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ABSTRACT

Recombinational repair provides accurate chromo-
somal restitution after double-strand break (DSB) in-
duction. While all DSB recombination repair models
include 5’-3' resection, there are no studies that di-
rectly assess the resection needed for repair between
sister chromatids in G-2 arrested cells of random,
radiation-induced ‘dirty’ DSBs. Using our Pulse Field
Gel Electrophoresis-shift approach, we determined
resection at IR-DSBs in WT and mutants lacking ex-
onucleasel or Sgs1 helicase. Lack of either reduced
resection length by half, without decreased DSB re-
pair or survival. In the exo1A sgs1A double mutant,
resection was barely detectable, yet it only took an
additional hour to achieve a level of repair compara-
ble to WT and there was only a 2-fold dose-modifying
effect on survival. Results with a Dnl4 deletion strain
showed that remaining repair was not due to end-
joining. Thus, similar to what has been shown for a
single, clean HO-induced DSB, a severe reduction in
resection tract length has only a modest effect on re-
pair of multiple, dirty DSBs in G2-arrested cells. Sig-
nificantly, this study provides the first opportunity to
directly relate resection length at DSBs to the capa-
bility for global recombination repair between sister
chromatids.

INTRODUCTION

The ability to repair DNA double-strand breaks (DSBs)
is a common requirement among all double-strand DNA
containing organisms. That said, DSBs arise in many ways.
They can be created directly by enzymes, during replica-
tion (i.e. fork-collapse) and in response to DNA damaging
agents through closely-spaced single-strand breaks, or de-
rived from overlapping processing of nearby single-strand
lesions, as well as creation of breaks in single-strand regions.

The ends could be complex or ‘dirty’ as described for radi-
ation damage (1,2) and might even be protein linked. There
can be dramatic differences in the impact and processing
of various types of DSBs. Even for enzymatically induced
DSBs, blunt end breaks are far more lethal than breaks with
overlapping complementary ends (3).

There are two general mechanisms for repair of DSBs,
one involving recombination to restore accurately the ge-
netic information in the broken region and the other con-
sisting of error-prone endjoining that may involve micro-
homology associations between the broken ends. Resection
of the ends is generally acknowledged to be a crucial deter-
mining factor in the choice between the two mechanisms of
repair (4,5). In the first (6) and all subsequent models of re-
combinational repair ((7) and summarized in (8)), the initial
processing step involves a 5’ to 3’ excision process that ex-
poses a 3’ single-strand end. Through interactions with var-
ious recombination proteins, the 3’ end is then available for
strand invasion (or in some cases complementary strand-
annealing between resected repeats) followed by a series of
events that complete the error-free repair process. In hu-
man cells, choices between recombinational repair and end-
joining are determined by the opportunities for resection
as mediated by 53BP1 and BRCA1 (summarized in (9)) as
well as Rifl (10). Previously, using the pulsed-field gel elec-
trophoresis (PFGE) shift assay, we found that there was lit-
tle resection of ionizing radiation (IR) induced DSBs in hu-
man cells (11).

While resection is generally acknowledged to play a
key role in DSB recombinational repair, there have been
no studies that directly assess the relationship between
amount of resection at so-called dirty DSBs and repair ef-
ficiency. The only information that is available has been
acquired by characterizing unique enzyme-induced ‘clean’
DSBs (such as by HO endonuclease or IScel endonucle-
ase; summarized in (12)). Resection at clean DSBs has been
described as a two-step process where the roles of MRX
(Mrell/Rad50/Xrs2 in budding yeast; MRN in mam-
malian cells) and Sae2 (CtIP) are limited to an initial short
resection step (<50-100 bases) followed by extensive re-
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section carried out by Exol and/or the combination of
Sgs1/Dna2 which can span thousands of bases (13,14). In
the absence of MRX or Sae2, Exol or Sgsl/Dna2 can ini-
tiate resection, although less efficiently.

We have been especially interested in resection and re-
pair of DSBs produced by IR, a common source of envi-
ronmental DSBs and one of the most common agents used
in cancer treatments. There has been a large void of in-
formation connecting the role of various gene products in
resecting damaged DNA, their effects on DSB repair and
the consequences for cellular survival. Given that the IR-
induced DSBs (herein referred to as IR-DSBs) are produced
randomly throughout a genome, we developed a novel ap-
proach for quantitating resection and relating it to efficiency
of DSB repair in budding yeast. Ours is a natural substrate
repair system where DSBs are randomly induced in sister
chromatids of G2-arrested cells. At any break site there
would most likely be an unbroken homolog from which to
repair, unlike the situation with enzyme-induced DSBs that
cut sister chromatids at the same position, thereby prevent-
ing recombinational repair between the chromatids.

Briefly, we have employed circular ChrIIl and PFGE
to monitor resection at a randomly appearing, radiation-
induced single DSB in the circular chromosome (15,16). (A
diagram of the resection assay is presented in Supplemen-
tary Figure S1.) Intact circular molecules are retained in the
starting well. At low doses, molecules that experience a sin-
gle DSB (regardless of position in the chromosome) would
migrate as a population of linear DNAs of unique size and,
therefore, would be detectable as a single band, as initially
described by Game et al. (17). With increased dose, multiple
breaks would result in a distribution of linear molecules that
run faster than the full length, single DSB band. We found
that with time after irradiation of G2 cells, when recombina-
tional repair occurs preferentially between sister chromatids
even in diploid cells (18), the singly broken molecules ex-
hibited slower mobilities. This phenomenon, which we had
referred to as PFGE-shift, was due to resection at the ends
of the molecules (described further in the Results; see (15)
for possible reasons). Resection occurred at the rate of ap-
proximately 1-2 kb per hour at each end and nearly 50% of
the IR-DSBs across the genome were repaired within a half-
hour based on increases in the amounts of restored chro-
mosomes. The PFGE-shift was also used to quantify the
appearance of derived DSBs following treatment with the
single-strand damaging agent methylmethane sulfonate and
subsequent resection (19). In addition, we demonstrated for
the first time, the induction by IR-DSBs of molecular re-
combinants between sister chromatids as evidenced by the
creation of linear dimer molecules ((15), which also includes
a description of how the recombinants may have formed).
These dimers were also subject to resection.

Using the PFGE-shift assay, we found (20) that there was
coincident initiation of resection at both ends of a DSB,
which we proposed was due to a coordination of resec-
tion between the ends. The coordination at IR-DSBs re-
quired Sae2 in budding yeast (Ctp1 fission yeast; CtIP mam-
malian), the Mrell/Rad50/Xrs2 complex (MRX budding
yeast; MRN mammalian) and specifically the Mrel1 nucle-
ase. In the absence of Sae2 or Mrell nuclease, there was
limited resection as indicated by partial PFGE-shift, which

was proposed to be due to uncoordinated resection at only
one end of an IR-DSB. In that study, we found that neither
Sae2 nor Mrell nuclease are required for efficient resec-
tion of ‘clean’ enzymatic DSBs while they were essential for
radiation-induced ‘dirty’ DSBs. These findings provided the
first clear distinction between resection requirements and
repair of different kinds of DSBs.

Several studies have addressed the impact of altering re-
ducing resection length at a single, clean DSB on various
types of recombination (cf., (14,21,22)). A substantial re-
duction in length of resection had a modest effect on re-
combination. Since both chromatids would be cut in these
systems, it would not be possible to address sister chromatid
recombination. However, a plasmid-based system has been
developed to address sister chromatid repair of a DSB aris-
ing during replication (TINV assay; (23)). A partial HO
recognition site was created at which an HO endonuclease
can create a single-strand nick. During replication this con-
verts to a DSB such that the uncut sister chromatid is avail-
able for recombinational repair leading to equal (allelic) or
unequal (between repeats) sister chromatid exchange on the
plasmid. Equal exchange events (as would be expected be-
tween chromosomal sister chromatids) were 3-fold greater
than unequal. While these experiments are highly informa-
tive, little is known about the impact of reduced resection on
recombinational repair between sister chromatids following
the induction of multiple dirty DSBs. This is particularly
relevant given our previous findings of differences in pro-
cessing clean versus dirty breaks (20).

Therefore, we set out to modify the levels of resection at
IR-DSBs and assess the consequences on their repair by re-
combination and possibly endjoining, as well as the gener-
ation of recombinant molecules as measured by dimer for-
mation. Previously, MRX had been shown to play a role at
initiating resection at a defined DSB, followed by further ex-
tensive resection by exonuclease 1 (Exol) or the Sgs1/Dna2
helicase/nuclease combination (24). Loss of the nucleases
reduced resection of the single clean break resulting in re-
duced repair by single-strand annealing of a single clean
break placed between direct repeats (14,25). Here, we show
that a lack of either Exol or Sgs1/Dna2 reduces the rate of
resection at IR-DSBs by half, with little if any consequences
to DSB repair. The combined loss of Exol and Sgs1/Dna2
results in barely detectable levels of resection of IR-DSBs.
Yet, there is only a relatively small reduction in the rate of
DSB repair or survival, suggesting that in WT cells there
is far more resection than is needed for repair or genera-
tion of recombinant dimer molecules. Crucially, we demon-
strate that the low-resection repair is due to recombination
and not endjoining. Our results raise an intriguing possi-
bility that recombinational repair of DSBs in yeast and in
vertebrates might be more similar mechanistically than pre-
viously realized.

MATERIALS AND METHODS
Strains

The strains used in this study, described in Supplemen-
tary Table S1, are haploid and contain a circular ChrlII
derived from MWJ49 and MWIJS50 (26). All gene dele-
tions were made by replacing the relevant ORFs with the



dominant selectable marker cassettes G418 (kanM X4), hy-
gromycin (hphMX4) or nourseothricin (natMX4), as de-
scribed in (27). The mrel 1-null construct used in this study
was made by replacement of 485 bp of the MREII locus
(starting at 215 bases upstream of the start codon) by the
KanMX-URA3 core cassette (28) as described in (20).

Nocodazole arrest, gamma irradiation and post-IR incuba-
tion

Yeast cells were cultured overnight at 30°C in YPDA me-
dia (1% yeast extract, 2% Bacto-Peptone, 2% dextrose, 60
prg/ml adenine sulfate). Nocodazole (United States Biolog-
ical, Swampscott, MA, USA) was added to the logarithmi-
cally growing cells the next morning at a final concentration
of 20 micrograms/ml to arrest cells in G2. Cell morphology
was checked microscopically to monitor G2 arrest. After 3
to 4 h of nocodazole treatment, the cells were harvested by
centrifugation, the pellets were washed and resuspended in
ice-cold sterile water at ~5 x 107 cells/ml. Cells were irradi-
ate in a '¥’Cs irradiator (J. L. Shepherd Model 431); the cell
suspensions were kept on ice during the irradiation proce-
dure. The irradiated cells were centrifuged and resuspended
in 30°C YPDA containing 20 pg/ml nocodazole for postir-
radiation incubation.

PFGE procedures

Plugs for PFGE were prepared as described previously (15).
PFGE was carried out using a CHEF Mapper XA system
(Bio-Rad, Hercules, CA, USA), which was programmed in
autoalgorithm mode, 250-1400 kb, 24 h total run time, us-
ing % X TBE (44.5 mM Tris, 44.5 mM boric acid, 2 mM
EDTA) as running buffer. Gels were stained in Sybr® Gold
(Invitrogen) and images were photographed and analyzed
for quantitation of DSBs using a Kodak GelLogic 200 dig-
ital imaging system.

Southern transfer hybridization

Procedures for Southern transfers, preparation of probes,
32P labeling and hybridization were previously described
(26).

Quantitation of DSBs

The estimations of DSBs in Figures 3D and 4C were car-
ried out using the previously described ‘stained gel, multiple
band method’ (15), except that in the present study, the data
are presented as% DSBs repaired rather than% DSBs re-
maining. Briefly, PFGE gels were stained with Sybr®Gold
and multiple bands that were well-separated were quanti-
tated from each lane and related to corresponding bands in
unirradiated control lanes using a Poisson formula to cal-
culate the average number of DSBs per Mb for each sam-
ple lane. This method does not require a loading control to
compensate for differences in amount of DNA loaded per
lane as discussed in (15).
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Figure 1. IR-survival in cells lacking extensive resection (exol Asgsl A) is
high relative to that in rad51A or mrell-null cells. G2/M nocadazole-
arrested cells were irradiated in ice-cold deionized water and appropriate
dilutions were plated to YPDA and cells were incubated at 30°C for at least
3 days before counting colonies. Error bars are SEM and all data sets are
averages of at least three experiments, except for exol A, sgsl A, rad51 A and
exol A, sgsl A, dnl4 A, triple mutants, where there were two experiments. In
many cases, the error bars are smaller than the symbols. Key to symbols
(in order of increasing IR sensitivity): WT, closed circle; exol A, closed
triangle; sgs/ A, closed, inverted triangle; exol A sgsl A dnl4 A, open dia-
mond; exol A sgsl A, closed square; mrel I-null, open circle; sgsl A mrel I-
null, gray, inverted triangle; exol A mrel I1-null, gray triangle; rad51 A, open,
inverted triangle; exol A sgsl A rad51 A, open, inverted square.

RESULTS
Impact of resection deficiency on survival following IR

Unlike DSBs induced by enzymes such as HO or I-Scel,
breaks produced by IR and various carcinogens typically
have dirty ends that may affect their ability to be processed
and repaired, which might impact survival. We have ad-
dressed the roles of Exol and Sgsl/Dna2 on the ability
of haploid G-2 cells to survive IR. Cells at this stage are
maximally resistant to IR due to availability of sister chro-
matids as recombination partners. As shown in Figure 1, the
wild type (WT) G2 cells exhibit nearly 20% survival follow-
ing exposure to 80 krad, corresponding to ~160 DSBs per
haploid G2 cell (based on DSB induction estimates from
(15,29)). Since the survival appears comparable to or only
slightly reduced in the exol A and the sgs/ A mutants, but
clearly decreased in the double-mutants, they may have re-
dundant functions, in accord with studies on resection of
HO-induced DSBs (13,14). However, even for the double
mutant there is only a dose-modify factor of 2 compared to
WT (this factor, DMF, is the fold increase in dose required
to obtain equivalent killing). Thus, the effect of the loss of
both DNA resection factors on IR survival is small, espe-
cially as compared to rad51 A or mrel I-null cells, which are
severely deficient in DSB recombinational repair.

Loss of either Exol or Sgs1 reduces resection at IR-DSBs but
not DSB repair

Based on our findings that exol A and sgs! A G-2 cells, like
the WT, could tolerate comparable amounts of IR-DSBs
and a combined exol A sgsi A defect has only a modest ef-
fect on survival of haploid G-2 cells, we examined the effects
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Figure 2. Processive resection is slower in the absence of either Exol or Sgsl, but efficient repair reduces detection of PFGE shifted molecules after 1 h.
G2/M-arrested cells were irradiated at 20 krads and returned to liquid YPDA to monitor resection/PFGE-shift and DSB repair. ‘m’ indicates the position
of the linearized circular ChrIII monomer before resection and the m** corresponding to PFGE-shift indicates the final shifted position of linearized
monomer after extensive resection at both ends of the DSB during 4 h of post-IR incubation in YPDA at 30°C. Likewise, ‘d” and ‘d**’ indicate the
positions of recombinant unresected and resected dimers that appear during the postirradiation incubation. The kinetics of resection/PFGE-shift appear
reduced in both of the single mutants, but PEFGE- shift at later time points was difficult to detect as most linearized molecules recircularized due to DSB

repair.

of the mutants on resection of random IR-DSBs. Previous
results addressing resection from a ‘clean’ HO-induced DSB
in exol A and sgsl A single mutants have varied with little
apparent difference between the mutants (30) to nearly 1/2
in an exol A strain (31), to as little as ~1/4 in an sgs/ A mu-
tant (14,25) along with a much greater decrease in repair
by single-strand annealing of a DSB between flanking re-
peats. Most resection at a clean DSB was ascribed to Exol
and Sgs1/Dna2 since there was almost no resection in the
sgsl A exol A double mutant.

Here, using the PFGE-shift approach, we examined the
impact of the exol A and sgs/ A mutants on resection at a
single random ‘dirty’ DSB created in circular ChrIII within
a cellular milieu with many IR-DSBs across the genome. A
break in the circular chromosome results in a unit length
molecule. PFGE-shift can be detected with 15 min of ra-
diation, which corresponds to resection of ~200-400 nu-
cleotides based on estimates from Westmoreland ez al. (15).
As shown in Figure 2, within 30 min following a dose of
20 krad, which produces around 40 DSBs per G2-cell, the
length of resection in the single mutants appeared less than
that of the WT cells. The disappearance of the linearized
(broken) circle at later times due to repair/recircularization
hindered further characterization. In order to prevent re-
pair of the linearized /broken circles, we examined effects of
Exol and Sgsl on resection in a rad51 A background. This
approach allowed continued monitoring of resection up to
4 h after IR (Supplementary Figure S2 portrays enhanced
detection of PFGE shift in rad51 A at later times.) As de-
scribed in Figure 3A, the resection in the double mutants
was considerably reduced when compared with the rad51 A
single mutants at 20 krad.

In order to compare the relative effects of the exol A and
sgsl A deficiencies more precisely, the resection in each mu-
tant following a 20 krad exposure was examined at identical
times in adjacent lanes. As shown in Figure 3B, resection at
IR-DSBs was clearly detected at 30 min, but was reduced

by deletion of the EXOI or the SGSI genes. Based on our
previous estimation of 1-2 kb per hour (15), the amount of
resection after 30 min at the IR-DSB in the circular chro-
mosome was about 500-1000 bases in the rad5!/ A mutant.
It appears that resection for either double mutant was about
half the rate of that in the rad51 A alone, based on the time
required for comparable PFGE shifts.

Although the rate of resection in each of the double mu-
tants (exol A rad51 A and sgsl A rad51A) is reduced com-
pared to rad51 A, there is rapid and comparable initiation of
resection for both the mutants and the WT based on the loss
of unresected linear molecules and the increased amount of
PFGE-shifted DNAs at 30 min and 1 h. This pattern of
PFGE-shift, where there is a single m** band that moves
up the gel with time of incubation, indicates that resection
is coordinated, unlike what is found for an mrel I-null mu-
tant, described in Figure 3C and in Westmoreland ez al.
(20), where there are only partially shifted molecules (m*) at
early times indicative of one end resection and only a limited
amount of fully shifted molecules (m**) at later times. (Re-
section is also coordinated in rad51 A and rad52 A mutants.)
While there was a small reduction in resection in the exol A
and sgs! A cells, there was little if any effect on the kinetics of
repair of multiple DSBs, as shown in Figure 3D. (Chromo-
somal repair was determined using the ‘stained gel, multiple
band method’ described in (15) and here in the Materials
and Methods.)

Previously, we had shown that in the absence of Mrell,
initiation of resection at IR-DSB ends is severely reduced
and mostly one-ended. While there is substantial resection
in the exol A and the sgs/ A mutants, the limited resection
at an IR-DSB in cells deficient in Mrell is primarily due
to Exol (Figure 3C). Comparable results are found in Sup-
plementary Figure S3a and for the rad50A versus rad50A
exol A strains in Supplementary Figure S3b). This more se-
vere defect in resection in the exol A mrel 1 A double mutant
has little or no effect on IR survival (Figure 1).
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Figure 3. In absence of either Exol or Sgsl, the resection rate is reduced ~50% while DSB repair kinetics in the single mutants is comparable to WT.
(A) In the absence of Rad51, resection as indicated by PFGE-shift can be monitored during the entire post-IR incubation. The absence of either Exol or
Sgs1 reduces the resection rate. (B) In this alternate gel loading format, side-by-side comparison of the three strains at each time point shows that Exol
contributes more than Sgsl to extensive resection in the first 30 min after 20 krads; however, by 1 h, the exol A rad51 A and sgsl A rad51 A double mutant
strains have almost equal PFGE-shift. The effects of Exol and Sgsl appear to be additive, not synergistic, because the amount of shift in either double
mutant at 1 h is similar to that of the rad51 A single mutant at 0.5 h, and the amount at 2 h for the double mutants is comparable to the rad51 A strain at 1 h.
The overall rate of extensive resection in each of the double mutants is concluded to be about half that of the fully resection-proficient rad51 A strain. (C) In
the absence of MRX complex, most of the residual initiation of resection is carried out by Exol. The PFGE-shift position of linearized ChrIII molecules
resected at only one DSB end is indicated by ‘m*.” (D) In spite of the ~50% reduction in the rate of resection, loss of either Exol or Sgsl has little or no
effect on the DSB repair rate. Error bars are SEM and each data set is the mean of three experiments.
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In exol A sgsI A cells resection, but not recombinational re-
pair, of IR-DSBs is greatly reduced

As described in Figure 4A, nearly all resection at an IR-
DSB up to 4 h following a dose of 20 or 80 krad is due to
the combination of Exol and SGS1/Dna2 based on PFGE
shift analysis. This is consistent with reports that there is
only a small amount of resection in exol A sgsl A mutants
at a single clean DSB and this is mediated by MRX and
Sae2 (also using Southern analysis) (14,13). We found that
there was no detectable PFGE-shift of the IR broken chro-
mosome from the exol A sgsl A strain when examined by
Southern analysis. However, a small PFGE-shift could be
detected on the original SybrGold-stained gels. As shown in
Figure 4B, the band position of unbroken ChrVI molecules
was visible just below the linearized ChrllI band and could
be used as a reference for unresected/nonshifting DNA.
During the time course, the position of the linearized ChrIII
slowly shifted, reaching an apparent size increase of ~20 kb
at 4 h after 80 krads as described in Figure 4C. Importantly,
at this level of detection nearly all the linearized molecules
are shifted suggesting that all broken ends are subject to
resection, albeit at a low rate. (See Supplementary Figure
S4 for an additional example of this result.) Based on our
previous estimates (15) and information in Figure 4C, the
~20 kb pulse-field shift at 4 h corresponds to nearly 200—
400 bases of resection at each end of the broken molecules.
This amount of resection is around 10- to 20-fold less than
for IR-DSBs in Exol Sgs1 proficient cells (i.e. cells with just
a rad51 A mutation).

Given the small amount of resection, we investigated its
effect on the repair of IR-DSBs across the genome after ex-
posing the G2 cells to 20 or 80 krad. As depicted in Figure
4D, after a dose of 20 krad, ~30-40% and 60% of the DSBs
were repaired at 1 and 2 h, respectively, in the exol A sgsi A
strain, as compared with >80% repair in the WT cells (the
less than 100% is in part due to some cells in the population
being in G1). Following a dose of 80 krad, where repair was
~40% and 80% in the WT cells at 1 and 2 h, the correspond-
ing values for the exol A sgsl A strain are ~20% and ~55%,
even though resection per end is estimated to be <100 bases
and <200 bases at these times compared to 10- to 20-fold
more resection in the Exo*Sgsl1™ cells. Thus, the greatly re-
duced resection length in the exol A sgsl A strain has only
a modest effect on recombinational repair. This result for
many IR-DSBs in G2 cells is comparable to previous stud-
ies examining the fate of a single HO-endonuclease induced
DSB.

While the predominant mode of DSB repair in G2 cells
is through recombination between sister chromatids, bro-
ken chromosomes could potentially be repaired by de novo
telomere addition. Previously, telomere addition was shown
to be a significant pathway for repair of HO-induced DSBs
in the absence of Sgs1 and Exol. (22,21). However, in these
model systems there was no unbroken sister chromatid
available for recombinational repair. In our system, repair
of random IR-DSBs in the circular ChrllI by de novo telom-
ere addition would be expected to result in stable, linearized
chromosomes for those DSBs that occur at any position that
is not within or near essential DNA. To address whether de
novo telomere repair is a major repair pathway following IR

in G2 arrested exol A sgsl A cells, we examined 25 survivor
colonies arising after 40 krad and 15 after 80 krad (corre-
sponding to an estimated total of 80 DSBs among the 40
pairs of ChrlIl chromatids) using PFGE analysis. Among
the 40 colonies, there were no linear ChrlIl molecules (an
example of 10 colonies is presented in Supplementary Fig-
ure S5). The absence of stable linear ChrlIII molecules, along
with the result in Figure 4D that ~70% to 80% of genome
wide DSBs were conservatively repaired (i.e. the repair path-
way(s) that were utilized gave rise to full-length, reconsti-
tuted chromosomes) during the 4 h time course, suggests
that de novo telomere addition is not a major repair path-
way for IR-DSBs in G2-arrested exol A sgsiA cells. This
is likely due to the availability of and preference for sister
chromatid recombination in G2 arrested cells.

The lack of resection does not prevent crossing-over between
ChrlIII sister chromatids

We also examined the generation of recombinant ChrlII
molecules. Previously, we found (15) that within 30 to 60
min. after IR exposure, the broken ChrlIIl chromosomes
could generate dimer length molecules that were dependent
upon Rad52, as also presented here in Figure 2 (d and d**
after resection of the dimer). The resected and unresected
dimer molecules that were attributed to crossing-over be-
tween sister chromatids (15) were also detected in the exol A
and sgs/ A cells, similar to the WT. Importantly, we found
that recombinants could be generated even in the absence
of both genes. As shown in Figure 4A, there is a large in-
crease in the amount of ChrlIl dimers by 60 min after ex-
posing the exol A sgsl A cells to 80 krad. However, as for
the case of linearized ChrllII unit length molecules, there is
no detectable PFGE-shift. Since generation of the dimers
depends on Rad51, these results are a direct demonstration
that very little resection is required either for the recombi-
national repair of IR-DSBs between sister chromatids or for
the generation of recombinant dimers.

DISCUSSION

There are two broad categories of DSB repair (in eukary-
otes): endjoining and recombination. Recombinational re-
pair includes conservative exchanges between sister chro-
matids or homologous chromosomes, such as gene conver-
sion and crossing over, as well as nonconservative strand-
annealing and break-induced replication (BIR, reviewed in
(32,33)). As suggested for yeast and for mammalian cells
(discussed in the Introduction), the processing of the ends
can determine pathways toward endjoining versus recom-
bination. In the absence of resection, repair is channeled
toward the former, and resection provides substrate for re-
combinational repair as well as reduces possibilities for end-
joining. The nature of the ends can be important determi-
nants in opportunities for resection and recombination, and
damaged ends need to be processed. In yeast, MRX- and
Sae2-dependent resection of IR-damaged ends is highly effi-
cient, and removal of the damage is likely an intrinsic aspect
of the mechanism of the initiation step of resection (34).
Specific enzymes such as tyrosyl-DNA phosphodiesterases
1 and 2 (TDPI1 and TDP2), polynucleotide kinase phos-
phatase (PNK), aprataxin and the apurinic endonucleases
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exol A sgsl A rad51 A is barely detectable on Southerns using a ChrllI specific probe. In the exol A sgsl A double mutant, dimer formation ‘d’ indicates that
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CHEEF gels. The initial position of the broken Chr III is indicated by the dotted black arrow. With time, the distance between the Chrl/VI band and the
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cells corresponds to a rate of resection of 0.25-0.5 kb per end at 15 min after 80 krad (0.5 to 1 kb per end at 30 min (15)). (D) Although DSB repair in
exol A sgsl A is delayed compared to WT (it takes two to three times as long to repair the first ~40 to 50% of DSBs), by 4 h following 20 or 80 krads the
repair of DSBs in exol A sgsl A approaches that of WT, with 70 to 80% DSB repair in exol A sgsl A versus ~90% in WT cells. (20)
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APEI1 and APE2 can process damaged ends to prepare the
DNA for repair (35,36).

Several factors have now been ascribed to determining
the level and the rate of resection at clean DSB ends as well
as the coordination. Previously, we showed a marked differ-
ence in processing clean versus dirty ends where Sae2 and
Mrell nuclease were required for efficient initiation and
coordination of resection between IR-DSB ends, but not
the ends of clean DSBs (20). The combination of Sae2 and
MRX provides tethering opportunities for interactions be-
tween DSB ends. Sae2 appears to facilitate Mrel 1 nuclease
positioning approximately 20 bases distant from the ends
(37). The Ctpl homolog from fission yeast has recently been
shown to bridge ends of broken molecules (38). While Sae2
influences resection at DSB ends and coordination of re-
section at IR-DSBs, it does not appear to affect tethering
based on results with unique probes near each end (39,40),
although results with a single common probe suggest there
may be a role in tethering (25,41). Once resection begins and
RPA has coated the ssDNA, Rad52 and Rad51 provide for
development of recombinational filaments. Also, Rad9 was
recently found to not only attenuate extensive resection but
also to enhance opportunities to load proteins associated
with recombination (25).

Here, we establish in a population of ChrIII molecules
with a single IR-DSB that extensive resection can be ac-
complished by either Exol or Sgs1/DNA2 alone, although
the rate appears reduced by approximately half compared
to WT suggesting that they act independently. However,
global DSB repair in the single exol/ A and sgs/ A mutants
is comparable to that in the WT, suggesting that even a
2-fold reduction in resection is tolerated well. This result
with the sgs/ A mutant differs from that of (42), who ex-
amined repair of a replication-associated DSB in a plas-
mid. They found that the rate of sister chromatid repair for
replication derived DSBs in the plasmid based TINV sys-
tem ((23) and see Introduction) was reduced by 50% com-
pared to WT. Among the factors that might contribute to
this difference are chromosomal versus plasmid location of
the DSB, G2 versus replication-associated DSB and many
radiation-induced DSBs versus a single DSB during replica-
tion. Also the systems are markedly different in their ability
to detect recombinational repair. DSB repair in our system
using PFGE is measured by the restoration of full-length
linear chromosomes. This includes allelic gene conversion
and crossing over. In the plasmid based system, which reg-
isters recombination between allelic or nonallelic repeats,
allelic gene conversion is not detected even though this is
likely the major source of repair between chromosomal sis-
ter chromatids.

In the absence of MRX, Exol has a greater role in resec-
tion at dirty DSBs than Sgs1/DNA2 (Figure 3C and Sup-
plementary Figure S2). In the absence of both Exol and
Sgsl, resection is extremely slow with a rate corresponding
at most to just a few bases per minute. The remaining re-
section at the IR-DSBs is likely due to MR X and Sae?2 (20).
Regardless, we observed considerable repair in the exol A
sgsl A strain, where it only took an additional hour over
the WT or the single mutants to repair ~50% of the DSBs
across the genome. While survival was decreased it was still
much higher than for mrellA or rad51 A mutants. Since

there was no difference in survival between G-2 irradiated
exol A sgsl A and exol A sgsl A dnl4 cells, we conclude that
the repair under conditions of little resection is not due to
endjoining.

These findings lead us to conclude that recombinational
repair of multiple IR-DSBs can occur without extensive re-
section, i.e. without Exol and Sgsl/Dna2. This result is
consistent with the impact of the exol A sgsl A defect on sis-
ter chromatid repair of the TINV plasmid based replication-
associated DSB (42), although there was no direct measure-
ment of resection and the repair products detected (non-
allelic recombinant molecules) differed from those in the
present system (restitution of full length chromosomes).
Furthermore, we provide the first direct molecular demon-
stration that there is at most a need for only limited resection
in the induction of recombined sister chromatid molecules
by IR-DSBs, based on the appearance of ChrlIl dimers
within 1 h after irradiation (Figure 4A) in spite of a se-
vere reduction in resection length. Earlier studies address-
ing heteroallelic recombination with a defined DSB also in-
dicated that extensive resection might not be needed. Al-
though several kb of resection were suggested based on pref-
erential recombination at sites distant from the break (43),
strand invasion DNA synthesis associated with Mat switch-
ing and product formation could be observed as early as 60
min following HO-break induction (44,45). Furthermore,
it was reported that a four-fold reduction in resection rate
due to loss of the FUN30 chromatin remodeling gene does
not decrease gene conversion induced by a site-specific DSB
(30,46). Based on analysis of DSB associated recombinants,
gene conversion can involve stretches in the range of hun-
dreds of bases (47).

In the original model for recombinational repair of DSBs
(6), resection was invoked to create a recombinational 3’
single-strand that could associate with DNA of an un-
broken chromosome in order to copy information across
the break. This is formally equivalent to models of DSB-
associated recombination described much later (summa-
rized in (8)). Since in yeast systems, recombination requires
Rad52 to replace RPA on resected DNA and the subse-
quent generation of Rad51 filaments (48), the present re-
sults demonstrate that the initiation of recombination and
completion of repair of IR-DSBs in cells with many DSBs
can occur with very short filaments.

Although there is regulation of extensive resection in
yeast by Rad9 (25), at least for the case of a unique single
DSB, the question remains about the purpose of the ob-
served excess in resection. Even in WT cells, there are ap-
proximately 500-1000 bases removed per DSB end within
30 min after a dose of 20 krad, by which time 40% of the
nearly 40 breaks/cells are repaired. Possibly the excess re-
section provides signaling associated with ssDNA or gener-
ation of an enlarged pool of nucleotides that could be used
in the process of repair replication across a break.

Regions in the vicinity of DSBs are highly mutation prone
to either spontaneous or induced lesions, and hypermutabil-
ity was attributed to the appearance of long resected re-
gions, which would not be subject to template-dependent
excision repair (49,50). Resection length before completed
DSB repair could determine the potential for such muta-
genesis. Possibly, reduction in resection as described here



would reduce the likelihood of this DSB-associated local-
ized hypermutability. Interestingly, using a similar PFGE
assay system based on changes in the circular ~175 kb EBV,
it appears there is little resection in human cells following IR
exposure (11) even when endjoining is inhibited.

The large amount of resection seen in WT cells during re-
combinational repair of IR-DSBs could also assure check-
point signalling that would prevent division prior to repair.
However, in the present studies this is not relevant since cells
are arrested in G2 and held in nocodazole during the 4 h re-
pair period. It is interesting to consider the impact of short
and long regions of resection on recombination opportuni-
ties. Our results demonstrate that recombinational repair of
multiple ‘dirty’ IR-DSBs can be efficient under conditions
of short resection. If regions of resection are short, then op-
portunities for single-strand annealing interactions must be
greatly reduced. It is also possible that longer stretches of
resection might assure longer regions of interaction, i.e. be-
tween sister chromatids or homologous chromosomes, to
avoid aberrant ectopic recombinational events (22) as oc-
casionally found for IR-DSBs (29). Previously, we showed
that under conditions of decreased cohesin the strong pref-
erence for sister chromatid recombination in the repair of
IR-DSBs is greatly relaxed, resulting in large increases in re-
combination between homologs (18). Interestingly, the rate
of IR-DSB repair is reduced under those conditions as com-
pared to repair of DSBs between sister chromatids. Given
the greater time required for the repair, much more resec-
tion would be anticipated. This enhanced resection might
increase the likelihood of repair between the homologs be-
cause of the larger DNA regions or filaments available in
the search for homology.

It is important to note that, except for the plasmid based
TINV assay developed in the Aguilera lab (23), questions
of allelic recombination between sister chromatids versus
global recombination between homologous chromosomes
or regions of homology across the genome can only be ad-
dressed by examining random breaks. Unlike for enzymes
such as HO-endonuclease, DSBs would only rarely appear
at or near the same site in sister chromatids. It would be in-
teresting in future studies to pursue further the relationship
between resection at IR-DSBs and global recombination by
reducing resection using the single exol A and sgsi A or the
double mutants. Similarly, it would be interesting to look at
homology-dependent IR-induced chromosomal rearrange-
ments between small repeats across the genome, which were
found to be substantial in irradiated diploid WT cells that
were in G2 (29). Many of those rearrangements were con-
sidered to arise through BIR. In the present experiments in-
volving G2 haploid cells, conservative BIR between sister
chromatids would yield full length, reconstituted chromo-
somes and thus be indistinguishable from either gene con-
version or crossover recombination in our DSB repair as-
say. However, BIR appears to be a slow process (51), unlike
the DSB repair that occurs within 1 to 2 h in the present
study. Finally, since human cells contain homologs of Exo1
and Dna?2 as well as the RecQ proteins BLM and WRN that
function like Sgs1 with DNA2 toward clean breaks (52), the
present findings are expected to enhance our understanding
of how these human related proteins might respond toward
IR-DSB:s.
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