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DNA double strand breaks (DSBs) can be repaired by non-
homologous end joining (NHEJ) or homology-directed
repair (HR). HR requires nucleolytic degradation of 5
DNA ends to generate tracts of single-stranded DNA
(ssDNA), which are also important for the activation of
DNA damage checkpoints. Here we describe a quantitative
analysis of DSB processing in the budding yeast
Saccharomyces cerevisiae. We show that resection of an
HO endonuclease-induced DSB is less extensive than pre-
viously estimated and provide evidence for significant
instability of the 3’ ssDNA tails. We show that both DSB
resection and checkpoint activation are dose-dependent,
especially during the G1 phase of the cell cycle. During G1,
processing near the break is inhibited by competition with
NHEJ, but extensive resection is regulated by an NHEJ-
independent mechanism. DSB processing and checkpoint
activation are more efficient in G2/M than in G1 phase, but
are most efficient at breaks encountered by DNA replica-
tion forks during S phase. Our findings identify unex-
pected complexity of DSB processing and its regulation,
and provide a framework for further mechanistic insights.
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Introduction

Double strand breaks (DSBs) are among the most dangerous
of chromosomal lesions, and can lead to cell death and
genomic rearrangements (Hoeijmakers, 2001). Two major
pathways, non-homologous end joining (NHEJ) and homol-
ogy-directed repair (HR), compete for the repair of DSBs
(Paques and Haber, 1999; Daley et al, 2005). During the
first step of HR, breaks undergo nucleolytic degradation of
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their 5’-ending strands, a process known as resection. This
generates 3’-ended single-stranded tails, which are required
for the downstream events in HR (Paques and Haber, 1999).
Resection also prevents NHEJ, thus acting as a switch be-
tween repair pathways (Frank-Vaillant and Marcand, 2002;
Daley and Wilson, 2005). The choice between NHEJ and HR
is regulated by cyclin-dependent kinases (CDKs), and thus
influenced by the cell cycle stage (Ira et al, 2004). Cells are
proficient for NHEJ in G1 when CDK activity is low, but not in
G2/M, when CDK activity is high and HR is predominant
(Aylon et al, 2004; Ira et al, 2004). The molecular mechanism
underlying these CDK-dependent effects is important but still
obscure (Aylon et al, 2004; Ira et al, 2004; Lisby et al, 2004).

DSBs induced at a single HO endonuclease cleavage site
(HOcs) can activate the DNA damage checkpoint, resulting in
cell cycle arrest and a number of other processes important
for cell survival (Rouse and Jackson, 2002; Longhese et al,
2006). Checkpoint activation by a single HOcs is generally
quite slow and correlates with the generation of single-
stranded DNA (ssDNA) by resection. Although the mechan-
isms of signalling initiation are still poorly understood, it is
widely believed that the ssDNA binding protein RPA has a
crucial role in this process. (Garvik et al, 1995; Lee et al,
1998; Zou and Elledge, 2003; Lisby et al, 2004; O’Connell and
Cimprich, 2005).

Several approaches have been used to analyse the genera-
tion of ssDNA from DSBs (White and Haber, 1990; Fishman-
Lobell et al, 1992). The first of these approaches measures
resection indirectly in a genetic assay. In this assay (Fishman-
Lobell et al, 1992), a DSB is introduced with the HO endo-
nuclease between two direct repeats. Repair can occur by
deletion of the intervening sequences in a process known as
single strand annealing (SSA) (Fishman-Lobell et al, 1992;
Aboussekhra et al, 1996; Vaze et al, 2002). It is believed that
generation of ssDNA at the repeats is a critical intermediate in
the repair reaction; however, it is unknown whether this
ssDNA is generated entirely by resection or whether other
mechanisms, for example DNA unwinding by a DNA heli-
case, contribute. In addition, whether or not there is some
processing of the 3’ overhang before SSA is unknown. The
second set of approaches involves the direct detection of
ssDNA in purified DNA. For example, one assay (White and
Haber, 1990) is based on the inability of many restriction
enzymes to cleave ssDNA. As resection proceeds beyond
restriction sites, additional, slower migrating bands appear
in DNA blot hybridisation analysis of DNA extracted follow-
ing DSB formation and resection. In a second assay,
sequences around the HOcs are used to probe for ssDNA
using non-denaturing slot blots (Aylon et al, 2003, 2004).
These assays are useful because they directly visualise resec-
tion. However, because they involve a variety of factors that
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are difficult to measure (e.g. the electrophoretic migration of
mixed species of DNA, differential transfer of different-sized
DNA fragments and differential probe hybridisation), they
can provide a general picture of resection but are less useful
for quantifying resection rates. To help clarify these issues,
quantitative assays for ssDNA generation are required. In one
such assay, quantitative amplification of ssDNA, tagged
oligonucleotide primers are first annealed to ssDNA at low
temperature and extended (Booth et al, 2001; Zubko et al,
2006). The tagged product is then isolated and subjected to
quantitative PCR. We have developed a simpler but highly
accurate method to quantify ssDNA generated at a DSB
introduced by the site-specific HO endonuclease and have
applied this assay to examine factors influencing resection
and checkpoint activation.

Results

A quantitative assay for DSB resection

We developed a quantitative real-time PCR (qPCR) assay
to analyse DNA turnover at a site-specific DSB generated by
HO endonuclease (Figure 1A). A strain was constructed in
which an HOcs was inserted into chromosome VI.
Total amounts of DNA at three specific sites distal to the
break (at 0.3, 9 and 14 kb; Figure 1B) were determined by
gPCR and normalised to an amplicon on chromosome XIII.
The fraction of DNA which is single stranded can then be
determined by qPCR of DNA samples digested with a
restriction endonuclease (BstUI) that cleaves within each
amplicon but is unable to cleave ssDNA (Figure 1A).
Threshold amplification cycles were determined as described
in Figure 1 and Materials and methods. A difference of ‘1’ in
threshold cycle values (AC,=1) between two reactions
corresponds to a two-fold difference in template levels.
As shown in Figure 1C, a plot of C, against log[DNA] was
linear for each set of primers over a very wide range of
template concentrations. Digestion of double-stranded DNA
(dsDNA) with BstUI prior to amplification resulted in at least
five-fold increase of C;, corresponding to a reduction in
amplifiable DNA amounts of at least 32-fold (Figure 1D,
bars 1 and 4; Figure 1E, middle panel). In contrast, no such
difference was observed when single-stranded (boiled) DNA
was digested with BstUI and used for qPCR, confirming the
resistance of ssDNA to BstUI digestion (Figure 1D, bars 3 and
4). No active restriction enzyme was carried into the PCRs,
because extraction of samples with phenol/chloroform did
not result in changes in C; during the following gPCR
(Figure 1D, bars 2 and 3).

To mimic 5-3' resection, HO-cleaved genomic DNA was
treated with T7 exonuclease (a 5'-3’ exonuclease) in vitro. As
shown in Figure 1E (top), treatment with T7 exonuclease
resulted in a AC; of ‘1’ at all three positions relative to the
break consistent with the removal of just one of the two
strands of DNA and indicating that at all three positions, both
DNA strands are amplified equally well. Figure 1E (middle)
shows that BstUI digestion of HO cut DNA results in a 5- to
10-fold increase in AC; however, BstUI digestion of T7
exo-treated DNA (bottom) had no effect on AC,. Taken
together, these results indicate that this assay can efficiently
discriminate between ssDNA and dsDNA and can accurately
quantify both.
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Characterisation of DSB processing in G1 and G2/M
phases

We measured ssDNA formation in strains containing an HOcs
on chromosome VI but lacking the HO sites normally present
at the MAT locus. This strain thus contains just one accessible
HOcs. Cells were arrested in either G1 with o factor or in
G2/M with nocodazole, and HO was expressed from a
galactose-inducible promoter. To assess the quality of cell
cycle arrests, immunoblotting was performed with antibodies
against Orc6 (Figure 2C), a target of Clb-CDK that migrates
with reduced gel mobility when phosphorylated (Liang and
Stillman, 1997). Southern blot analysis was used to confirm
break formation (Figure 2C). Using qPCR, we determined the
amount of ssDNA relative to total DNA for each position
present at each time point (Figure 2B). It had previously been
estimated that DSB resection occurs at a rate of ~4kb/h
(Fishman-Lobell et al, 1992; Vaze et al, 2002). Consistent
with this, we found evidence for extensive resection using
Southern blot analysis after restriction enzyme digestion
(Supplementary Figure 1); however, quantitative analysis
showed that fewer than 30% of G2/M-arrested cells (grey
bars) had ssDNA at the 9kb locus and fewer than 15% had
ssDNA at the 14 kb locus after 4 h. Indeed, even at the break-
proximal 0.3 kb locus in G2/M, only ~50% of the DNA was
found to be single stranded after 4 h (Figure 2B). Confirming
published results (Aylon et al, 2004; Ira et al, 2004), we found
considerably less DSB resection in Gl-arrested cells than in
G2/M-arrested cells even at the 0.3 kb locus, suggesting that
initiation of break resection is less efficient in G1l-arrested
cells (Figure 2B).

To quantify resection in more detail, we carried out a
longer time course in G2/M-arrested cells (Figure 2D and
E). We used two methods to calculate the relative amounts of
ssDNA. First, we calculated ssDNA as a percentage of the
total amount of DNA at each locus present before HO induc-
tion (‘relative to to’, white bars in Figure 2D). Second, we
calculated it as a percentage of the total amount of DNA at
each locus at that time point (‘relative to ¢ grey bars in
Figure 2D). Comparison of these two methods revealed a
novel feature of resection (Figure 2D). At 0.3kb, the large
majority (>80%) of DNA molecules remaining at 6-8 h were
single-stranded (grey bars ‘relative to t;’). However, when
compared with total DNA before HO induction (white bars
‘relative to ty’), the amount of ssDNA peaked at approxi-
mately 30% between 4 and 6h and began to drop off after
that. Similar results were seen at the more distal loci although
to a lesser extent and with delayed kinetics. This suggested
that significant loss of DNA was occurring at later time
points. This was confirmed by examining changes in total
template levels with time by qPCR (Figure 2Dii). This showed
that at all three positions, template levels were reduced to
well below 50% at later time points (the maximum reduction
expected if only 5'-3’ resection occurred), approaching 20%
at even the most distal locus. Therefore, in addition to
degradation of the 5 strand, substantial loss of the 3’ strand
must also occur. To confirm this, we used strand-specific
probes in a slot blot hybridisation assay. Figure 2F and G
shows that both the 5 and 3’ strands disappear with time
specifically after HO cleavage. The 5’ strand disappears more
quickly than the 3’ strand. Taken together, these experiments
show that both strands are resected after HO cleavage,
although the 5’ strand is processed faster than the 3’ strand.
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Figure 1 Overview of the assay for the quantification of ssDNA and control experiments. (A) Overview of the assay. PP1-3: primer pairs 1-3. See main
text for description. (B) Schematic representation of the three sites analysed for ssDNA formation at ARS607::HOcs. (C) Extensive linear range of qPCR
amplification. Serial dilutions of whole-cell DNA extract of strain YCZ64 were used in qPCR of the amplicons at the indicated positions. WCE, whole cell
extract. (D) No BstUI activity is retained in the qPCRs and ssDNA is resistant to BstUI digestion. DNA extracted from strain YCZ64 was digested with
BstUI and used for qPCR (column 1). Another sample of the same extract was boiled and two-thirds of this was digested with BstUI whereas one-third
was mock digested before use in qPCR (column 4). The digested sample was split in two and one half was extracted with phenol/chloroform before use
in gPCR (columns 2 and 3). qPCR was performed for all four samples using oligonucleotides OCZ125/0CZ126/0CZ140, amplifying the region 0.3 kb
from the HOcs. (E) Analysis of in vitro resection using T7 exonuclease. DNA was extracted from strain YCZ64 after 1 h of HO induction. Top panel: Both
strands are amplified with similar efficiencies. DNA was either digested or mock-digested with T7 exonuclease and used as template in qPCR. The
graphs show the difference in C; values between the two reactions. Middle panel: BstUI digestion of dsDNA interferes with subsequent PCR
amplification. DNA was mock-digested with T7 exonuclease and subsequently digested or mock-digested with BstUI. Graphs represent comparisons of
C, values. Bottom panel: ssDNA is resistant to BstUI digestion. DNA was digested with T7 exonuclease and subsequently either digested or mock-
digested with BstUI. DNA was then used in qPCRs. The graphs show comparisons of the C; values obtained in the two reactions.

DSB resection and checkpoint activation
We monitored activation of the DNA damage ch

eckpoint in

the experiment described in Figure 2B. We were interested in
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the correlation between DSB resection and checkpoint activa-
tion. Estimates from previous experiments (Pellicioli et al,
2001) indicated that resection tracts corresponding to tens of
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Figure 2 Analysis of DSB processing and checkpoint activation. Cells of strains YCZ101 (1cs, ARS607::HOcs matHOcsA, panels B and C),
YCZ70 (1cs, ARS607::HOcs matHOcsA DDC2-GFP, panel H) and YHHD180 (2cs, ARS607::HOcs, panels D-G) were used. (A) Overview of the
strain used. (B) Analysis of ssDNA formation. (C) Immunoblot, Rad53 autokinase assay and ARS607::HOcs DSB assay by Southern blot
analysis. Note that in the Southern blot panel, the disappearance of the band corresponding to the cut locus is due to DSB processing. (D, E)
Analysis of DSB processing in a longer G2/M experiment: (D) quantification of DSB processing; (E) immunoblot and DSB assay of the
experiment shown in panel D. (F, G) Denaturing slot blot analysis confirming the instability of both strands at a DSB: (F) results from one
representative experiment; (G) quantifications of the results. (H) Analysis of Ddc2-GFP focus formation.

kilobases correlated with checkpoint activation. We used the
activation of Rad53, an essential DNA damage checkpoint
kinase, as a marker for checkpoint activation. We analysed
both the appearance of a phosphorylation-dependent gel
mobility shift of Rad53 and the kinase activity using an in-
blot assay (Pellicioli et al, 1999). Consistent with previous
results (Pellicioli et al, 2001), we detected Rad53 activation in
G2/M-arrested cells but not in G1-arrested cells after cleavage
of one HOcs (Figure 2C). We also examined localisation of the
checkpoint protein Ddc2 tagged with GFP to DNA repair foci
to gain single-cell-based information on checkpoint activa-
tion. Ddc2 is required for virtually all checkpoint responses
(Paciotti et al, 2000; Rouse and Jackson, 2000) and had
previously been shown to localise to DNA damage-specific
foci (Melo et al, 2001). Figure 2H shows that, after HO
induction, Ddc2-GFP foci were largely absent from
Gl-arrested cells, but appeared relatively early in G2/M-
arrested cells. By 2 h, approximately 40% of G2/M cells had
detectable Ddc2 foci. At this time point, there was virtually no
ssDNA at either of the distal loci and only approximately 15%
ssDNA at the very proximal 0.3kb locus (Figure 2B).
Therefore, detectable Ddc2 foci form in at least some cells
before resection proceeds past 0.3kb. By 4h, ~80% of cells
showed at least one focus, indicating that the DNA damage
checkpoint was active in the majority of cells, even though
long resection tracts were largely absent.

Dose dependence of checkpoint activation and DSB
resection

We next examined the effect of DSB dose on DSB response.
We were interested in this because one HOcs will generate
one DSB in Gl phase, but two DSBs after chromosome

VOL 27 | NO 13 | 2008

replication in G2/M phase. Moreover, previous work has
shown that a single HO-induced DSB cannot activate the
DNA damage checkpoint in G1 phase, but doses of gamma
irradiation sufficient to generate multiple DSBs can activate
the DNA damage checkpoint in G1 phase (Lisby et al, 2004).
To examine this, we used a strain that contained the endo-
genous HOcs at MAT in addition to the HOcs on chromosome
VI, thereby increasing the DSB dose to 2 in G1 phase. The
silent HML and HMR loci were deleted in this strain. No
Rad53 activation was detected upon break formation in this
strain in G1 (Supplementary Figure 2A), indicating that
dosage alone cannot explain the cell cycle differences. The
addition of a third HOcs was also insufficient to allow Rad53
activation in G1 (Supplementary Figure 2B). However, when
four HOcs were introduced (Figure 3A), Rad53 phosphoryla-
tion and autokinase activity were observed in Gl-arrested
cells (Figure 3B), indicating that Rad53 activation in response
to HO-induced DSBs is possible in G1, albeit requiring at least
four DSBs.

Even in G2/M-arrested cells, Rad53 activation showed
dose dependence. When four HOcs were present, Rad53
activation was faster and resulted in the entire pool of
Rad53 shifting to the slow-migrating form, suggesting that
almost all Rad53 was activated (Figure 3C). However, differ-
ent thresholds exist for checkpoint activation in G1 and G2/M
as two DSBs (one HOcs) were sufficient for Rad53 activation
in G2/M but not in G1 (two HOcs; Supplementary Figure 2A).

We next investigated whether DSB dose affected DSB
resection (Figure 3D). Figure 3D shows that ssDNA formation
from the chromosome VI HOcs in both Gl1- and G2/M-
arrested cells was greater in the 4HOcs strain than in the
1HOcs strain (Figure 3Dii and iii). However, this effect was

©2008 European Molecular Biology Organization



A

Chr il —
100 kb

/—| leu2A:: HOcsI—/
Htrp1A::HOcs

/L /1

chriv 7/ X1 /L )

1/

ARS607 PES4

T e s

B 1 cut site 4 cut sites
G1 G2/M G1 G2/M

0124012401240 1 2 4HoursinYPGal

T 25 1)

| el
autokinase

S —] Or06®

*~Orcé

—Intact
e - ®me [-Cut

C G2/M
1cs 2cs 4cs
012 4 0124 0 1 2 4HoursinYPGal

= . 1 #geg Rad53 ®
[ - e a5

| I s .—..—.—_._.:8'|:28®

'|Ponceau-S

Double strand break sensing in yeast
C Zierhut and JFX Diffley

HO
0.3 kb 9 kb 14 kb
s 0
30 o 4cs G2/M
15 F O4cs Gi
ol || :
a5l
2| 30 O 4cs G1
% 15 ﬁ] O1cs G1
% [
< ii I
5 :z i B4cs G2/M
) 15 _ § Otcs G2/M
ﬁn”ﬂ ﬂﬂ i
45|V
30 h O4cs G1
F Olcs G2/M
15
~afl ﬂ I i
012 4012 4012 4

Hours in YPGal

Figure 3 Checkpoint activation and DSB resection are dose-dependent processes. Cells of strains YCZ173 (1cs, ARS607::HOcs matHOcsA),
YCZ64 (2cs, ARS607::HOcs MATHOcs), YCZ172 (4cs, ARS607::HOcs trpl1A::HOcs leu2A::HOcs MATHOcs) were used. 1cs, one HO cut site; 2cs,
two HO cut sites; 4cs, four HO cut sites. (A) Overview of the 4HOcs strain. (B, C) Immunoblot, Rad53 autokinase and DSB assays. (D) Analysis

of DSB processing.

restricted to the region analysed closest to the break and in
neither case could we detect significant resection at the 9 kb
locus in G1 phase. Furthermore, although resection was
enhanced in G1 when more breaks were introduced, it was
still not as efficient as resection in G2/M. Therefore, although
resection is stimulated at a given DSB when other breaks are
present within the genome, this effect is confined to regions
close to the ends. These experiments provide further evi-
dence that Rad53 can be activated without generation of
extensive ssDNA tracts.

DSB resection is affected by both NHEJ-dependent and
NHEJ-independent processes in G1

We examined the possibility that resection in G1 phase is
prevented by competition with NHEJ, which is more efficient
in G1 than G2/M phase. We analysed DSB processing in a
strain lacking DNL4, the ligase required for NHEJ (Schar et al,
1997; Teo and Jackson, 1997; Wilson et al, 1997). Figure 4A
shows that resection was indeed increased in the dnl4A strain
when compared with the wild-type control. There was
little or no effect in G2/M-arrested cells, but the effect in
Gl-arrested cells was more pronounced. This effect in G1,
however, was restricted to the region closest to the DSB,
where resection was similar to G2/M (Figure 4Ai and ii). This
suggests that, in the absence of NHEJ, more resection events
are initiated in G1. Because this increase in resection was not
propagated to regions further away from the break, either the
rate or the processivity of resection in Gl-arrested cells is
reduced relative to G2/M even in the absence of NHEJ. These
results suggest that resection of a DSB in G1 phase is reduced
because it is inhibited by NHEJ and also because the rate

©2008 European Molecular Biology Organization

and/or processivity of the 5'-3’ degradation machinery is
reduced.

Loss of NHEJ results in an increased checkpoint response
to DSBs in an asynchronous population (Lee et al, 1998). We
therefore also investigated the effect of deletion of DNL4 on
checkpoint activation in our synchronised cultures.
Interestingly, although deletion of DNL4 increased resection
close to the break, it did not make G1-arrested cells proficient
for checkpoint activation (Figure 4B). We also analysed G1
cells containing two HOcs to increase the DSB dose to the
same level as that of the G2/M cells in the previous experi-
ment. As before, the absence of Dnl4 did not make cells
proficient for checkpoint activation in G1 (Figure 4C). These
findings therefore show that the inefficient response to DSBs
in G1 phase does not arise from inhibitory effects of NHEJ on
resection and checkpoint activation, even when compensated
for DSB dose.

DNA replication greatly enhances DNA damage
checkpoint activation

As DSBs are not very effective in activating the DNA damage
checkpoint in G1 phase, cells with DSBs will occasionally
enter S phase, and, consequently, replication forks will
encounter these DSBs. Furthermore, gaps or nicks in only
one of the two strands resulting from intermediates of repair
of base and nucleotide damage will be transformed into DSBs
when met by a replication fork. This is arguably the most
physiologically relevant mechanism of DSB formation, as
such repair events occur abundantly in the absence of
exogenous DNA damage (Lindahl and Barnes, 2000; Lisby
et al, 2001). Therefore, it is possible that DSBs trigger
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Figure 4 DSB resection is regulated by both NHEJ-dependent and NHEJ-independent mechanisms in G1. Cells of strains YCZ101 (Ics,
ARS607::HOcs matHOcsA), YCZ136 (1cs, ARS607::HOcs matHOcsA dnl4A) and YCZ202 (2cs, ARS607::HOcs MATHOcs dnl4A) were used. 1cs,
one HO cut site. (A) Analysis of DSB processing. (B, C) Immunoblot, Rad53 autokinase and DSB assays.

specialised signalling and/or processing events during S
phase. To investigate this, we analysed cells that were
released into S phase following DSB formation in G1. To
distinguish the effects of DNA replication forks from other
S-phase effects, we also examined DSBs in cells that were
deficient in the initiation of DNA replication. Previous work
has shown that the temporal order of other cell cycle events
that are not coupled to replication, such as CDK activation
and subsequent entry into a reductive mitosis occur with
normal timing in the absence of DNA replication (Kelly et al,
1993; Piatti et al, 1995; Diffley et al, 2000; Tercero et al, 2000;
Stern and Murray, 2001). For this purpose, a strain that
carried the temperature-sensitive cdc45-td degron allele of
CDC45, a gene required for both the initiation and elongation
of DNA replication, was utilised (Tercero et al, 2000). Cells of
the cdc45-td strain and CDC45 control strains, each contain-
ing either one or two HOcs, were arrested in G1 at the
permissive temperature in the absence of HO expression
(Figure 5A). HO was induced and Cdc45-td was inactivated
by shifting the temperature to 37°C before cultures were
released from the G1 arrest into nocodazole-containing med-
ium to prevent mitosis. In cells containing even a single HOcs
that were proficient for DNA replication (i.e. CDC45™"),
Rad53 was activated much faster and to higher levels than
in cells in which replication had been prevented with the
Cdc45 degron (Figure 5C). Within 2 h of release from the G1
block, essentially all of the Rad53 had shifted to the slower
migrating form in the CDC45 " strain (Figure 5C), a situation
never observed in G2/M cells containing a comparable
number of DSBs (Figure 3C) or in the cdc45-td strains
(Figure 5C). This effect was not a consequence of the higher
incubation temperature of 37°C, as it was also observed
during replication at 30°C (Figure 6A and Supplementary
Figure 3E). Furthermore, increasing the temperature to 37°C
in nocodazole-arrested cells did not result in increased Rad53
activation (Supplementary Figure 3B). All cultures were
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released from the GI1 arrest with similar Kinetics, as deter-
mined by the appearance of budded cells (Figure 5B), and
flow cytometry confirmed replication in the CDC4S strains
and its absence in the cdc45-td strains (Figure SA). As judged
by Orc6 phosphorylation, Clb-CDK activity appeared syn-
chronously in all the strains (Figure 5C). Lastly, Clb2, the
major mitotic cyclin in budding yeast (Nasmyth, 1996),
appeared at similar times in all the strains (Figure 5C). We
thus conclude that replication in the presence of a DSB
induces a substantially stronger checkpoint response than
that observed in either G1 or G2/M phase.

Two alternative adaptor proteins are required for mediating
activation of RadS3 (Longhese et al, 2003, 2006). In response
to general DNA damage, Rad9 is the primary mediator,
whereas activation in response to replication stress is mediated
by Mrc1 (Alcasabas et al, 2001). As Mrcl is a component of the
replication apparatus (Katou et al, 2003), it is possible that a
fork encountering a DSB initiates an Mrcl-dependent signal-
ling event. We therefore tested mrcIA and rad9A strains for
their ability to support Rad53 activation during replication in
the presence of a DSB (Figure 6). In this experiment, deletion
of MRCI had little or no effect on Rad53 autokinase activity or
Rad53 phospho-shift (Figure 6A and B). By contrast, Rad53
autokinase activity was completely lost in the RAD9 deletion
strain (Figure 6A and B). The residual Rad53 phospho-shift is a
DNA damage-independent consequence of G2/M arrest and
does not correspond to kinase activation (Tercero et al, 2003).
Thus, the Mrcl-dependent pathway for sensing DNA replica-
tion stress makes little or no contribution to the enhanced DSB
response during S phase, which appears to be entirely Rad9-
dependent, similar to the situation in G2/M.

DSB processing during S phase

We next analysed whether replication into a DSB would affect
its processing. Consistent with the inefficient resection of
DSBs in G1, very little ssDNA was detected in both the cdc45-td

©2008 European Molecular Biology Organization



Double strand break sensing in yeast
C Zierhut and JFX Diffley

A B D HO
cpcas cdedstd 10.3 kb 9 kb 14 kb
1cs 2cs 1cs 2cs '\ /' )
\ 1 N\ [$)
AN AN AN AP 1
n 3 i
AWEA 3 2 ~ 80
_/J:.. ...aff_\‘. LW LU N 1h g 3 o O wild-type 1cs
AN 2|9 o 60
0.5h T s | 2 40 n O cdc45-td 1cs
0 | ©
3| =
A N IA A e g |20
AL I\ 0o 05 1 > 3 . ol m
Y —T -1 - k1 30°C G1 Hours released o ° i
\LIALTIALLIA ] o | =80 :
/ ~HO 24:C G1 +2§:| cDC4s s g 60 O wild-type 1cs
; R |2 O cdc45-td 1cs
r\_.u’\ A L] L] o asyn —o—1cs| cdedb-td © 40
1C2C 1C2C 1C2C 1C2C --o--2cs 2 5 hd" ,,,,,,, d I |
| aa M1 |ﬂ o0 Hl
100 | s—=8—=g A N N
c 2o X =N R\
cDC4s cdcd5-td S 80
- - - - g.g 60 | dii N ——
1 cut site 2 cut sites 1 cut site 2 cut sites 5 g P \l - b\ -~ wild-type 1cs \O
& +HO & +HO & +HO & +HO 3 = cdc45-td 1cs
Foswe Logae Losac Lo arc 20 TS
o L O Release 57O O Release 5Y 0O O Release YO O _Release
FOES 051 2 FSEK0512 FS&B051 2 £& K051 2 \»;(,) @ 2051 2‘% @ 2051 2‘»5(,D @ 2051 2
o O H o O H o H
v ours ours ours
| _“ el : f_- eme | |Ra03® % 7 75 released % 7% 75 released % % % released
i Rads3 % & e3c G o gac G & Qarc
i e e
Rad53
| - - -~ i 4 | Ial?lokinase +HO +HO +HO
|___..,_.._--——...._._-—-——___ s ;:8::88@
| ] L - -—-| IClb2
| = ~;; ;1.- N Iv—-h-— |Ponceau-S
i i) % a ° — — Intact
l.”‘ E ...“ -h--u.‘.---| —cut

Figure 5 DNA replication is required for efficient checkpoint activa

tion and stimulates DSB processing. Strains YCZ158 (1cs, ARS607::HOcs

matHOcsA), YCZ151 (2cs, ARS607::HOcs MATHOcs), YCZ166 (1cs, ARS607::HOcs matHOcsA cdc45-td) and YCZ171 (2cs, ARS607::HOcs
MATHOcs cdc45-td) were used. 1cs, one HO cut site. Strains were released from G1 arrest into media containing nocodazole to prevent entry
into a second cell cycle. (A) Flow cytometry. (B) Budding index. (C) Immunoblot, Rad53 autokinase and DSB assays. (D) Analysis of DSB

processing.

and the CDC45" cells before release from the G1 block
(Figure 5Di). As soon as cells were released from the arrest,
extensive ssDNA formation and DNA degradation were de-
tected in the wild-type cells, but not the cdc45-td cells,
showing that replication into a DSB induces rapid turnover
of DNA ends (Figure 5Di and iii). Resection was also much
faster in replicating cells than in cells arrested in G2/M. For
example, in cells released into S phase in the presence of a
DSB, most of the DNA that was present at the site 0.3 kb from
the DSB was single-stranded after only 2h (Figure 5Di).
Similar levels of ssDNA at this locus were reached only
after 6h in G2/M-arrested cells (Figure 2D). Moreover,
much more of the DNA was single-stranded at position 9 kb
from the break (Figures 2B, D and 5Di). When we analysed
the percentage of ssDNA relative to the starting material,
again we observed that at times when most of the DNA
present was single-stranded, these molecules corresponded
to a smaller fraction of the starting DNA in the replicating
strain (Figure 5Di and ii). As described above, this indicates
degradation of both strands. In support of this, whole tem-
plate levels were reduced to well below the 50% value
expected if degradation of only one strand occurred
(Figure 5SDiii). This effect was far less prominent in the
cdc45-td strain. Furthermore, Southern blot-based DSB assays
also clearly show enhanced disappearance of the HO ‘cut’
band following DNA replication (Figure 5C, bottom panel)

©2008 European Molecular Biology Organization

consistent with rapid processing during S phase. As before,
the elevated incubation temperature of 37°C was not respon-
sible for any of these effects. We observed no difference in
DSB processing when we compared 30 and 37°C cultures
in either G2/M (Supplementary Figure 3C) or in a Gl
arrest/release experiment (Supplementary Figure 3F).
Virtually identical findings were obtained with the 2HOcs
strain (see Supplementary Figure 4). Taken together, these
findings show that after replication in the presence of a DSB,
resection is much more extensive than in any other situation.

Discussion

We have developed a quantitative assay to measure the
generation of single-stranded DNA from a site-specific DSB,
which has allowed us to investigate factors affecting DSB
processing and their relation to checkpoint activation. Our
results indicate that the overall rate of break resection is
somewhat slower and less synchronous than previously
estimated. We have provided evidence indicating that, in
addition to degradation of the 5’ strand, resection also
involves a slower or delayed degradation of the 3’ strand.
We have also identified and characterised four factors affect-
ing the turnover of DSBs: NHEJ, cell cycle stage, DSB dose
and the presence of DNA replication forks.

The EMBO Journal VOL 27 | NO 132008 1881
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Previous work indicated that resection from an HOcs is
highly efficient and proceeds at approximately 4 kb/h. These
estimates were based primarily on a genetic assay in which
an HOcs was placed between two direct repeats, and the time
required for repair by deletion of the intervening sequences,
interpreted as single-strand annealing, was measured
(Fishman-Lobell et al, 1992; Vaze et al, 2002). Our quantita-
tive, physical assay paints a subtly different picture of resec-
tion. Our results show that some breaks must be processed at
approximately this rate. For example, the appearance of
ssDNA at the 14Kkb position after 4h requires a resection
rate of at least 3.5kb/h (Figure 2B and D), very similar to the
rate calculated from the genetic experiment. However, this
accounts for only 10% of DSBs. Therefore, the majority of
breaks seem to be processed considerably more slowly. This
could be because resection actually proceeds at different rates
in different subsets of breaks. Alternatively, and we feel more
likely, processive resection of all breaks may proceed at a
similar rate once initiated, but may initiate stochastically, at a
slower rate.

At present, we do not know why our estimate is lower than
the estimate from the genetic assay. It is possible that these
differences reflect genuine strain differences. Alternatively,
an attractive possibility is that some ssDNA at DSBs is not
generated by exonucleases, but instead generated by DNA
helicases, perhaps followed by occasional endonuclease clea-
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vage. Because complementary DNA strands would re-anneal
during DNA purification, such ssDNA would be ‘invisible’ in
any physical assay but ‘visible’ in the genetic assay.

Our results also show that resection is not limited to the 5’
strand: the 3’ strand is also degraded, although this resection
lags behind the 5’ strand resection. At present, we do not
know if this is because 3’ strand resection is generally slower
or because it initiates less frequently. The extensive tracts of
ssDNA generated from unreparable DSBs are generally not
required for repair and are probably of limited physiological
significance. For example, during yeast mating type switch-
ing, the region of homology between MAT and its recombina-
tion donors is only ~ 150 bp (Haber, 1998). Resection of the 3’
strand might aid recombination or SSA by ensuring there is a
3’ end close to the strand invasion event. In Escherichia coli,
RecBCD processes DSBs by a mechanism involving DNA
unwinding before DNA cleavage. Interestingly, RecBCD can
cleave both the 3’ and the 5’ strands, which is regulated by
encountering chi sequences in the DNA (Wigley, 2007).
Perhaps a similar mechanism exists in budding yeast.

Several nucleases have been implicated in DSB processing.
Most prominent among these are Mrell and Sae2/Coml
(Paques and Haber, 1999). Although both Mrell and Sae2
have nuclease activity, neither is the 5-3’ exonuclease pre-
dicted to be required for 5 strand resection (D’Amours and
Jackson, 2002; Lengsfeld et al, 2007). Sae2 has been shown to
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have endonuclease activity especially effective on hairpin
structures, whereas Mrell, a component of the MRN com-
plex, has 3’-5' exonuclease activity as well as endonuclease
activity. However, it is unclear how important these activities
are for DSB processing because SAE2 nuclease mutants have
not yet been tested in vivo and MREII nuclease mutants do
not show resection defects (Llorente and Symington, 2004). It
will be of interest to determine whether MREII nuclease-
deficient mutants are defective for the 3’ strand processing we
have described here.

Our findings confirm and extend the observation that DSB
processing is less efficient in G1 than in G2/M (Aylon et al,
2004; Ira et al, 2004). Previous work has shown clearly that
CDKs are crucial for this difference. Our work has identified
several other factors contributing to this. We found that
inefficient resection during G1 phase is partially due to the
inhibitory effect of NHEJ (Figure 4A). This probably reflects
competition for the DSB between NHEJ and resecting factors.
In the absence of NHEJ, break-proximal sequences are re-
sected at rates similar to those seen in G2/M. This suggests
that NHEJ may be the primary rate-limiting factor for the
initiation of DSB processing during G1 phase. However, it is
not the only reason for reduced DSB processing during G1.
Resection of break-distal sequences occurs at greatly reduced
rates in this cell cycle stage, even in the absence of NHEJ
(Figure 4A). These results suggest that at least two features of
DSB processing are regulated during the cell cycle: elevated
NHEJ during G1 phase prevents the initiation of resection;
and a second, NHEJ-independent mechanism prevents ex-
tensive resection during G1 phase. Further work is required
to determine how these processes are regulated by CDKs.

DSB processing as well as checkpoint activation can be
increased in G1 by the formation of additional HO-induced
breaks (Figure 3B and D). As is the case with NHEJ-deficient
cells, the increased processing during G1 phase caused by
multiple DSBs is limited to break-proximal sequences. This
may suggest that some component of NHEJ becomes limiting
in the presence of multiple breaks. This dose-dependent
processing may help to explain some discrepancies in the
recent literature. In studies using a single HOcs, it was
reported that G1 cells cannot process the DSB efficiently,
and are unable to activate the DNA damage checkpoint
(Pellicioli et al, 1999; Ira et al, 2004). In contrast, studies
using ionising radiation (IR) to induce DSBs have shown that
ssDNA formation and checkpoint activation can occur in G1
(Lisby et al, 2004; Barlow et al, 2008). The IR doses used in
the latter study resulted in the formation of two DSBs per cell,
on average. It is interesting that our results show that four
HO-induced DSBs can stimulate break-proximal resection and
can activate Rad53 during G1 phase. Consistent with this,
recent work by Barlow et al (2008) has indicated that IR-
induced damage and HO cleavage are processed differently
during G1 phase. They have attributed this to differences
between a clean break (HOcs) and breaks with ragged ends
(IR). Our results suggest that simple break dosage may also
contribute to these differences.

When a DSB is present during DNA replication, it is
very efficiently processed and induces a robust checkpoint
response (Figure 5C and D). Efficient processing and
checkpoint activation are not properties of the S-phase milieu
per se but rather require active DNA replication, suggesting
that collision of replication forks with the DSB is required.

©2008 European Molecular Biology Organization
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This replication-dependent checkpoint activation, however,
does not require Mrcl and instead is completely dependent
on the classic Rad9-dependent DSB signalling pathway
(Figure 6). The precise role of replication forks remains to
be determined, but may involve delivery of factors required
for DSB processing, mediators of chromatin remodelling
(Shibahara and Stillman, 1999), histone modification
(Masumoto et al, 2005) or sister chromatid cohesion
(Uhlmann and Nasmyth, 1998).

Using our quantitative assay in combination with more
extensive mutational analysis should provide us with new
insights into the interconnectedness between DNA processing
and checkpoint activation. Furthermore, it will be of great
interest to elucidate both the pathway mediating degradation
of the 3’ strand and the mechanistic basis for the stimulation
of DSB processing and checkpoint activation by DNA
replication.

Materials and methods

Strains and media
All yeast strains used were isogenic to the w303 background and
grown at 30°C unless otherwise indicated. Gene deletions and HOcs
integrations were performed by PCR-mediated gene replacement.
All strains except YHHD180 were barlA to prevent adaptation to o
factor. The HOcs at MAT was deleted in such a way as to leave
MATal gene that borders it intact. HO was expressed from pJH1097
(a gift from J Haber) integrated into ADE3. The HOcs at ARS607 was
introduced as follows: a PCR product of the 117bp HOcs (Haber,
2002) was introduced into pUG6 (Guldener et al, 1996) and
amplified with another set of primers for integration. We observed
that recombination with the silent mating-type locus HML led to
mating-type switching and insensitivity to o factor in strains
containing the endogenous HOcs at MAT (data not shown). We
also noted that HO occasionally cleaved HML and HMR, although at
a very low frequency (data not shown). Where relevant, strains
therefore also contained deletions of HML and HMR. Supplementary
Table 1 shows a list of strains used with their relevant genotype.
Growth conditions and cell cycle blocks were as described
previously (Diffley et al, 1994). For HO inductions, cells were pre-
grown to 107 cells/ml in YPRaff (1% yeast extract, 2% bacto
peptone, 2% raffinose), arrested with either o factor (1 pg/ml) or
nocodazole (5pg/ml) in fresh YPRaff and then shifted to fresh
medium containing 2% galactose instead of raffinose in addition to
a factor or nocodazole. HO cutting was quantified by Southern blot
analysis.

Immunoblotting and Rad53 autokinase assay

Extracts were prepared as described previously (Tercero et al,
2003). Rad53 protein was detected with antibody JDI48 (Tercero
et al, 2003). SB49 antibody was used for detection of Orcé
(Weinreich et al, 1999). Clb2 was detected using antibody sc-9071
(Santa Cruz). Rad53 in situ autokinase assay was performed as
described previously (Pellicioli et al, 1999).

Flow cytometry and fluorescence microscopy

Flow cytometry was performed as described previously (Diffley
et al, 1994). Deltavision microscopy with a x60/1.4 NA
Planapochromat lens on an Olympus IX71 inverted microscope
was used to examine Ddc2-GFP. Images were captured and
manipulated with SoftWorx software (Applied Precision).

DNA extraction and preparation for gPCR

DNA was extracted from 10% cells. Cells were resuspended in
500 pl extraction buffer (1% SDS, 100 mM NacCl, 50 mM Tris-HCI pH
8.0, 10mM EDTA) and Spl PB-mercaptoethanol (Sigma) and
500U lyticase (Sigma) were added. Cells were lysed by 6min
incubation at 37°C with shaking. DNA was then prepared by
standard phenol/chloroform extraction. RNase A (0.05pg/ul;
Sigma) was used to break down RNA (45min at 37°C). A 7.5ul
volume of each sample was digested with 10U of BstUI for
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1h. Digested DNA was serially diluted in TE, first 1:4 and then
twice 1:2.

Quantitative real-time PCR

gPCR was performed with the ABI7000 Sequence Detection System
and corresponding software (Applied Biosystems). We utilised the
TagMan® fluorogenic probe system (Heid et al, 1996). TagMan®
probes were synthesised at Applied Biosystems and, together with
primer sequences and reaction concentrations, are listed in
Supplementary Table 2. qPCR ROX master mixes were obtained
from Abgene. The following programme was used for all reactions:
95°C 15min—45 x (95°C 155 —60°C 1 min). A 4 pl volume of each
of the three DNA dilutions (see above) was used in a total reaction
volume of 40pul. We used these template dilutions, rather than
doing triplicate reactions with identical DNA concentrations, to
check for linearity of the PCRs. An average threshold cycle (De
Sanctis et al, 2001) value was then determined for each sample. To
calculate ssDNA as the percentage of the DNA present at each time
point (‘relative to t;’), we used the formula

%resected = {100/[(1 + 2°)/21} /f

where AC, is the difference in average cycles between digested
template and undigested template of a given time point and f is the
fraction cut by HO.

A different formula was used to calculate the amounts of ssSDNA
as percentage of the DNA present at the start of the experiment
(‘relative to ty’):

%resected = (100/22¢~1) /f

In this case, AC; describes the difference in average cycles between
digested template at t; and undigested template at t,.

All C, values were corrected for different DNA concentrations, as
determined by qPCR of an amplicon on a different chromosome, not
containing any BstUI sites (Supplementary Table 2).
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