edu/Saccharomyces/).

Inverse PCR: Nonamplifiable genomic DNAs were further
analyzed with inverse PCR (OCHMAN et al. 1988) as follows: 5
g of genomic DNA was digested with Nsil and then circular-
ized by addition of T4 DNA ligase under dilute conditions.
The ligated samples were then amplified with pairs of primers,
both from the same side of the HO cut site, but oriented away
from each other. The primers used for amplification were
RAG614 (5-GTA GAG GGT GAA CGT TAC AG-3') with
RAG445 (5'-TTC TCC AGT AGA TAG GGA GGC-3') and
RAG613 (5'-AGC GTC TGC TCT AGC GTT AC-3') with
RAG444. The amplified products of the inverse PCR were
then sequenced with primers RAG513 or RAG619 (5'-CAG
TCA ATA TAG GAG GTT ATG-3').

Statistical analysis: Comparisons of deletion lengths and
overlap lengths (including 0 overlap) in the presence or ab-
sence of YKUS0O were made using the nonparametric Mann-
Whitney rank test, with an N = 11 for Yku80p present and
N = 27 for Yku80p absent. Comparisons of survival in different
strain backgrounds were made using similar nonparametric
tests, with an N = 20 for WT, N = 23 for rad52, N = 14 for
yku80, and N = 12 for rad52 yku80.

RESULTS

Using a counterselection assay designed to identify
insertion events that repair a unique chromosomal DSB

in yeast (YU and GABRIEL 1999), we observed a variety
of DSB repair events, many involving aspects of chromo-
somal rearrangements that either have not previously
been noted or have not been extensively analyzed in
yeast. The basis for this assay (Figure 1A) is a unique
HO endonuclease cutsite (117 bases of MATasequence,
spanning the Y/Z junction) placed into a nonessential
portion of the actin (ACTI) intron, which has itself been
engineered into the coding domain of the URA3 gene
on chromosome V. This modified URA3 allele is fully
functional (Yu and GABRIEL 1999). When cells are
plated on galactose-containing media, HO endonucle-
ase is expressed and a persistent DSB is created at the
intronic HO target site. Since the experiments are per-
formed in haploid strains, cells will die unless the DSB
is repaired. However, in this strain, error-free repair mech-
anisms are not available. The MAT sequence is unique,
so homologous recombination is not an efficient alter-
native for repair even though sequences homologous
to the ACTI intron are present at the ACTI locus on
chromosome VI. Because of the high level of HO endo-
nuclease, both sister chromatids would likely be cut in G,
eliminating sister chromatid recombination as a viable
repair option. If the break is repaired by precise religa-
tion, it will be recut by HO endonuclease. Cells must
therefore utilize less efficient repair pathways to form
HO endonuclease-resistant colonies, including impre-
cise end joining and gene conversion of the ACTI se-
quences. Because these repair events occur within a
nonessential portion of the intron, neither imprecise
end joining nor gene conversion should interfere with
intron function. Repair of the broken chromosome
should leave URA3 expression unaffected and the cells
sensitive to 5-FOA. However, we observed that a fraction
of survivors become uracil auxotrophs (i.e., 5>-FOA resis-
tant), because of repair events associated with more
complex chromosomal rearrangements. The frequency
and spectrum of surviving uracil auxotrophs and proto-
trophs depended on the specific genetic background
of the yeast strain.

Survival after a DSB: To characterize the variety of
DSB repair events observable with our system, we ana-
lyzed survivors that had either retained or lost URA3
function after receiving a DSB in the presence or ab-
sence of Rad52p or Yku80p. As shown in Figure 1B,
expression of HO endonuclease in the absence of an
HO cut site sequence within the URA3::actin intron had
little effect on cell survival (77-94% survival for all four
0 cut site strains). In the presence of the unique HO
cut site, only 1.9% of the WT cells survived persistent
expression of HO endonuclease, a 48-fold decrease
compared to the 0 cut site strain. In the absence of
RAD52, 0.45% of cells survived expression of HO endo-
nuclease, a 208-fold decrease compared to the 0 cut site
control and a >4-fold decrease compared to WT (P <
0.001). This suggests that repair events mediated
through Rad52p play a role in the survival of cells after
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FIGURE 1.—The URA3::actin intron assay system. (A) Struc-
ture of the URA3::actin intronallele on S. cerevisiaechromosome
V, used in this study. The presence or absence of the 117-bp
HO recognition sequence (i.e., HO cut site), distinguishes 1
cut site from 0 cut site strains. The approximate positions of
various oligonucleotide primers (numbers and carets) used
for PCR and sequencing are shown (as described in MATERIALS
AND METHODS). The ACTT intron placed into the URA3 gene
is normally spliced, resulting in uracil prototrophy (Ura™)
and sensitivity to the drug 5-fluoroorotic acid (5-FOA®). After
creating a persistent DSB with HO endonuclease, a proportion
of cells have a DSB that cannot be repaired and do not survive.
Other cells are repaired by simple imprecise end joining or
precise gene conversion, which allows for normal splicing.
Still other cells are repaired in ways that resultin chromosomal
rearrangements, which directly or indirectly prevent splicing.
The latter situation leads to a phenotype of uracil auxotrophy
(Ura™) and resistance to 5-FOA (5-FOAY). (B) Comparison
of frequencies of survival and 5-FOA resistance. Bars represent
the frequencies per plated cell. Open bars represent mean
survival frequencies and shaded bars represent 5-FOA resis-
tance among plated cells. Frequencies are plotted on a log
scale. Standard deviations are shown as error bars. Each mean
survival frequency was based on between 12 and 23 indepen-
dent trials, involving a minimum of three separate experi-
ments.

a DSB. Elimination of Yku80p instead of Rad52p had a
similar negative effect on survival, with only 0.84% of cells
surviving (P < 0.001, compared to WT, and P < 0.005
compared to rad52 cells). When both genes were absent,
survival after a DSB was much less common, with a
frequency of only 0.015%, nearly 5200-fold decreased
compared to that of the 0 cut site control and >100-
fold lower than that of the equivalently cut WT strain
(P < 0.001 compared to WT, and P < 0.002 compared
to rad52 or yku80). Thus, while overall survival after a
DSB is impaired in our assay system, it is maintained at
a low level by a combination of inefficient homologous
and nonhomologous repair pathways. The presence of
either Rad52p or Yku80p allows cells to survive at levels
~2-to 4-fold below WT. These pathways appear to func-
tion independently, since in the absence of both pro-
teins, survival after a DSB is reduced >100-fold, to ~1
in 10,000 cells.

To determine the basis for survival in these different
genetic backgrounds, we PCR amplified the region sur-
rounding the engineered actin intron::HO cut site in sur-
viving colonies (Figure 2). Two classes were observed.
The first class contained PCR products that were close
to parental length while the second class was ~130 bp
shorter than the control parental PCR product. Se-
quence analysis of representative samples of both classes
clarified their origins. The larger PCR products con-
tained 0-6 base deletions or 0—4 base insertions, corre-
sponding to imprecise nonhomologous end joining of
the HO cut site, with resulting loss of the HO recogni-
tion sequence. Similar repair products have been pre-
viously reported after persistent HO-induced DSBs
(KRAMER et al. 1994; MooRE and HABER 1996a; CLIKE-
MAN et al. 2001). The smaller PCR products contained
the precise sequence of the ACTI intron, with the entire
engineered HO cutsite eliminated. This likely occurred
by homologous recombination, i.e., DSB-stimulated
gene conversion of the URA3::actin intron site by the
endogenous ACTIintron, despite the region of terminal
nonhomology flanking the cut site (48 bases of MAT
sequence on one side of the HO cut and 69 bases on
the other side; PAQUES and HABER 1997).

Among 37 WT survivors we observed both classes of
survivors, with those derived from imprecise end joining
(43%) being almost as frequent as those derived from
gene conversion (57%). In the absence of RAD52, all
14 survivors examined by PCR were approximately of
parental size, and 12/14 sequenced products showed
imprecise rejoining. The remaining 2 had no apparent
change around the HO cut site. All 37 PCR products
from the yku80 strain were ~130 bp shorter than the
parent and sequencing revealed precise elimination of
the inserted HO target site region in 4/4 products. We
also sequenced 20 of the DSB survivors in the strain
deleted for both RAD52 and YKUS0. In each case the
PCR product was of parental size, and there was no
apparent change in the MAT sequence, suggesting that
cutting had not occurred. Given that these surviving



Nonhomologous Rearrangements 847

A 1.8 kb B s :
S e 3 arental size o
c == 1 cut strain
1.8 kb : ' e
= (7} . 771 - mprecise end-joining
LR or point mutation
e 167 kb > Gene conversion or
parental size of 0 cut

1.8 kb+insertion strain

Insertion

1.8 kb-deletion

~{—f— a5 1=

Small deletion (< 1 kb)

More complex chro-
mosomal rearrange-
ments, such as large
deletion, insertion,
translocation.

No PCR product with
these primers

B MC,C,123 456 7C,C,M

4.0 kb—
3.0kb—

2.0kb—
1.5kb—

1.0 kb—

F1GURE 2.—PCR analysis of 5-FOA-sensitive and 5-FOA-resis-
tant survivors exposed to HO endonuclease. (A) Predicted
sizes of different PCR products using primers RAG512 and
RAG515. (B) PCR amplification around the HO cut site of
cells that have repaired the HO cut, corresponding to the
following genomic DNA samples and using the primer pair in
A: (1) y1701 (aberrant gene conversion), (2) y1703 (aberrant
gene conversion), (3) yl444 (deletion of 495 bp), (4) y1496
(deletion of 298 bp), (5) y1497 (insertion of Tyl 656 bp), (6)
y1365 (later determined to be a 5.3-kb deletion), and (7)
yl424 (later determined to be a translocation). C1 and C2
refer to the products for the URA3::actin intronand URA3::actin
intron::HO cut site parents, respectively. M refers to the 1-kb
DNA ladder (New England Biolabs, Beverly, MA).

cells grew up at a frequency ~100-fold lower than that
of the induced WT cells, it is most likely that rad52 yku80
survivors represent the background of rare cells that either
have not been induced or have become resistant to cut-
ting, through either genetic or epigenetic changes.

Chromosomal rearrangements among survivors of a
DSB: We next characterized the loss of URA3 expression
(2.e., 5-FOA resistance) among survivors of a persistent
DSB; 5-FOA resistance in control strains lacking the HO
recognition sequence is exceedingly rare (<1 X 1077/
survivor) regardless of the background (Figure 1B). In
all cases examined (N = 78), PCR products from the
URA3 locus were of parental size, suggesting that point
mutations within the URA3 gene were the most common
source of spontaneous 5-FOA resistance.

In response to an induced DSB, the frequency of
5-FOA resistance per plated WT cell increased nearly

10,000 fold, indicating that a persistent DSB predisposes
a cell to error-prone repair. However, in all strains
tested, the 5-FOA-resistant cells were a small minority
of the total survivors, ranging from 0.47% (yku80) to
6.40% (rad52 yku80). We used PCR to assess changes
at the URA3 locus. As shown in Figure 2, we could
distinguish several patterns of PCR products, including
parental size, 130 bp shorter than the parent, other
shorter products, and larger products, as well as no
products detected. Using a variety of techniques (see
MATERIALS AND METHODS), we determined the types of
rearrangement resulting in 5-FOA resistance for a large
number of independent colonies in each of the four
backgrounds. As shown in Table 1, the proportion of
each type of 5-FOA-resistant rearrangement varied by
the genetic background. From these data we could esti-
mate the absolute frequency of each type of re-
arrangement among cells exposed to a persistent DSB.
The widest range of rearrangements occurred in WT
cells. This spectrum was narrowed in the single mutant
strains, and in the double mutant strain we could detect
only deletions. Below, we report on the nature of the
different chromosomal rearrangements associated with
DSB repair in different genetic backgrounds.

Deletions: Although we observed deletions in all strain
backgrounds (Table 1; Figures 3 and 4), their frequency
and the extent of deleted sequence was strain depen-
dent. We divided deletions into smaller (>117 bp but
<1 kb, Figure 3) and larger (>1 kb, Figure 4). Deletions
of <117 bp, involving only the HO cut site sequence
and nonessential portions of the intron, do notinterfere
with URA3 expression and go undetected. The smaller
deletions were within URA3, and therefore identifiable
by our screening PCR procedure. Larger deletions ini-
tially gave no PCR products, but were identified by in-
verse PCR. Deletion lengths were also restricted by the
location of flanking essential genes. In the telomeric
direction from URA3, the first essential gene is SNU13,
14 kb away. In the centromeric direction, the very next
open reading frame (ORF), TIM9 (930 bp from the cut
site), is essential.

In WT cells, deletions accounted for <10% of all
5-FOA-resistant colonies (absolute frequency of 7 X
107%/plated cell). Of the four independent events se-
quenced, three (y1496, y190, and y781) were <1 kb. In
two cases, two or five identical bases present in the
parental chromosome on both sides of the cut site were
found overlapping at the deletion junction. We refer
to this as “overlapping microhomology.” No overlap was
present at the third junction (Figure 3). The fourth
deletion (y774) was missing 5.3 kb of sequence including
the 5" half of URA3 and the flanking nonessential gene
GEA2 (Figure 4). This event was noteworthy for several
reasons. The deletion junction consists of an 11,/12 base
overlap, which is larger than the typically observed 0- to
6-bp microhomology in yeast NHE] (ScHIESTL et al. 1993;
KRrRAMER et al. 1994; MooRrRE and HABER 1996a). The
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TABLE 1

Repair and rearrangements after a DSB at the URA3::actin intron::HO cut site locus

Chromosomal rearrangements resulting in 5-FOA resistance

Frequency of  Frequency of

Gene Small Large

Translocations

Genetic survival per  5-FOA resistance Insertions conversions deletions” deletions’ and inversions Unknown'

background plated cell per plated cell (%) (%) (%) (%) (%) N!
WT 1.90 X 1072 7.51 X 107* 40 7 2 17 30 46
rad52 451 X 107° 5.83 X 107° 52 19 5 12 12 42
yhu80 8.39 X 107? 3.61 X 107° 1 21 150
rad>2 yku80 1.49 X 107* 1.05 X 107° 5 87 8 79

“Small deletions are between 117 and 1000 bp.
Large deletions are >1 kb.

‘The unknown events are the 5-FOA-resistant clones for which no PCR product was obtained using all means described (WT,

rad52, and rad52 yku80).

¢ N refers to the nos. of independent 5-FOA-resistant colonies from which genomic DNA was obtained and analyzed.

deletion is distinctly asymmetric, with >5 kb missing
from one side of the HO cut, but only the four overhang-
ing 3’ bases, AACA, deleted from the other side of the
HO cut site. Finally, this same deletion was indepen-
dently observed in all strain backgrounds (see below)
and, in the mutant backgrounds, occurred at approxi-
mately the same absolute frequency (i.e., 3-5 X 107%/
plated cell).

For rad52 cells, smaller deletions accounted for 19%
of all 5-FOA-resistant clones (absolute frequency of 1 X
107°/plated cell). We sequenced five smaller deletions
(y1443, y793, y1444, y1421, and y1427) and found they
were similar to the WT deletions. The average deletion
length was ~300 bp in both WT and rad52 strains. Over-
lapping microhomology was present in each case (4, 3,
6/7, and two 8/9 bp; Figure 3). In addition, we identi-
fied two independent larger deletions (yl434 and
y1440) in this background (4.8% of all 5-FOA-resistant
colonies, absolute frequency of 3 X 107°/plated cell).
They were both identical to the 5.3-kb deletion observed
in WT cells. The pattern of deletions for WT and rad52
cells was quite similar, suggesting that Rad52p is not
directly involved in deletion formation.

In yku80 cells, deletions accounted for ~22% of the
5-FOA-resistant clones (absolute frequency of 8 X 107%/
plated cell) but only two of eight deletions sequenced
were <1 kb (235- and 934-bp deletion lengths; Figure
3). One clone (y1368) had extensive sequence loss on
both sides of the HO cut site, with an 18-/22-bp overlap-
ping junction. The other (y2177) had a 5-base overlap.
The remaining deletions were all >1 kb. Four of these
(y715, y761, y1365, and y1375; Figure 4) were the same
5.3-kb deletion observed in the WT and rad52 back-
grounds. The other two (y755 and y730) were even
larger deletions, extending 9.3 and 12.9 kb toward the
telomere, eliminating three other nonessential genes
(YELO25C, RIPI, and YEL023C). These two deletions
had overlaps of 9/10 bases and 7/ 8 bases, respectively.

In rad52 yku80 cells, 92.4% of the total 5-FOA-resistant

colonies clearly resulted from deletions (absolute fre-
quency of 1 X 107°/plated cell), of which only 5.1%
were <1 kb in length. Of 4 smaller deletions sequenced,
2 (y1969 and y2001) extended on both sides of the HO
cut site for 406 and 436 bp and overlapped by 16/20
and 14/16 bp, respectively. The other 2 (y1963 and
y1997) were deleted primarily on one side of the cut
site, by 551 and 741 bp and had overlaps of 7/7 and
6/6 bases (Figure 3). We obtained sequence data from
16 of the larger deletions. The 5.3-kb deletion observed
in the other backgrounds was identified in seven inde-
pendent clones (y1971, y1972, y1979, y1981, y1982,
y1984, and y1987). Additionally, a wide array of long
one-sided deletions was seen, ranging from 2.1 to 12.2
kb (y1973, y1975, y1968, y1978, y1983, y1976, y1970,
y1985, and y1989). These deletions were similar to those
in the yku80 strain background, again suggesting that
Radb52p did not play a significant role in the formation
of these rearrangements. Further, the relative shift from
smaller to larger deletions in the yku80 and rad52 yku80
strains suggested that one role for Yku80p is to limit
the extent of DNA digestion after a DSB.

We carried out a statistical analysis of all deletions in
the absence or presence of Yku80p. Deletion lengths in
the absence of Yku80p were significantly greater than
those in the presence of Yku80p (P < 0.002), averaging
5900 and 1700 bp, respectively. Differences in the length
of overlap at the junctions were also statistically signifi-
cant (P < 0.005), with averages of 11.2 and 6.6 bp,
respectively. These findings suggest that different mech-
anisms of deletion formation predominate in the pres-
ence or absence of Yku80p.

Aberrant gene conversions: In both WT and yku80strains,
we identified a distinct class of 5-FOA-resistant amplifi-
cation products that were ~130 bp shorter than the
parent (absolute frequency of ~3 X 1075/plated cell,
for each strain). These products were not observed in
rad52 or rad52 ku80 cells, which are incapable of homol-
ogous recombination (Table 1). In the case of 5-FOA-
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A |

1

| UR M 4 — A3 |
663 61 55 | 81 242 507

I Deletions
rads2 y1421 * - - 4 -167/0
rad52 y1427 > - - 4 -167/0
wild type  y198 o~ - - -4 -190/0
rad52 y79} ——— - - = = - - - - # -416/-1
rad52 yku80 yl963 ————8 = = = = = = = = = = = [ -548/-7
yku80 v2177 s -----lo -226/-3
rad52 v1443 * = ===== lg -327/-9
wild type y1496 8- - le -267/-11
wild type y781 A e L ™ -1/-443
rads2 yku80 y1997 - — -7/-738
rad52 v1ld444 F : --------- -14/-485
rad52 yku80 y1969 - - - - - - - -294/-116
rad52 yku80 y2001 * --=--=-=-r-# -330/-110
yvku80 v1368 - - mmmeceseceenn-~-= o -291/-646

100 bp

B Overlap/segment

HO cut site: ARAACCAGGGTTTATAAAATTATACTGTT

y1421, v1427 GGGCCCAGGTAT(tgttagcggttt.....
y198 GGGCAGACATTACGAA(LgCac........

v793 AAGGAATTACTGGA(gttagt.........
v1963 GATAAATCATGTC (gaaagctaca. .. ...
y2177 GCAGTACTC (Lgcgggtg.......ovnn.
1443 GCACAGTT{AAgCCTC - « =« = v s e v e v e nn
v1496 CAGAAAATTT(gctgacattg. ........
y781 AAAACCAGGGTTTATAAAATTATACTGT( £
y1997 AARAACCAGGGTTTATAAAATTA(tAC. .. ..
v1444 AAMACCAGGGTTITAT(Aaaa. . ..o oo v nnn
1969

y2001 CCGCCAAGTACA (attttttactcotteg. ..
w1368

TGTTGCGGAARAGCTGAAACTAAAAGARARA

....... ) TGTTGCGGAAAGCTGAAACTAAAAGAAARA 8/9
....... ) TGTTGCGGAAAGCTGAAACTAAAAGAAAAA 2/2
....... t) GTTGCGGAAAGCTGAAACTAAAAGAARAA 3/3
........... gcg) GAAAGCTGAAACTAAAAGAARAR 7/7
....... t gt ) TGCGGAAAGCTGAAACTAAAAGAAAAR 5/5
............. gga) AAGCTGAAACTAAAAGAAAAR 4/4
............... aaa) GCTGAAACTAAAAGAAAAA 5/5

................ aga) GGACATGGGTGGAAGAG 0/0
............... cacaaatta) GAGCTTCAATTT 6/6
......... attggttgat) TATGACACCCGGTGTGG 6/7

TCCGCCAAGTACAATTTTT (tactcttcgaaga. . .....u s ttttactattttt) CACTCTCCCATA 16/20

........... ttttact) ATTTTTCACTCTCCCATA 14/16

TGCGGGTGTATACAGAA (tagcagaatgggcagaca. . . .cgtfacagaa) AAGCAGGCTGGGAAGCA 18/22

Ficure 3.—Deletions <1 kb are observed in all strain backgrounds. (A) The URA3::actin intron::HO cut site cassette with the
size of each part labeled. Deletions were sorted by size. Solid lines denote chromosomal sequences and dashed lines denote
deletions. The deletion ends are shown as solid dots. The vertical dashed line corresponds to the position of the HO cut site.
The left columns indicate strain backgrounds and clone numbers. The right column indicates the extent of the deletions on
either side of the cut site (separated by a slash). (B) The specific joint sequence for each deletion is shown in uppercase. The
undeleted HO cut site sequence is aligned above all of the individual deletions, with the 4-bp (TGTT) 3’ overhang shown twice.
Overlapping bases are underlined. The deletions are shown in parentheses. Overlap/segment indicates the number of identical
bases among the junctional sequences. In cases of imperfect overlap, only mismatches with several matching bases on either
side were considered, and insertion or deletion mismatches were not considered.

sensitive cells, we found that similarly sized products
represented gene conversions where the HO target site
had been precisely eliminated and the intact ACT1 in-
tron had been restored. Therefore, it was of interest
to determine how some subpopulation of these gene
conversion events could have resulted in loss of URA3
function.

We sequenced the URA3::actin intron region from 9
5-FOA-resistant clones in the WT strain and 23 clones
from the yku80 strain, which had PCR products ~130
bp shorter than the parental band. As shown in Figure
5, in these clones the ACTI intron was intact but the
sequence upstream of the ACT1I splice donor (i.e., to
the left of the boxed “gt”) consisted of 10-15 contiguous
bases of ACT1 exon rather than the expected URA3
sequence. In one case the length of ACTI exon se-
quence present at the URA3locus extended for an addi-

tional 4 bases. Upstream of the ACTI exon sequence,
intact URA3 sequences were present. Thus, a segment
of URA3 sequence has been replaced by ACT1 exon
sequence. This results in a frameshift; although the in-
tron is intact and can be correctly spliced, the resulting
URA3 OREF is frameshifted just upstream of the site of
the intron and is consequently nonfunctional.
Comparison of the sequence of URA3 and ACT1 in
the region of the altered sequence revealed a segment
of fortuitous similarity just upstream of the intron. As
shown in Figure 5, 15 of 23 bases are identical for both
genes, with four regions of mismatch. This finding sug-
gests that during the homologous recombination event
that leads to gene conversion, sequences within the simi-
lar segment, physically located between complete ho-
mology and complete heterology, are sometimes not
precisely distinguished by the repair machinery and are
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Chromosome V:
ENUL3 RIP1
telomere. .

URA3::actin
intron::HO cut site

YELOZ5C T
rads52 yku80 yl1l973

rad52 yku80 yl1l975

! QEAZ U Deletions
e -2145/-15
——————— -3514/-4

rad52 yku80 y1968

—————— b _3589/.21

wild type  y774 . — b -5307/-4
rads2 yl434 ———————— pm—— -5307/-4
rad52 yl44o b — e — — — o ——— -5307/-4
yku80 y715 - — — — — — — — —— -5307/-4
yku80 Y7 st i ot e —— -5307/-4
yku80 yi35 i —————— —- —F 77—+ —————— —— — e -5307/-4
yku8o ys— e - -5307/-4
rads2 ykugo y1971 B e e o e e —+— _5307/-4
rads2 ykugg yl972—————————————— e —+——— -5307/-4¢
rads2 ykugo Y1979 —————————— -+ -5307/-4
rad52 yku80 Y198l e — — e — — <+ -5307/-4
rads52 yku80 Y198 2 e e e e e s e e y——— _5307/-4
rads2 ykugo y1984 —————————— —+—— -5307/-4
rad52 ykugo Y1987 S e e e e —+— _5307/-4
yku80 y755 A e —— . 9333/-19
rads2 ykugo v1978 - Ao 10231725

rad52 yku8o Y1983
rad52 yku80 Y1976
rad52 ykug0 y1970
rad52 yku80 y1985

_______________ ~de—— _10213/-24

_______________ ——— -10627/-25

_______________ $—— -10962/-11
—

-10962/-11

rads2 ykugo Y1989 e —— -12240/-26
yku80 ¥730 - ——————-————————————-————-——q— -12875/-6
| 1 Kb
B
Overlap/segment
HO cut site: AATTATACTGTT TGTTGCGGAAAGCTGAAACTAAAAGAAAAACCCGACTATGCTAT
y1973 CTCCGCCA(aaactgadaaadaCTCa. « v v v v e eeenenenn s ctg) AAACTAAAAGAAAAACCCGACTATGCTAT 13/16
y1975 CCGACTCCGATAAAGATATT( gcggagtt. . . .tgtt) GCGGAAAGCTGAAACTAAAAGAAAAACCCGACTATGCTAT 5/5
v1968 ACCAATGCATTC(aatgaaaagCCCadd . « « v« v v vt i tv e e e e e enas cta) AAAGAAAAACCCGACTATGCTAT 10/12
v774..y1987 GGGAAAGAGAAGAG(gcggaaagatgagtg...tgtt) GCGGAAAGCTGAAACTAAAAGAAARACCCGACTATGCTAT 11/12
v755 ATTTTGATGACGTTT( taaaggaaaataa. .. ... oov i aac) TAAAAGAAAAACCCGACTATGCTAT 9/10
y1978 GGATTGCACTGATCAAGTCGA(aaaactccgtac. . o v vt e it e it e et v e e aag) AAAAACCCGACTATGCTAT 8/9
v1983 GGATTGCACTGATCAAGTC(gaaaaacteegtac . . « c vt v i e v e e e e aaa) GAAAAACCCGACTATGCTAT 10/11
v1is76 ATGCATAAAGGTA(aaaaggccgaatt. ... .o v ittt i e aag) AAAAACCCGACTATGCTAT 8/10
v1970, y1985 GGAAGCATTTAACCA(gctggaagttaataaagaa...... aaa) GCTGAAACTAAAAGAAAAACCCGACTATGCTAT 11/16
v1989 TTCTTTTTTACGTAG (aaaaccagattttgecte. ... . o oo aga) AAAACCCGACTATGCTAT 12/15
y730 TATAGAGCTCTACG(ggaatgctagg. . ... ... .. tgc) GGAAAGCTGAAACTAAAAGAAAAACCCGACTATAEC TAT 7/8

FIGURE 4.—Deletions >1 kb are observed in all strain backgrounds. Several nonessential ORFs are found telomere proximal
to the URA3 gene on chromosome V until the essential gene SNUI3. The extent of observed large deletions shows which ORFs

are lost. Labeling is as in Figure 3.

therefore aberrantly resolved. It is unlikely that Yku80p
plays any role in this process, since we estimate that
aberrant events account for 0.31% of all gene conver-
sions in WT cells and 0.34% of all gene conversions in
yku80 cells.

Insertions: We previously reported using this assay sys-
tem to find insertions of both Tyl (140 bp to 3.4 kb)
and mitochondrial DNA sequences (33-219 bp; Yu and
GABRIEL 1999). Nearly all of the Tyl insertions joined
the break to one of the Tyl LTR termini and were made
up of either continuous or discontinuous stretches of
Tyl. In both WT and rad52 cells, the junctional se-
quences contained microhomologies, suggestive of
NHE]J events. In our current analysis of inverse PCR
products, we have identified several large Tyl insertions.
The largest is ~5.6 kb, consisting of a nearly full-length
Tyl element (data not shown).

Since Yku80p is thought to be an essential component
of the NHE] machinery, we examined ~150 indepen-
dent 5-FOA-resistant yku80 clones. In no instance did

we recover any insertion event (Table 1). Similarly we
observed no insertions in 79 independent 5-FOA-resis-
tant rad52 yku80 clones (Table 1). While it is formally
possible that in these strain backgrounds we are missing
small insertions that do not result in 5-FOA resistance
or very large insertions that we cannot amplify, it ap-
pears that insertion of extrachromosomal DNA into a
DSB site, as seen in WT and rad52 cells, either requires
or is greatly facilitated by the presence of YKUSO.
Other events: A subset of 5-FOA-resistant clones from
each strain were not amplifiable using PCR primers on
either side of the HO cutsite in URA3. We characterized
a large number of such events by inverse PCR and later
with additional direct PCR primers (see MATERIALS AND
METHODS). One class of these products was transloca-
tions and inversions, and these will be analyzed in detail
in a separate article. In summary though, most of these
rearrangements resulted in joining the broken ends of
the URA3::actin intronlocus with chromosomal segments
that appear to have suffered concomitant cleavage.
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F1GUure 5.—Aberrant gene con-

A (72 A7 7 7 T 777

1517

<3 242
[orR 133
663

54 75 507

Homologous
recombination

[ orR = a3

663 507
67 242

[ urR B a3

563 8) 507

B

URA3::actin intron::HO cut site:

.. . CAGAAGAAGTAACAAAGGAACCTAGAGGptptgttctagege. ..

precise gene conversion:

aberrant gene conversion:

ACT1 (actin gene)

I Precise gene conversions
Ura+, FOAS

I Aberrant gene conversion
Ura-, FOAR

. .CAGAAGAAGTAACAAAGGAACCTAGAGGHE

. . CAGAAGAAGTAACAATGGATTCTG]
or: ...CAGAAGAATTAACAATGGATTCTG

. . TTACTGAATTAACAATGGATTCTG

versions induced by a DSB at
URA3. Gene conversion occurs be-
tween the ACTI intron sequence
in the URA3::actin intron::HO cut
site cassette and the intact endoge-
nous ACTI gene. (A) The coding
regions of the two genes are shown
as wide boxes. The narrow lines
represent the ACTI intron. The
HO cut site is depicted as a wide
broken rectangle. The length of
each portion is shown. Precise
gene conversion results in elimi-
nation of the HO cutsite sequence
from the ACTI intron in the URA3
allele. Aberrant gene conversion

tgttctagege. . . additionally results in a small seg-

S (31/32) ment of contiguous ACTI exon se-
gttctagege. .. o ) .

fgttetagege. . (1732)  quence replacmg.a portion of the

URA3 coding region upstream of

tgttctagege. . . the intron splice site (shown as a

hatched box within the 5’ half of

the URA3 ORF). (B) The similar but nonidentical sequences involved in this gene conversion. The sequences of URA3 and the
ACT1I exon are uppercase, while the ACTI intron is lowercase. Identical bases within the 19- to 23-base fortuitously similar but
nonidentical sequence in URA3 and ACT1, just upstream of the intron, are underlined. Bases “gt” in boxes are the 5 splice site
of the intron. Numbers in parentheses indicate the proportions of observed events.

These gross chromosomal rearrangements after a single
DSB were observed in both WT and rad52 strains and
showed typical microhomology between the joined se-
quences. They were not seen in either the yku80 or the
rad52 yku80 strain, suggesting that their appearance was
strongly dependent on the presence of the NHE] ma-
chinery (Table 1). Other nonamplifiable products
could represent very large deletions, deletions with in-
sertions into other parts of the genome, or very large
insertions. Further genomic analysis will be required to
completely characterize these remaining events.

DISCUSSION

Here we have examined the spectrum of chromo-
somal rearrangements used by S. cerevisiae to repair a
DSB in the presence or absence of key components of
the homologous recombination and NHE] pathways.
In addition to imprecise end-joining events that have
previously been examined in the presence of a persistent
HO-induced DSB, we have observed extrachromosomal
DNA insertions, deletions of various length, and aber-
rant gene conversions and noted their dependence on
specific repair proteins. Many of the observed re-
arrangements appear to be mistakes in the context of
more straightforward repair pathways. For example, 8
of the 11 deletions we sequenced in WT and rad52 cells
are <l kb and have junctions similar to the simple
imprecise end joins previously reported (KRAMER et al.
1994; Moore and HABER 1996a), except for the in-
creased length of sequence resection (Figure 3). This
type of deletion was most often seen in the presence of

YKUSO. Similarly, aberrant gene conversions, only subtly
different from normal gene conversions, appear to oc-
cur because of an error in discriminating a similar but
nonidentical sequence stretch (Figure 5). The existence
of such mistakes provides a window on the limitations
of the common repair pathways.

Ku-independent deletion formation: An unexpected ob-
servation is that Ku-independent deletions appear to
represent a distinct repair pathway. We identified a spe-
cific 5.3-kb deletion independently and repeatedly in
all backgrounds and found that the absolute frequency
of this and other long one-sided deletions was similar
in the absence or presence of Yku80p (0.7-1.6 X 1079
events/plated cell). Thus, while these events do occur
in the presence of Yku80, they are masked by the higher
frequency of other more efficient repair pathways.

Clues to the mechanism of this deletion pathway
come from a detailed analysis of the observed events.
Extensive sequence elimination is restricted to the telo-
meric side of the cut, while the sequence of the centro-
meric side of the break is essentially intact (Figure 4).
This asymmetry is reminiscent of previously observed
one-sided invasion events during homologous recombi-
nation at DSBs (BErLmaAzA and CHARTRAND 1994) or
of break-induced recombination (Kraus et al. 2001),
although the homology thought to drive those events
is lacking. While the absence of sequence elimination
on the centromeric side may be related to the proximity
of the next essential gene ~900 bp from the HO cut
site, this does not fit the observed data. With smaller
deletions, we observed several 100- to 700-bp deletions
toward the centromere, indicating that deletions toward
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the centromere can and do occur. However, in no case
of along one-sided deletion were there >26 bases miss-
ing on the centromeric side of the cut. This suggests
that during Ku-independent deletion formation, one or
both strands on the centromeric side of the break are
protected from degradation.

The sequence overlaps at the deletion junctions tend
to be imperfect. With a mean length of 11.2 bp, they
are longer than the typical microhomologies of NHE]
(0-6 bp) but shorter than the ~30 bp thought to be
required to support RAD52-dependent homologous re-
combination (MANIVASAKAM et al. 1995). This suggests
that in the absence of Ku or significant terminal homol-
ogy, joint formation is difficult and might occur only
if the two strands can anneal with sufficient extended
complementarity to stabilize the initial joint. To exam-
ine this further, we used the first 22 bases from the
centromere-proximal side of the cut site as a query se-
quence and searched for homology in the 10 kb of
chromosome V sequence telomeric to the URA3 locus.
The common 5.3-kb deletion junction, containing 11
of 12 bases of homology, was the nearest sequence to
the HO cut site with substantial homology and without
deletions or insertions.

Aworking model for Ku-independent deletion forma-
tion is shown in Figure 6. After a DSB (Figure 6A),
damage can be recognized and acted on by a large
number of proteins or protein complexes (Figure 6B).
Although we tend to categorize these proteins into sepa-
rate RAD52 or NHE] epistasis groups, some of the pro-
teins or classes of proteins (e.g., the Rad50/Mrell/Xrs2
complex, nucleases, polymerases) likely function in
both pathways. In yeast, DSBs are followed by 5’ to 3’
digestion around the break site, leading to exposed 3’
single strands (HABER 1995). We propose that a protein
complex, not including Yku80p or Rad52p, binds to
one side of the DSB (in this case, the centromeric side),
resulting in end protection of one or both strands (Fig-
ure 6C). Itis conceivable that HO endonuclease remains
bound and plays a role in end protection. The resulting
complex directs the terminal 3’ sequences on a local
complementarity search, beginning from the opposing
end of the DSB and perhaps accompanied by a 5’ to 3’
nuclease or a helicase to expose single-stranded regions
(Figure 6D). Rad59p, a homolog of Rad52p important
for single-strand annealing of short homologous se-
quences may be involved in this step (SUGAWARA et al.
2000; Davis and SymiNgTON 2001). The extent of
slower terminal 3’ deletion that occurs on the centro-
meric side before the protein complex has bound could
determine the specific sequences that take part in the
complementarity search. Once sufficient complemen-
tarity is established and annealing occurs (Figure 6E),
the activities of the complex could change (Figure 6F),
leading to cleavage of noncomplementary regions, re-
synthesis of second strands, and finally religation (Fig-
ure 6G). Of interest, in all cases of imperfect comple-

Ku70/Kug0
NHEJ

E — - s
l _/
) = i IMpr----""- @ =

FIGURE 6.—A model to account for the observed YKUS(O-
and RAD52independent long one-sided deletions. Details of
the model are presented in the text. Pacman figures represent
nucleases. The ellipse in B represents the sum of DSB repair
proteins, subdivided into overlapping homologous recombi-
nation and nonhomologous end-joining components. The se-
ries of Rad5X boxes represents the members of the RAD52-
epistasis group. The circles with question marks signify that
additional unknown proteins may be involved in these pro-
cesses. The R/M/X circle represents the Rad50/Mrel1/Xrs2
complex.

mentarity shown in Figure 4, the observed sequence
at the mismatched positions corresponds to the base
present on the centromeric side of the break. This
strong bias implies either a directionality of hetero-
duplex mismatch correction or, alternatively, that after
joint formation, resynthesis proceeds first from the
searching strand toward the telomere (Figure 6F). The
complementary strand would be subsequently pro-
cessed by removal of the nonhomologous tail, including
the mismatch, followed by resynthesis of that strand.
Our system allowed us to generate sufficient numbers
of repair events to quantitate and characterize Ku-inde-
pendent chromosomal deletions, and thereby formu-
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late a model for the pathway. A review of the literature
indicates older observations consistent with certain as-
pects of this pathway. In Ku-deficient mammalian cells,
excessive DNA degradation has been observed in cells
surviving attempted V(D)] rejoining or repair of other
DSBs (SCHULER et al. 1986; HENDRICKSON et al. 1988;
TaccroLr et al. 1993; L1ANG and JasiN 1996), but the
deletion junctions have not been extensively examined.
In yeast, WELCKER et al. (2000) identified spontaneous
large deletions in WT and rad52 strains that contained
long imprecise overlapping junctions. Neither the ini-
tiating events nor the genetic requirements for these
events are known. Similarly, MYUNG et al. (2001) identi-
fied spontaneous translocations and deletions involving
long imprecisely overlapping sequences at the junctions,
in the absence of either Sgslp or Top3p. In experimental
yeast DSB repair systems, KRAMER el al. (1994) noted
that the junctional sequences of several RAD52indepen-
dent deletions (formed upon rejoining of a ruptured
conditionally dicentric chromosome) contained imper-
fect complementarity, including two with identical 11-/
13-bp overlaps. These events occurred in Yku80™ cells
after an unusual mitotic breakage event. MEZARD and
Nicoras (1994) observed similar nonhomologous re-
joining events for linearized plasmids transformed into
RAD52 and rad52 cells. In some cases there was end-to-
end joining, but in others joints were either internal-
to-internal or internal-to-end (i.e., two- or one-sided de-
letions). BouLTON and JACKSON (1996a,b) analyzed the
structure of rejoined EcoRI linearized plasmids trans-
formed into WT, yku80, or yku70 strains. In WT cells
they recovered only precisely rejoined plasmids, but in
mutant cells they observed a variety of plasmid deletions
ranging from 6 to 811 bp in length, with junctional
overlapping sequences of 3—15 bp. They did not observe
imprecise end joining in WT cells. Their work suggests
that precise rejoining is Ku dependent and demon-
strates that deletions are observable when Ku is absent.
It does not, however, address whether such deletions
still occur in WT cells, but are masked by the higher
frequency of precise events. Finally, MOORE and HABER
(1996a) examined chromosomal HO-induced DSB re-
pair in the absence of homologous recombination in a
variety of genetic settings. Although they did not exam-
ine Ku mutants, they did recover >700-bp deletions
with microhomology at the junctions when they ex-
pressed HO continuously in the absence of RAD50.
When HO was expressed only in G,, deletions of >700
bp were also seen and were the predominant product in
rad50 cells. Unfortunately, there is insufficient sequence
information in the Moore and Haber article to deter-
mine how similar the junctions are to the ones we ob-
served. However, these results do confirm that forma-
tion of large deletions does not require the absence of
Yku80p, and they suggest that, in situations where sim-
ple end joining is blocked, large deletions will be more
readily recovered among the remaining survivors. Al-

though the Ku complex and the Rad50/Mrell/Xrs2
complex are both involved in NHE]J, mutants lacking
one or the other complex often have very different
phenotypes (BouLTON and JACKSON 1996a; LEE et al.
1998; NUGENT et al. 1998; CHEN and KOLODNER 1999;
CHEN et al. 2001; GRENON et al. 2001). It is, therefore,
premature to presume that the deletions seen in both
sets of experiments represent the same pathway.
Aberrant gene conversions: Another unexpected class of
5-FOA-resistant survivors was the aberrant gene conver-
sions. Given the limited region of homology (60 bases
on one side of the cut and 240 on the other side of
the cut), this recombination probably occurred by one-
sided synthesis-dependent strand annealing that re-
quires direct copying of donor sequence by only one
invading strand, reassociation of the extended strand
with complementary sequences on the other side of the
break, followed by removal of nonhomologous se-
quences, resynthesis, and religation. In ~1% of conver-
sion events, we observed that the region between homol-
ogy and nonhomology was not correctly distinguished
by the repair machinery, leading to the termination of
conversion within a 6-base segment of similar sequence
beyond the first mismatch. Mechanisms for distinguish-
ing homology, heterology, and homeology at the ter-
mination of a gene conversion event have not been ex-
tensively addressed in studies of homologous and
homeologous recombination (BAILiS and ROTHSTEIN
1990; HARRIS et al. 1993; MEZARD and Nicoras 1994;
PRIEBE et al. 1994; PORTER et al. 1996), but given our
results, it would be worthwhile to use our system to
determine whether components of the mismatch repair
system are involved in making this distinction.
Insertions: Regarding insertions at DSBs, our data indi-
cate that these events are Ku dependent, providing fur-
ther support for our previous assertion that insertion
of extrachromosomal DNA sequences is a form of NHE]
(TENG et al. 1996; YU and GABRIEL 1999). Extrachromo-
somal DNA insertions at break sites have recently been
reported in mammalian cell systems (SARGENT el al.
1997; LIANG et al. 1998; VAN DE WATER et al. 1998;
Lin and WaLpmaN 2001a,b) and plants (SALomMON and
PuchTA 1998; KIRIK et al. 2000). In each case, the repair
events fit the pattern of NHE]. Thus, the ability to insert
available DNA into a break site may be universal and
suggests a link between the cellular machinery that de-
grades DNA and the machinery that repairs breaks in
chromosomal DNA. Experiments to examine the gener-
ality of the substrates in yeast are underway.
Interactions between repair pathways: An important unan-
swered question is whether the homologous recombina-
tion and NHE] pathways compete or cooperate in the
repair process. By actively binding termini, Ku can focus
repair efforts around the original break site, allowing
ligation to occur with only minimal overlap between the
two ends and with only minimal sequence loss (DYNAN
and Yoo 1998; WALKER et al. 2001). After an HO-
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induced DSB in yeast, 5-3' nucleases create single-
stranded 3’ terminal tails that take part in homology
searching, presumably aided by Rad52p and other mem-
bers of the RAD52 epistasis group (HABER 1995). Single-
strand tails are good substrates for initiation of homolo-
gous recombination, but they may be less than ideal
substrates for NHE]. Biochemical data suggest that Ku
prefers to bind at DSB ends or at double-strand to single-
strand junctions, rather than at single-strand tails
(DynaNand Yoo 1998). By binding to termini, Ku might
block single-strand formation or at least slow it down
(LEE et al. 1998). Recent articles demonstrate both coop-
eration and competition in different contexts. A study
in yeast suggests a cooperative role for Ku proteins in
deletion formation between direct repeats (CERVELLI
and Garrr 2000), while a study in mammalian cells
points toward competition between the two pathways in
DSB repair (PIERCE el al. 2001). A yeast study, in which
either NHE] or single-strand annealing could repair a
DSB, did not find any evidence of competition between
the two pathways (KARATHANASIS and WILsoN 2002).
In wild-type cells we observed that the frequencies of
survival by gene conversion and by imprecise end join-
ing were approximately equal. However, the sum of the
frequencies of survival in the rad52 and the yku80 cells
is not equal to the WT frequency, suggesting that there
is some synergistic effect when the two pathways are
both functional. This is made even more apparent by
analyzing the absolute frequency of individual types of
repair events in different genetic backgrounds. Inser-
tion frequencies are ~10-fold lower in rad52 than in
WT survivors (3 X 107° vs. 3 X 107*/plated cell), <1-kb
deletions are ~5-fold lower (1 X 1075 vs. 5 X 1075/
plated cell), and larger deletions are ~7-fold lower (3 X
107% vs. 2 X 107°/plated cell), even though Rad52p
does not seem to be directly involved in these repair
processes. The absence of Rad52p may have a global
effect on the repair capacity of the cell after a DSB. On
the other hand, the absolute frequency of aberrant gene
conversions is equivalent in the yku80 strain compared
to WT (~3 X 107°/plated cell) and large deletions are
only ~2.5-fold lower (8 X 107 vs. 2 X 107°/plated cell),
suggesting that the presence or absence of Yku80p has
little to do with the probability of these outcomes. While
these data are suggestive, our current results should not
be overinterpreted in assessing cooperation or competi-
tion between the two pathways. The specific genetic
background and genomic context likely influence the
speed of single-strand resection, the degree of end pro-
tection, and the length of time that cells remain ar-
rested. These, in turn, could affect the efficiency of
different repair processes. Despite these caveats, we do
not have evidence of competition between the pathways,
and there may even be some level of cooperation. More
work will be necessary to clarify this situation, including
comparison of isogenic strains where the DSB is not

subject to both repair pathways, but where all the poten-
tial repair proteins are still present.

By examining the frequency and spectrum of repair
events after a DSB in different genetic backgrounds, we
have begun to appreciate the alternative repair pathways
utilized by the cell and we now have the ability to expand
the work to examine the effects of different genetic and
physical contexts. Using our simple counterselection
assay, we can easily generate large numbers of chromo-
somal rearrangements and analyze their properties.
This should prove to be a valuable tool in dissecting
mechanisms of double-strand break repair and the
causes and consequences of genome instability.
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