The EMBO Journal Vol.22 No. 6 pp. 1419-1430, 2003

Pathway utilization in response to a site-specific
DNA double-strand break in fission yeast

John Prudden, Joanne S.Evans,
Sharon P.Hussey, Bryan Deans,
Peter O’Neill, John Thacker and
Tim Humphrey'

MRC Radiation and Genome Stability Unit, Harwell, Didcot,
Oxon OX11 ORD, UK

'Corresponding author
e-mail: T.Humphrey @har.mrc.ac.uk

We have examined the genetic requirements for
efficient repair of a site-specific DNA double-strand
break (DSB) in Schizosaccharomyces pombe. Tech-
nology was developed in which a unique DSB could be
generated in a non-essential minichromosome, Chl®,
using the Saccharomyces cerevisiae HO-endonuclease
and its target site, MATa. DSB repair in this context
was predominantly through interchromosomal gene
conversion. We found that the homologous recombi-
nation (HR) genes rhp51*, rad22A*, rad32* and the
nucleotide excision repair gene radl6* were required
for efficient interchromosomal gene conversion.
Further, DSB-induced cell cycle delay and efficient
HR required the DNA integrity checkpoint gene
rad3*. Rhp55 was required for interchromosomal gene
conversion; however, an alternative DSB repair mech-
anism was used in an rhp55A background involving
ku70* and rhp51*. Surprisingly, DSB-induced mini-
chromosome loss was significantly reduced in ku70A
and lig4A non-homologous end joining (NHEJ) mutant
backgrounds compared with wild type. Furthermore,
roles for Ku70 and Lig4 were identified in suppressing
DSB-induced chromosomal rearrangements associ-
ated with gene conversion. These findings are consist-
ent with both competitive and cooperative interactions
between components of the HR and NHE]J pathways.
Keywords: DNA integrity checkpoint/HO-endonuclease/
homologous recombination/non-homologous end
joining/site-specific DNA double-strand break

Introduction

Double-strand breaks (DSBs) are potentially lethal DNA
lesions that can be produced either endogenously during
normal DNA metabolism or exogenously through expos-
ure to DNA-damaging agents such as ionizing radiation
(IR; reviewed in Pfeiffer er al., 2000). Failure to repair
these genomic insults correctly can result in cell death or
loss of chromosome integrity, which can contribute to
tumorigenesis (reviewed in Pierce et al., 2001a). In
eukaryotic cells, DSBs are repaired through homologous
recombination (HR) repair mechanisms or non-homo-
logous end joining (NHEJ). Efficient DNA repair is
facilitated further by DNA integrity checkpoint pathways.
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How these pathways are coordinated in response to DSBs
is largely unknown.

HR has been studied extensively in Saccharomyces
cerevisiae, where it is the major repair pathway and
requires the RAD52 epistasis group of genes, including
RADS51, RAD52, RAD54, RADS55 and RAD57. Disruption
of these genes results in reduced levels of HR and acute
sensitivity to DNA-damaging agents (reviewed in Paques
and Haber, 1999). Additionally, the Mrel1-Rad50—Xrs2
complex is involved in HR, potentially through the
processing of DSB ends (reviewed in D’Amours and
Jackson, 2002). A Rad51 nucleoprotein filament is formed
that is able to invade an undamaged homologous
sequence, usually the sister chromatid (Kadyk and
Hartwell, 1992), to initiate HR. This process is facilitated
by Rad52, which binds DNA ends (Sugiyama et al., 1998),
as well as by the Rad55-Rad57 heterodimer and Rad54
(Sung, 1997; Petukhova et al., 1998; Sugiyama et al.,
1998). Following resynthesis of the damaged region, DSB
repair is completed by resolution of the cross-stranded
intermediates, resulting in gene conversion with or without
crossover. Homologues of the S.cerevisiae RADS52 epi-
stasis group have been identified in the distantly related
fission yeast, Schizosaccharomyces pombe. Strains mu-
tated in rhp5I1* (rad51 homologue S.pombe) or rhp54+
exhibit acute sensitivity to <y-radiation, sensitivity to
methyl methanesulfonate (MMS) and reduced levels of
HR (Muris et al., 1993, 1996, 1997). The rhp55 and rhp57
single mutants exhibit y-radiation sensitivity, which is
enhanced further at lower temperatures, thus resembling
the rad55 and rad57 mutants in S.cerevisiae (Khasanov
et al., 1999; Tsutsui et al., 2000). In contrast to
S.cerevisiae, S.pombe encodes two RADS52-like genes,
rad22A* and rad22B*, which function in mitotic and
meiotic recombination, respectively (Suto et al., 1999; van
den Bosch et al., 2001). rad22A mutants exhibit only a
moderate sensitivity to y-radiation, and the rad22A rad22B
double mutant is only slightly more sensitive to y-radiation
than the rad22A single mutant (Ostermann et al., 1993).
The rad32* and rad50* genes are the respective homo-
logues of MREII and RAD50 in S.cerevisiae, and their
disruption also results in increased sensitivity to DNA-
damaging agents and defects in HR (Tavassoli et al., 1995;
Hartsuiker et al., 2001).

NHE] is the major repair pathway in mammalian cells
and coordinates direct re-joining of the DSB ends, which
can result in small deletions. The broken ends are
protected from excessive processing by the highly con-
served Ku70-Ku80 heterodimer (reviewed in Doherty and
Jackson, 2001). In mammalian cells, this is bound by
DNA-PKcs (protein kinase catalytic subunit) to form the
DNA-PK complex (Yaneva et al., 1997; Yoo and Dynan,
1999). This complex is thought to stimulate XRCC4
binding to the DSB, resulting in re-ligation of the DSB
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Fig. 1. Schematic of the Ch'®-MG strain (TH805). Ch'®-MG, ChIII,
centromeric regions (ovals) and the complementary ade6-M216 (or
ade6-M210) heteroalleles (dark grey) are indicated. rad2l alleles
(white) are located 28 kb distal to the ade6 locus on ChIIl, and Ch!®.
The MATa (black) and kanMX6 sequences (light grey) were cloned into
Ch'®-rad21, as shown, to form Ch!-MG. Derepression of pREP81X-
HO in the absence of thiamine results in DSB production within MATa
(scissors). Phenotypes predicted from DSB repair by HR, NHEJ, long-
tract gene conversion or non-repair are shown (see text for details).

through activation of LIG4 (Grawunder et al., 1997,
Modesti et al., 1999). Functional homologues of the KU70
(YKU70/HDFI), KU80 (YKUSO/HDF2), LIG4 (DNL4)
and XRCC4 (LIFI) genes have been identified in
S.cerevisiae. Efficient NHEJ in S.cerevisiae additionally
requires the Mrell-Rad50-Xrs2 complex (reviewed in
Lewis and Resnick, 2000). In S.pombe, ku70* and lig4*
are required for NHEJ, but in contrast to their counter-
parts in S.cerevisiae, Rad32 and Rad50 are not required
(Manolis et al., 2001).

The DNA integrity checkpoint pathway functions to
delay the cell cycle in response to DNA damage, and
promotes repair. Disruption of this pathway results in loss
of chromosomal integrity and is associated with cancer
(reviewed in Zhou and Elledge, 2000). In fission yeast, the
damage sensory machinery consists of six highly con-
served, non-essential checkpoint proteins, Husl, Radl,
Rad3, Rad9, Radl7 and Rad26. These proteins are
required for cell cycle arrest in response to blocked
DNA replication or DNA damage from UV or y-radiation.
Disruption of these proteins results in acute sensitivity to
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v-radiation and inappropriate entry into mitosis (reviewed
in Humphrey, 2000). Although the cause of acute radio-
sensitivity of these mutants is unknown, studies in both
yeast and mammalian systems indicate a number of links
between the DNA integrity checkpoint pathway and HR
(reviewed in Carr, 2002).

To begin to understand the relationship between the HR,
NHEJ and DNA integrity checkpoint pathways, we
examined the role of components of these pathways in
the repair responses to a site-specific DSB in fission yeast.
We employed the S.cerevisiae HO-endonuclease, together
with its MATa target site, to generate a site-specific DSB
within a non-essential minichromosome in fission yeast.
We have identified a requirement for components of the
HR, nucleotide excision repair (NER) and DNA integrity
checkpoint pathways in efficient site-specific DSB repair
through interchromosomal gene conversion. Moreover,
our studies indicate that components of the NHEJ and HR
pathways can function both competitively and coopera-
tively to maintain genome stability in response to a site-
specific DSB.

Results

Induction of a site-specific DSB within

a minichromosome

To characterize the cellular responses to a site-specific
DSB in S.pombe, a strain was constructed in which
different site-specific DSB responses could be examined
genetically (Figure 1; Materials and methods). The
S.cerevisiae HO-endonuclease was utilized to generate a
site-specific DSB at its target site, MATa, in S.pombe
(Osman et al., 1996). Since failure to repair a DSB can
result in cell death, MATa was integrated into a non-
essential minichromosome, Ch!6, to facilitate genetic
analysis of the repair responses to DSB production. Ch!6
is a highly stable 500 kb linear minichromosome, derived
from chromosome III (ChIIl; Niwa et al., 1986). Ch!¢
encodes an ade6-M216 point mutation, which when
present with an ade6-M210 heteroallele on ChIII results
in an ade* phenotype through intragenic complementation
(Leupold and Gutz, 1964). The MATa site, together with
an adjacent G418 resistance marker (G418R; encoded by
the kanMX6 module; see Supplementary data, available at
The EMBO Journal Online), was integrated into the
rad21* gene of minichromosome Ch!® by one-step
homologous recombination to form Ch!-MG (MATa,
G418R). Integrating a G418R marker adjacent to the MATa
site within the Ch'®-rad2 1 allele provided the possibility of
distinguishing genetically between different mechanisms
of DSB repair at the MATa site: prior to HO expression,
strains containing Ch'®-MG are ade* and G418R.
Following HO expression, DSB repair through HR
would be expected to result in loss of the MATa and
G418R regions through interchromosomal gene conver-
sion, utilizing the rad21* gene on ChIIl as a template,
resulting in cells becoming ade* and G418 sensitive
(G418S). DSB repair through NHEJ would be expected to
result in rejoining of the DSB within the MATa sequence
(embedded within a 250 bp fragment), thus retaining the
G418R marker. Such cells would be ade* and G418R.
Failure to repair the DSB would be expected to result in
loss of the minichromosome, resulting in the cells
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Fig. 2. Site-specific DSB repair results in loss of the MATa and
kanMX6 sequences. (A) DSB induced loss of MATa and kanMX6
sequences. Southern blot of EcoRI-digested chromosomal DNA from
wild-type cells, grown under the conditions indicated, probed with
MATa (upper panel), kanMX6 (middle panels) and a leul loading con-
trol (lower panel). M indicates the DNA size marker (lanes 1 and 9).
(B) DSB-induced loss of rad21::MATa-kanMX6. Southern blot analysis
of EcoRI-digested chromosomal DNA samples, as above, probed with
rad21 (upper panel) and a leul loading control (lower panel). (C) Graph
of percentage marker loss in wild-type, grown under the conditions
indicated. See Table I.

becoming ade~and G4185. Ade~ G418S colonies could also
result from long-tract gene conversion of Ch!6-ade6-M216
to ade6-M210 following DSB induction (see Figure 1).
To examine the responses to an HO-dependent
DSB generated within a minichromosome, Ch!-MG
pREP81X-HO (TH844) was cultured, in either the pres-
ence (+) or absence (—) of the repressor, thiamine, for up to
48 h. Southern blot analysis showed that the MATa probe
hybridized to a 6 kb fragment prior to HO expression
(Figure 2A, upper panel, lane 2), consistent with the size
expected for the Ch!-MG allele. Following derepres-
sion of the HO-endonuclease, the intensity of the
MATa fragment decreased after 30 and 48 h incubation
(Figure 2A, upper panel, lanes 6 and 7). In contrast, no
significant MATa loss was observed when cells were

Site-specific DSB repair in S.pombe

Table I. Genetic analysis of HO induction

Time (h) 0 16 20 24 30 48 48
Repressor - - - - - - +
% G4185 2 2 13 32 56 84 2
% ade~ 0 0 4 9 14 17 0

At least 500 colonies were scored for each timepoint.

grown in the presence of thiamine for 48 h (Figure 2A,
upper panel, lane 8). Similar results were observed when
the Southern blot was re-probed with kanMX6 (Figure 2A,
upper middle panel). A 3.5 kb fragment was also detected
transiently after longer exposure with a kanMX6 probe,
and is maximally present after 24 h following HO
derepression (Figure 2A, lower middle panel). This band
is the size expected for the MATa-EcoRIl fragment
encoding kanMX6, and indicates the presence of a DSB
at the MATa site (see Supplementary figure A). Southern
blot analysis of the rad21 alleles revealed the presence of
4.2 and 6 kb fragments in the absence of HO-endonuclease
expression, consistent with detection of both the endo-
genous rad2I* allele and the Ch'°-MG allele, respectively
(Figure 2B, upper panel, lanes 2 and 8). Following
expression of the HO-endonuclease, the intensity of the
6 kb rad2 1 fragment decreased at later time points (30 and
48 h), as was observed with the kanMX6 and MATa
fragments (Figure 2B). Quantitation of these data is
provided in Supplementary figure B, and indicates
significant levels of marker loss after 30 and 48 h in the
absence of thiamine.

To determine whether loss of the MATa and kanMX6
(G418R) sequences resulted from DSB repair by gene
conversion or minichromosome loss, the levels of G418R
and ade* marker loss were quantitated using a colony
assay following HO-dependent DSB induction (Materials
and methods). From this genetic analysis, a striking
increase in HO-dependent G418R marker loss was
observed, from 2% after 16 h to 84% after 48 h incubation
in the absence of thiamine (Figure 2C; Table I). In
addition, ade* marker loss increased from 0% at O h to
17% after 48 h (Figure 2C; Table I). Since the levels of
G418R marker loss were considerably greater than levels
of ade* marker loss, G418R loss could not have resulted
primarily from minichromosome loss, but was likely to
have resulted from DSB repair. The proportion of cells
yielding G418R marker loss through DSB repair in the
wild-type strain was calculated to be 64% (Table II).
Importantly, there was no stimulation of marker loss
without DSB induction (Figure 2C; Table II), and no loss
of viability upon DSB induction in Ch!-MG pREP81X-
HO (our unpublished data).

Analysis of site-specific DSB repair in a wild-type
background

To examine the predominant mechanism by which the
site-specific DSB was repaired within the minichromo-
some, chromosomal DNA was analysed from a number of
individually isolated ade* G418S colonies derived from
Ch!-MG pREP81X-HO following HO expression.
Southern blot analysis of five such ade* G4185 colonies
indicated that they had all lost the MATa site (Figure 3A,
upper panel, lanes 1-5) and the 6 kb rad2l fragment
(Figure 3A, middle panel, lanes 1-5). The 4.2 kb rad21
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fragment present in all of these ade* G418 colonies was
of a higher intensity than that of the 4.2 kb fragment from
strain TH805, in which the HO-endonuclease was absent
(Figure 3A, middle and lower panels). These results
suggested that the MATa and kanMX6 sequences were
removed from Ch!'®-MG, to re-form a wild-type (4.2 kb)
rad2] allele, consistent with DSB repair through inter-
chromosomal gene conversion. Since gene conversion
would be expected to re-form a functional rad21 allele on
Ch!9, the ability of a ‘repaired’ rad21 allele to functionally
complement a temperature-sensitive rad2l-KI mutation
on ChIIl was examined. An ade* G4185 colony derived
from TH844, in which the HO-endonuclease had been
expressed, was crossed with a temperature-sensitive
rad21-KI mutant (TH1017). Tetrad dissection and subse-
quent genetic analysis of this cross indicated that the
repaired rad21 allele on Ch! was able to complement an
endogenous rad2]-KI temperature-sensitive allele at
35.5°C and therefore was fully functional (Figure 3B;
colonies B2, C2 and C4). In contrast, the non-functional
Ch'%-rad21::MATa-kanMX6 allele present on the mini-
chromosome of strain TH805 could not complement the
rad21-K1 allele (our unpublished data).

The genetic assay also showed that 14% of the
population were ade* G418R after 48 h growth without
thiamine (Figure 4A; Table II). To test the possibility that
DSBs were repaired by NHEJ in this population, the MATa
sequence was examined for mutations in these ade* G418R
colonies. No mutations were identified within the MATa
site from sequence analysis, and wild-type levels of
genetic marker loss were obtained in 50 ade* G418R
colonies re-challenged with HO-endonuclease (our unpub-
lished data). HO induction for longer times (72 h without
thiamine) did not result in increased G418R marker loss,
indicating that maximal DSB induction had occurred
following HO derepression for 48 h (Supplementary
figure C). Thus, although DSB induction could occur in
all cells tested, we could not distinguish between uncut and
accurately re-annealed MATa sites in ade* G418R cells by
sequence analysis.

The genetic assay further indicated that 20% of the
population were ade- G4185 after 48 h growth without
thiamine (Figure 4A; Table II). Such cells could have
arisen through minichromosome loss as a result of failure
to repair the DSB, or through long-tract gene conversion.
As the Ch'®-ade6-M216 allele is located 28 kb from the

Table II. Genetic determinants of site-specific DSB-induced marker loss

Genetic Strain h T Total % ade~ % ade* % ade* % DSB-induced

background number scored G4185 G418 G418R gene conversion

Wild type TH844 0 - 2591 0.1 0.1 25 *06 974 = 0.6
48 - 1810 19.8 £ 1.7 659 £ 2.0 143 = 1.6 63.7 £ 2.6
48 2640 0.5 = 0.1 22 *0.6 973 = 0.7

rhp51A TH895 0 - 1680 85 1.7 1.1 =06 90.4 + 2.2
48 - 1317 745 = 2.8 3509 22.0 £33 28 £09
48 2125 154 £29 0.7 £04 839 =27

rad22AA TH906 0 - 1813 1.1 £0.8 38 3.0 95.1 £ 25
48 - 1582 42.7 = 4.7 213 £ 04 36.0 £ 4.5 19.8 £ 0.6
48 1912 45*03 1.5 +03 94.0 = 0.5

rad32A TH1083 0 - 2011 63 *+ 1.3 3.6 =13 90.1 = 1.2
48 - 1079 447 £ 29 28.8 £ 6.6 26.5 £ 4.2 256 £ 64
48 2684 11.1 = 1.6 3105 858 = 1.6

radl6A THS873 0 - 1651 29 *+ 1.1 1.4 =03 95.7 = 0.9
48 - 1150 482 + 2.8 179 = 2.1 339 £ 1.2 16.0 = 2.3
48 1842 40+ 1.8 1.9 = 0.1 937 * 1.8

rhp55A THS871 0 - 3218 22 *05 04 £02 97.4 = 0.5
48 - 3210 218 = 14 57 %05 725 * 1.8 50%=03
48 3536 43+ 1.0 0.7 0.2 95.0 = 1.1

rhp55A ku70A TH1009 0 - 1841 8719 13.8 £ 0.7 77.6 =22
48 - 2117 159 £ 19 232 19 60.9 = 3.6 11.6 = 0.8
48 2229 6.0 = 0.7 11.6 = 1.2 824 = 1.7

rhp55A rhpSI1A THI1102 0 - 2076 54+ 1.0 03 *+03 943 * 1.1
48 - 1842 548 = 2.7 2702 425 £ 2.6 21*+03
48 2342 89 * 09 0.6 = 0.2 90.5 = 0.9

ku70A TH932 0 - 4036 04 £02 1.0 =03 98.6 = 0.2
48 - 1185 43 0.7 65.7 = 4.7 30.0 = 4.2 62.5 = 3.8
48 4127 0.0 £0.0 32+09 96.8 = 0.9

lig4A THI1216 0 - 4193 1.8 03 58 £ 0.6 924 + 04
48 - 4459 9.1+038 52.6 =22 383+ 15 4577 =22
48 4718 1.7 £ 0.7 6.9 = 0.7 914 = 0.2

ku70A rhp51A TH987 0 - 1777 127 = 42 1.6 = 0.9 857 = 5.0
48 - 1033 59.7 =22 1.1 = 0.1 392 £ 2.1 02 *03
48 1530 253 £ 8.6 09 =03 73.8 = 8.7

rad3A TH877 0 - 1672 0.7 =02 04 +03 989 * 04
48 - 1902 321 =27 292 =24 387 =45 28.8 = 2.7
48 + 1686 1.2 £ 0.1 04 =03 98.4 + 04

For each genetic background, the genetic assay was repeated independently at least three times, such that >1000 colonies were scored at each time
point. The average value for each time point and the standard errors between the independent experiments are shown. The percentage DSB-induced
gene conversion was calculated as: [% adet G4185 (48 h -T) — % ade* G4185 (48 h +T)].
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rad21::MATa-kanMX6 (G418R) allele, co-conversion of
these alleles would be expected to be infrequent. Analysis
of ade- G4185 colonies by pulse-field gel electrophoresis
(PFGE) indicated that Ch!® was absent in 24 out of 27
colonies tested (see also Figure 3C). These results indicate
that 18% of the total population had lost the minichromo-
some in an HO-dependent manner, consistent with failure
to repair the DSB in these cells. No ade~ G418R colonies
were detected during the course of these studies.

Interchromosomal DSB repair requires
homologous recombination genes rhp51+,

rad22A* and rad32*

To understand site-specific DSB repair better, the genetic
determinants for efficient DSB repair in this context were
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examined. For each of the mutant backgrounds analysed,
no loss of viability was observed following DSB induction
(our unpublished data).

As Rhp51 is central to HR, it was predicted that it would
be required for efficient HO-induced DSB repair in this
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Fig. 4. Genetic analysis of site-specific DSB repair in wild-type, HR
and NER backgrounds. Graphs of percentage marker loss in: (A) wild-
type (TH844); (B) rhp51A (TH895); (C) rad22AA (TH906); (D) rad32A
(TH1083); and (E) radl6A (TH873), grown under the conditions
indicated.

Fig. 3. Analysis of site-specific DSB repair in G418S cells. (A) Southern
blot analysis of EcoRI-digested chromosomal DNA from five
independent ade* G418S colonies, obtained after 48 h of HO induction
in strain TH844 (lanes 1-5). Chromosomal DNA from TH805 (which
lacks pREP81X-HO) was also analysed (lane 7). Southern blot probed
with MATa (upper panel), rad21 (middle panel) and leul (lower panel).
M indicates the DNA size marker (lane 6). (B) A repaired ade* G418°
colony can complement a rad21-K1 mutant. Upper panel: schematic of
predicted genotypes from a cross between a ‘ts’ rad21-KI1 mutant and
an ade* G418 colony, which contains a repaired rad21 allele on Ch'°.
The PD (parental ditype), TT (tetra type) and NPD (non-parental
ditype) genotypes are shown. Lower panel: examples of dissected PD,
TT and NPD tetrads obtained from the above cross with rad2l-KI
(TH1017). The ability of the repaired Ch'®-rad2l to complement the
rad21-K1 mutant was determined by the ability to grow at the
restrictive temperature (35.5°C; boxed). Colony coordinates correspond
to the predicted genotypes shown above. (C) PFGE analysis of
chromosomal DNA from seven individual ade- G4185 colonies
obtained following DSB induction in a wild-type background
(lanes 3-9). Chromosomal DNA from wild-type TH805 (which lacks
pREP81X-HO) is shown as a control (lane 2). Schizosaccharomyces
pombe commercial markers are shown (lanes 1 and 10).
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Fig. 5. Analysis of site-specific DSB repair in an rhp55A background.
(A) Graph of percentage marker loss in rip55A (TH871). (B) Southern
blot of EcoRI-digested chromosomal DNA from wild-type (TH844;
lanes 2-4), rhp55A (THS871; lanes 5-7) and rhp5IA (THS895;
lanes 8—10) probed with rad21 (upper panel) and leul (lower panel). M
indicates the DNA size marker (lane 1). Graphs of percentage marker
loss in: (C) rhp55A ku70A (TH1009) and (D) rhp55A rhp5IA
(TH1102), grown under the conditions indicated.

assay. In contrast to DSB production in a wild-type
background, HO induction in an rAp51A mutant back-
ground resulted in a striking increase in ade* marker loss,
from 6% prior to HO derepression, to 74% following DSB
induction (Figure 4B; Table II). The increased level of
DSB-dependent ade* marker loss was consistent with the
rhp5 1A mutant being unable to repair this lesion, resulting
in loss of the Ch!-MG minichromosome. A concomitant
increase in G418R marker loss in the rip51A background
(78% following DSB induction; Figure 4B; Table II) can
be explained by loss of the Ch!-MG minichromosome.
Spontaneous levels of minichromosome loss are elevated
in rhpSIA cells (Muris et al., 1996; Supplementary
figure C).

ade* marker loss was also significantly elevated in
rad22AA and rad32A backgrounds, and gene conversion
levels were calculated to be significantly reduced to 20 and
26%, respectively (Figure 4C and D; Table II). These data
indicate a role for these genes in HR-dependent inter-
chromosomal gene conversion.

1424

rad16* is required for DSB-induced
interchromosomal gene conversion
Rad16isinvolved in NER (Carr et al., 1994), but also has a
role in mating-type switching (Schmidt et al., 1989) and
UV-induced recombination (Osman et al., 2000). A role
for the S.cerevisiae Rad16 homologue, Radl, has been
demonstrated in DSB repair (Fishman-Lobell and Haber,
1992; Kang and Symington, 2000). DSB induction in a
radl6A background resulted in significantly reduced
levels of gene conversion (16%), revealing a role for
Radl6 in interchromosomal gene conversion in this
context (Figure 4E; Table II). The potential roles of the
radl3*, radl5* and rad2* NER genes in DSB repair were
also examined using the DSB repair assay. However, wild-
type repair profiles were observed in these mutant
backgrounds, indicating that these genes did not play an
important role in interchromosomal DSB repair in
S.pombe (our unpublished data).

Alternative site-specific DSB repair in an rhp55A4
mutant

Surprisingly, DSB-induced levels of ade* marker loss in
an rhp55A background were almost identical to those
observed in a wild-type strain (compare Figures 4A and
5A; Table II). Moreover, HO-dependent G418R marker
loss was significantly reduced in an rAp55A background
(Figures 4A and 5A), with only 5% gene conversion being
observed (Table II). These genetic data were confirmed by
Southern blot analysis, in which the 6 kb Ch!6-MG allele
was present at an intensity consistent with reduced loss of
the G418R marker in an rhp55A background, compared
with wild-type and rhp51A backgrounds, following DSB
induction (Figure 5B, compare lanes 6, 3 and 9, respect-
ively). A possible explanation for these findings is that the
HO-induced DSB was repaired through a different mech-
anism in an rhp55A mutant. DSB repair through the NHEJ
pathway would be expected to result in re-annealing of the
cleaved MATa site and retention of the adjacent G418R
marker. The contribution of the NHEJ pathway in an
rhpS5A mutant background was tested by examining
levels of marker loss in an rAp55A ku70A double mutant
background in which the NHEJ pathway was disrupted
(Manolis et al., 2001). DSB-induced G418R marker loss
was increased significantly in this double mutant, with
39% G418R marker loss observed following DSB induc-
tion, compared with 27% in rhp55A (Figure SA and C). No
significant change in ade* marker loss was observed in the
rhp55A ku70A double mutant, compared with that of
rhp55A (Table II). However, the percentage of DSB-
induced gene conversion increased significantly from 5%
in an rhp55A background to 12% in an rhp55A ku70A
background (Table II; P = 0.00099 as determined by
Student’s #-test).

Since DSB repair was still observed when NHEJ was
disrupted in the rhp55A ku70A mutant background, HR
might still contribute to DSB repair in an rAp55A mutant.
DSB induction in an rhp5S5A rhp51A double mutant
resulted in a significantly elevated level of ade™ marker
loss (55%) following DSB induction (Figure 5D; Table II)
and negligible levels of gene conversion (Table II). These
results indicate that DSB repair in an rAp55A mutant
background was Rhp51 dependent. However, repair in an
rhp55A background was not associated with interchromo-
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Fig. 6. Analysis of site-specific DSB induction in ku70A mutants.
(A) Graph of percentage marker loss in ku70A (TH932) grown under
the conditions indicated. (B) Left panel: PFGE analysis of chromo-
somal DNA from two representative ade* G418 colonies obtained fol-
lowing DSB induction in ku70A (TH932; lanes 2 and 3). Chromosomal
DNA from TH805 (which lacks pREP81X-HO) is shown as a control
(lane 1). Sizes and chromosomal bands are indicated. Right panel:
Southern blot of the gel in the left panel probed with rad2].
(C) Quantitation of the Southern blot above indicating the ratio of the
rad21:leul signal for the bands indicated. (D) Graph of percentage
marker loss in ku70A rhp51A (TH987), grown under the conditions
indicated.

somal gene conversion, as determined by G418R marker
loss in this context (Table II). Thus, an alternative Rhp51-
dependent DSB repair pathway, involving Ku70, appears
to be utilized in an rhp55A mutant background.

A role for NHEJ proteins in suppressing
chromosomal rearrangements

In a ku70A mutant, a high degree of DSB repair through
gene conversion (63%) was observed (Figure 6A; Table II).
Surprisingly, ade* marker loss was significantly reduced
to 4% in a ku70A background following DSB induction,
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compared with that of 20% in a wild-type strain
(Figures 4A and 6A; Table II; P = 0.00004 as determined
by Student’s #-test). ade* marker loss was associated with
minichromosome loss in this strain (Supplementary
figure D). The reduced DSB-dependent ade* marker loss
observed in the ku70A mutant suggested that the DSB was
repaired more efficiently in a ku70A background than in a
wild-type strain. Given the unusual nature of this result, we
considered the possibility that mis-repair might be asso-
ciated with minichromosome retention in a ku70A mutant
background following DSB induction. To test this possi-
bility, the integrity of the ‘repaired’ minichromosomes
from a number of individually selected adet G418S
colonies derived from the ku70A mutant following HO
expression was examined by PFGE. The three S.pombe
chromosomes and minichromosome Ch!®-MG were appar-
ent in DNA extracted from a wild-type control (Figure 6B,
lane 1). Similar chromosomal bands were seen in DNA
extracted from individual ade* G4185 colonies, derived
from the ku70A mutant following HO expression (repre-
sented in Figure 6B, lane 2). These results were consistent
with DSB repair through interchromosomal gene conver-
sion in these ku70A colonies. Surprisingly, an abnormal
chromosomal banding pattern was observed, which was
common to six out of 60 ade* G418% colonies derived
from the ku70A background following HO expression
(represented in Figure 6B, lane 3). In these colonies, the
ChIII (3.5 Mb) and Ch'® (500 kb) bands were absent, and
instead an intense band of ~2.0 Mb (ChXY) was observed
in addition to bands corresponding to Chl (5.7 Mb) and
ChII (4.6 Mb). Two chromosomal elements of ~2.0 Mb
would be expected if a crossover event had occurred
between ChIIl and Ch'® at or near to the DSB site
(Supplementary figure E). Quantitative Southern blot
analysis using rad21 as a probe revealed band ChXY to
encode rad2] and to be approximately twice the intensity
of ChIIl and Ch!®, consistent with this band being a
doublet (Figure 6B, right panel and C). Cells in which a
DSB-induced crossover had occurred between Ch! and
ChIII would still be expected to be ade*, as was observed.
Such chromosomal rearrangements were not observed in a
wild-type background, following analysis of 60 ade*
G4183 colonies.

A high degree of gene conversion was observed in a
ku70A background (Figure 6A; Table II) following
derepression of the HO-endonuclease. To determine
whether this repair was Rhp51 dependent, marker loss
was examined in a ku70A rhp51A double mutant. DSB-
induced gene conversion was abrogated effectively in this
strain (Figures 6D; Table II). These data indicate that DSB
repair in a ku70A mutant is Rhp51 dependent, and is
consistent with site-specific DSB repair occurring through
interchromosomal gene conversion in a ku70A mutant
background (Table II).

To determine whether DSB-induced chromosomal
rearrangements were common to other NHEJ mutants,
DSB repair was examined in a /ig4A mutant background.
DSB-induced ade* marker loss was significantly reduced
to 9% in a lig4A background, compared with that of 20%
in wild type (Figures 7A and 4A, respectively; Table II;
P =0.00012 as determined by Student’s ¢-test). However,
the level of DSB-induced ade* marker loss was not
significantly different from that observed in a ku70A
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Fig. 7. Analysis of site-specific DSB induction in [/ig4A mutants.
(A) Graph of percentage marker loss in lig4A (TH1216). (B) Left
panel: PFGE analysis of chromosomal DNA from three adet G418°
colonies obtained following DSB induction in lig4A (lanes 1-3).
Chromosomal DNA from TH805 (which lacks pREP81X-HO) is shown
as a control (lane 4). The S.pombe commercial markers are shown
(lane 5). Right panel: Southern blot of the gel in the left panel probed
with rad21.

background (Figures 7A and 6A, respectively; Table II;
P = 0.080 as determined by Student’s #-test). PFGE
analysis was used to determine whether mis-repair was
associated with minichromosome retention in a lig4A
mutant background. A common chromosomal rearrange-
ment pattern was identified in two out of 59 individually
selected ade* G418S colonies derived from lig4A mutants.
In these colonies, ChIIl and Ch!6-MG were absent and, in
contrast to the chromosomal rearrangements observed in a
ku70A background, two distinct chromosomal elements of
~2 Mb could be observed in a lig4A background. Southern
blot analysis revealed that these two new bands encode
rad21, and are therefore derived from ChIII and Ch!®-MG
(Figure 7B). This chromosomal profile is consistent with
loss of the Ch!6-MG distal arm during a DSB-induced
crossover event (Supplementary figure E).

The DNA integrity checkpoint is required for cell
cycle delay and efficient HR following site-specific
DSB induction

Cell cycle delay is a hallmark of checkpoint activation in
S.pombe and results in cells with an elongated phenotype.
We observed a reduction in the rate of cell division
following HO induction, whereas cell growth was rela-
tively unaffected, suggesting cells were undergoing a cell
cycle delay (Supplementary figure F). Consistent with this,
a significant number of elongated cells was found after 24 h
following site-specific DSB induction in wild-type cells
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Fig. 8. The DNA integrity checkpoint is required for cell cycle delay
and efficient HR. (A) Wild-type (+HO; TH844 and vector; TH1010)
and rad3A (+HO; TH877 and vector; TH876) were grown without thia-
mine for 24 h, formaldehyde fixed and DAPI stained. The scale bar rep-
resents 10 pm. (B and C) Graphs indicating the percentage of cells
exhibiting an elongated phenotype (>20 um) in the strains described
above grown without thiamine for the times indicated. See also
Table III. (D) Graph of percentage marker loss in rad3A (TH877),
grown under the conditions shown.

(Figure 8A and B; Table III). No elongated cells were
observed at the 0 and 16 h time points in the absence of
DSB induction or in any of the control samples grown with
a vector control plasmid (Figure 8B), indicating that the
cell cycle delay correlated with DSB production. In
contrast, no cell cycle delay was observed in a rad3A
checkpoint mutant background following DSB induction
(Figure 8A and C; Table III), indicating that the HO-
induced cell cycle delay was checkpoint dependent. A
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Table III. Percentage of cells exhibiting an elongated phenotype

Time Wild type rad3A
(h) % >20um % >20 um % >20 um % >20 um
+HO vector only +HO vector only
0 2.5 = 0.6 (959) 2.4 = 0.8 (966) 0.4 (505) 0.4 (565)
16 2.1 £ 0.6 (1072) 2.8 £ 0.8 (965) 3.3 (521) 1.8 (553)
24 7.1 £ 1.8 (1024) 1.8 £ 1.0 (1050) 0.5 (568) 0.4 (570)
30 18.7 = 2.5 (989) 2.9 £ 0.6 (995) 0.4 (528) 0.7 (544)
36 16.8 = 1.3 (1066) 1.7 £ 0.6 (975) 0.6 (540) 0.8 (516)
42 11.6 = 2.0 (1203) 1.2 = 0.7 (1050) 0.4 (527) 0.6 (531)
48 9.2 £ 0.8 (1167) 1.9 £ 0.5 (1001) 1.1 (550) 0.5 (565)

Values in parentheses indicate the total number of cells counted in three independent experiments.

significantly reduced level of DSB-induced gene conver-
sion was also observed in rad3A cells (29%) compared
with wild-type cells (64%; Figure 8D; Table II), thus
indicating a role for the DNA integrity checkpoint
in promoting HR-dependent interchromosomal gene
conversion.

Discussion

Site-specific DSB repair by interchromosomal

gene conversion

Site-specific DSB repair within the minichromosome
(Ch'%-MG) occurred predominantly through interchromo-
somal gene conversion using the homologous ChIII as a
repair template. Evidence to support this conclusion came
firstly from the finding that a high degree of G418R marker
loss was observed compared with that of ade* marker loss,
thus leading to a calculated 64% G418R marker loss
through HO-induced repair rather than Ch!®-MG loss
(Table II). Secondly, G418R marker loss correlated with
the appearance of Ch'-rad21 alleles of wild-type length,
in all G418S ade* cells tested. Thirdly, the repaired Ch!6-
rad2] allele was fully functional, as determined by its
ability to complement the temperature sensitivity of
rad21-KI. Since the only source of a functional rad2i1*
allele was on ChIIl, we conclude that this was used as a
repair template for the Ch!®-rad21::MATa-kanMX6 allele
in the ade* G4185 colonies following DSB induction.
Ch!6-MG was lost in 18% of the cells following HO
induction, suggesting that DSB repair had failed in these
cells. Three out of 27 ade~ G418 cells (2% of the total
population) still contained a minichromosome, and may
have resulted from long-tract gene conversion. Fourteen
percent of the population were either uncut by the HO-
endonuclease or the DSB was repaired accurately to
reform the MATa site.

The finding that gene conversion was the predominant
mechanism of DSB repair in this system is consistent with
HR being the principal mechanism of repair in yeast
(Pastink et al., 2001). In S.cerevisiae, the sister chromatid
is used more commonly as a template for Rad51-
dependent HR in haploid cells (Kadyk and Hartwell,
1992). In this study, both sister chromatids would be
expected to incur a DSB, and thus the rad2l* allele on
ChIIT would be used preferentially as a repair template.
However, if a single chromatid was cut, HR-dependent
repair could use the sister chromatid as a template.

Genetic determinants of interchromosomal

gene conversion

Genetic analysis of site-specific DSB repair identified a
requirement for the rhp51+, rad32+* and rad22A* HR genes
in efficient interchromosomal gene conversion. Strains in
which these genes were deleted exhibited significantly
increased levels of DSB-induced Ch!®-MG loss. The
degree of DSB-induced Ch'®-MG loss reflected the
relative sensitivity of these mutants to IR, with the highest
Ch!6-MG loss being observed in the rip51A background
(Tavassoli et al., 1995; Khasanov et al., 1999). We
identified radl6* to be required additionally for efficient
site-specific DSB repair. In contrast, the rad2*, radl3* and
radl5* NER genes were not required for HO-induced
DSB repair (our unpublished data). These findings
strongly resemble those of the radl6* homologue,
RADI, in S.cerevisiae (Fishman-Lobell and Haber, 1992;
Ivanov and Haber, 1995) and indicate a conserved role for
the Radl/Radl0 endonuclease in the removal of non-
homologous regions during HR. In this context, Rad16
may function in the removal of the heterologous MATa
and kanMX6 (G418R) sequences present within the
disrupted Ch'®-rad21 allele during interchromosomal
gene conversion.

Site-specific DSB repair in an rhp554 background

Our data identify an important role for Rhp55 in
interchromosomal gene conversion. However, alternative
site-specific DSB repair mechanisms were utilized effi-
ciently in an rhp55A background. This conclusion was
based firstly on the finding that, despite a significant
reduction in G418R marker loss, rhp55A cells retained
wild-type levels of ade* marker loss. Secondly, levels of
DSB-induced gene conversion were increased in an
rhp55A ku70A background. In the absence of Ku70, the
HR pathway was utilized to a greater extent, resulting in
increased levels of gene conversion in an Rhp55-inde-
pendent and Rhp51-dependent manner. Thirdly, the levels
of HO-dependent Ch'®-MG loss were reduced in an
rhpSIA rhp55A background, where 55% ade* marker
loss was observed, compared with that of 74% in an
rhp5SIA background, following HO derepression. This
finding is consistent with an elevated level of Rhp51-
independent DSB repair in an rhip55A background. These
data together suggest a greater role for the NHEJ pathway
in DSB repair in an rAp55A background, and are consistent
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Fig. 9. Model depicting competitive and cooperative relationships be-
tween components of the HR and NHEJ repair pathways in response to
a site-specific DSB in fission yeast. Rhp55 promotes efficient use of
HR in response to a site-specific DSB. In an rip55A background, DSB
repair involves both Ku70 and Rhp51, suggesting sequential use of
NHEJ and HR pathways (dotted line). In the absence of the NHEJ path-
way, elevated levels of RhpS51-dependent DSB repair are observed.
DSB repair is associated additionally with chromosomal rearrange-
ments in ku70A and lig4A mutants, indicating a potential role for the
NHEJ pathway in suppressing crossovers. See text for details.

with a competitive relationship between components of
the HR and NHEJ pathways (Figure 9).

Genetic analysis also indicated an important role for
Rhp51 in site-specific DSB repair, although interchromo-
somal gene conversion was only a minor repair mechan-
ism in an rhp55A background. To explain the roles of
Ku70 and Rhp51 in repair of a site-specific DSB in an
rhp55A background, we speculate that in the absence of
Rhp55, HR efficiency is compromised, thus favouring
DSB repair through the NHEJ pathway. Under circum-
stances in which both sister chromatids incur a DSB, e.g.
during the G, phase of the cell cycle, loss of Rhp55 may
result in repair of one of the sister chromatids through
NHEJ. This reannealed sister chromatid subsequently
could be utilized as a template for HR-dependent repair of
the second sister chromatid. Such a repair mechanism
would result in reduced levels of G418R marker loss, and
would explain the roles of both Ku70 and Rhp51 in site-
specific DSB repair in an rhp55A background. This model
predicts that the NHEJ and HR pathways may operate
sequentially to effect site-specific DSB repair (see
Figure 9).

As the DSB generated in an rhp55A background could
become a substrate for the NHEJ pathway, it follows that
the DSB was not processed irreversibly by HR. It is
therefore likely that Rhp55 functions at a very early step in
HR. Studies with S.cerevisiae Rad55 are consistent with
this conclusion (Hays et al., 1995; Fortin and Symington,
2002). However, our data do not exclude an additional role
for Rhp55 at a later stage in HR.

Site-specific DSB repair in NHEJ mutants

Levels of DSB-induced ade* marker loss were signifi-
cantly reduced in both ku70A and lig4A backgrounds,
compared with wild-type. DSB repair in the ku70A
background was shown additionally to be Rhp51
dependent. These results are consistent with disruption
of the NHEJ pathway resulting in increased levels of
homology-directed repair, although we note that gene
conversion levels were not increased in these back-
grounds. These results led us to speculate that the wild-
type efficiency of DSB repair may be compromised
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through competition between the NHEJ and HR pathways
(Figure 9). These results strongly resemble those observed
in both S.cerevisiae and mammalian cell studies, in which
homology-directed repair was enhanced in cells deficient
for NHEJ (Clikeman et al., 2001; Pierce et al., 2001b). The
increased repair efficiency associated with the NHEJ
mutants was associated with DSB-induced chromosomal
rearrangements observed in 10% of the ade* G4185 ku70A
and 3.4% of the ade* G418S lig4A colonies examined.
These findings identify an important role for components
of the NHEJ pathway in maintaining chromosomal
stability through suppression of DSB-induced chromo-
somal rearrangements in fission yeast. The simplest
explanation for these chromosomal rearrangements is
that interchromosomal gene conversion was accompanied
by crossing over between ChIIl and Ch!®-MG following
DSB induction in NHEJ mutants. This hypothesis is
supported by the following findings: (i) chromosomal
rearrangements were detected in ade* G418S colonies, and
thus were likely to have arisen through gene conversion;
(ii) chromosomal rearrangements could only be detected
between ChIII and its homologue, Ch'®-MG, in a DSB-
dependent manner, indicating that these rearrangements
were associated with homologous recombination and were
not random events; and (iii) chromosomal element sizes
were consistent with sizes predicted from crossover
events. We note that ChX and Y were clearly resolved
in a lig4A background compared with those obtained in a
ku70A background, indicating that additional events
presumably were associated with HR-induced crossovers
in this strain. Although the precise mechanisms of
chromosomal rearrangements await further analysis in
these mutants, it is possible that the distal arm of Ch!-MG
has been lost as a result of a failed ligation step following
DSB induction in the lig4A background.

As reduced levels of DSB-induced Ch!'6-MG loss and
appearance of novel chromosomal rearrangements appear
to be linked in both ku70A and lig4A backgrounds, this
suggests a role for the NHEJ pathway in maintaining
genome stability through a mechanism that functions at the
cost of overall repair efficiency. In this respect, the NHEJ
pathway might function to suppress DSB-induced cross-
overs (Figure 9). The finding that both Ku70 and Lig4
function to promote error-free HR indicates that
components of the NHEJ and HR pathways can function
cooperatively as well as competitively. These studies
therefore identify a complex relationship between the
NHEJ and HR pathways.

Importantly, these findings resemble those obtained in
mouse studies, in which chromosomal rearrangements,
including translocations, were associated with DSBs in
both Ku80~ p53~~ and Lig4”~ p537 mice, resulting in
pro-B cell lymphomas (Difilippantonio et al., 2000; Frank
et al., 2000). Further analysis of the role of NHEJ genes in
suppressing chromosomal rearrangements in fission yeast
is therefore likely to contribute to our understanding of
tumorigenesis.

The role of the DNA integrity checkpoint in
site-specific DSB repair

We demonstrated that induction of a site-specific DSB
generated a checkpoint-dependent cell cycle delay. The
Rad3 checkpoint protein was additionally shown to



Table IV. Schizosaccharomyces pombe strains used for this study

Strain Genotype

TH805 leul-32 ade6-M210 ura4-DI18 his3* Ch'®-MG h*

TH844 leul-32 ade6-M210 ura4-DI18 his3+ Ch'-MG h*
pREP81X-HO

TH871 rhp55::ura4* leul-32 ade6-M210 ura4-D18 his3*
Ch'6-MG h* pREP81X-HO

THS873 radl6::ura4* leul-32 ade6-M210 ura4-D18 Ch'>-MG

pREP81X-HO

TH876 rad3::urad* leul-32 ade6-M210 ura4-D18 Ch'®-MG
pREP81X

TH877 rad3::ura4* leul-32 ade6-M210 ura4-D18 Ch'®-MG
pREP81X-HO

THS895 rhpS1::ura4™ leul-32 ade6-M210 ura4-D18 his3*
Ch!'®-MG h* pREP81X-HO

TH906 rad22::ura4* leul-32 ade6-M210 ura4-DI18 Ch!'-MG
pREP81X-HO

TH932 ku70::ura4* leul-32 ade6-M210 ura4-D18 Ch'-MG
pREP81X-HO

TH987 rhpS1::ura4™ ku70::his3* leul-32 ade6-M210 ura4-DI18
his3-DI1 Ch'-MG pREP81X-HO

TH1009 rhp55::urad4* ku70::his3* leul-32 ade6-M210 ura4-DI18
his3-DI1 Ch'-MG pREP81X-HO

THI1010 leul-32 ade6-M210 ura4-DI8 his3* Ch'®-MG h*
pREP81X

TH1083 rad32::ura4* leul-32 ade6-M210 ura4-D18 Ch'>-MG
pREP81X-HO

TH1102 rhp55::ura4* rhp51::ura4* leul-32 ade6-M210 ura4-D18
his3-DI1 Ch'-MG pREP81X-HO

TH1017 rad21-K1 leul-32 ade6-M210 ura4-DI18 h~

THI216 lig4::ura4* leul-32 ade6-M210 ura4-D18 Ch'®-MG

pREP81X-HO

Ch'® represents ade6-M216, which is present on minichromosome 16
(Niwa et al., 1986). Ch!®-MG represents ade6-M216 rad21::MATa-
kanMX6, which is present on Ch'S. The rhp55::ura4* disruptant was
not the same strain as that previously described (Khasanov et al.,
1999). For strain construction details, see Supplementary data. Unless
otherwise indicated, all strains were maintained at 30°C.

facilitate efficient HR, as indicated by the significantly
reduced levels of DSB-induced gene conversion observed
in a rad3A mutant. These findings indicate a role for the
DNA integrity checkpoint in promoting HR in S.pombe,
consistent with other recent studies (Bashkirov et al.,
2000; Caspari et al., 2002; Osman et al., 2002). The ability
to generate a checkpoint response through production of a
defined lesion provides a means to study the ordered
association of checkpoint proteins with the lesion, and also
the possibility of identifying a direct role for checkpoint
proteins in DSB repair. It is anticipated that further
application and development of this technology will
provide insights into the relationship between checkpoint,
repair and other pathways in the cellular responses to
DSBs in fission yeast, and will thus contribute to our
understanding of how these conserved pathways are
coordinated in eukaryotes.

Materials and methods

Yeast strains, media and genetic methods

The strains used in this study are listed in Table I'V. Cells were cultured in
complete media (YESS), synthetic minimal media (EMM?2) and
sporulation (ME) media, as described in Moreno et al. (1991).
pACYCREPS81X-HO (termed pREP81X-HO in this study) is a multicopy
plasmid, which contained the HO-endonuclease under the control of the
rep81X nmt promoter (Osman et al., 1996). Thiamine (8 uM) was added
to EMM2 to repress the nmt promoter (Maundrell, 1990). The
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construction of Ch!6-rad21::MATa-kanMX6 is described in the
Supplementary data.

Analysis of site-specific DSB responses

Strains transformed with pREP81X-HO were maintained on EMM + UHT,
prior to performing the time courses, to select for Ch'®-MG and the
pREP81X-HO plasmid. The time course was initiated by washing cells
twice in phosphate-buffered saline (PBS), followed by culturing in log
phase, for up to 48 h, in either EMM + AUHT or EMM + AUH media to
maintain plasmid selection but permit Ch'®-MG loss. To perform the
genetic DSB repair assay, cells were plated onto non-selective (YESS)
plates, incubated at 30°C and the total numbers of colonies calculated.
Colonies were replica-plated onto YES5S + G418 (500 mg/I geneticin) and
ade— (EMM + UHLT) plates, to calculate the percentage of the population
that had become G418% or ade-, respectively. Cell viability was
determined through spotting serial dilutions of cultures onto
EMM + UHAT or EMM + UHA plates, incubating at 30°C and
determining colony-forming ability. Southern blot analysis and PFGE
conditions are described in the Supplementary data.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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