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SUMMARY

Double-strand breaks (DSBs) are potentially lethal
DNA lesions that can be repaired by either homolo-
gous recombination (HR) or nonhomologous end-
joining (NHEJ). We show that DSBs induced by ioniz-
ing radiation (IR) are efficiently processed for HR and
bound by Rfa1 during G1, while endonuclease-
induced breaks are recognized by Rfa1 only after the
cell enters S phase. This difference is dependent on
the DNA end-binding Yku70/Yku80 complex. Cell-
cycle regulation is also observed in the DNA damage
checkpoint response. Specifically, the 9-1-1 complex
is required in G1 cells to recruit the Ddc2 checkpoint
protein to damaged DNA, while, upon entry into S
phase, the cyclin-dependent kinase Cdc28 and the
9-1-1 complex both serve to recruit Ddc2 to foci. To-
gether, these results demonstrate that the DNA repair
machinery distinguishes between different types of
damage in G1, which translates into different modes
of checkpoint activation in G1 and S/G2 cells.

INTRODUCTION

Cells encounter many kinds of DNA lesions, such as thymidine di-

mers created by ultraviolet radiation, single-strand breaks (SSBs)

and base changes from oxidative damage, DNA DSBs resulting

from ionizing radiation (IR), and collapsed forks from DNA

replication stress. Many of these lesions utilize specific repair

pathways, which require differential processing of the lesion. For

example, damage affecting onlyone strand of theDNAduplexmay

be repaired most effectively via excision repair pathways, which

remove the damaged strand and replace it with an intact copy us-

ing the undamaged complementary strand as a template. In con-

trast, DSBs are repaired via either nonhomologous end-joining

(NHEJ) or homologous recombination (HR). Both NHEJ and HR

require the Mre11-Rad50-Xrs2 (MRX) complex in S. cerevisiae.

In addition, NHEJ requires the Yku70/Yku80 heterodimer, Lif1,

Nej1, and ligase IV (Dnl4), while HR requires proteins of the

RAD52 epistasis group (Krogh and Symington, 2004). NHEJ,

which occurs preferentially in G1 (Moore and Haber, 1996; Ta-

kata et al., 1998), directly rejoins the DNA ends and often results

in loss of genetic information at the break site. HR, which occurs

during S and G2 phase, requires a homologous template for
repair and generally preserves genetic information at the break

site (Aguilera and Rothstein, 2007; Moore and Haber, 1996;

Paques and Haber, 1999). DNA repair pathways are coordinated

with the cell cycle via checkpoint regulation as well as DNA pro-

cessing events. The cyclin-dependent kinase, Cdc28, is a key

regulator of resection of DNA ends to create single-stranded

DNA (ssDNA) and the loading of RPA at both telomeres and

DSBs (Frank et al., 2006; Ira et al., 2004; Vodenicharov and Well-

inger, 2006). Indeed, many members of the cell cycle and DNA

replication machinery are implicated in DNA repair processes,

and mutants show sensitivity to DNA-damaging agents.

One of the first steps in DSB repair (DSBR) is binding of the

exposed DNA ends by the MRX complex (Chen et al., 2001; de

Jager et al., 2001; Petrini and Stracker, 2003). Mre11 exhibits nu-

clease activity and aids in processing the ends into ssDNA, which

is next coated by replication protein A (RPA) (Alani et al., 1992;

Krogh and Symington, 2004). RPA has multiple roles in DSBR;

it acts to remove secondary structure in the ssDNA, and it recruits

the Ddc2 and Ddc1 checkpoint proteins as well as the Rad52

recombination protein to the lesion (Alani et al., 1992; Lisby

et al., 2004; Zou and Elledge, 2003; Zou et al., 2003). Once

a DSB has been recognized, the MRX-DNA and RPA-DNA com-

plexes represent two independent checkpoint signals, leading to

the recruitment and activation of Tel1 and Mec1, respectively

(Lisby et al., 2004; Usui et al., 2001). Subsequently, the heterotri-

meric DNA repair clamp (9-1-1), composed of Rad17, Mec3, and

Ddc1, is loaded onto DNA by the Rad24/Rfc2-5 clamp-loading

complex (Majka and Burgers, 2003).

Here, we monitor the recruitment of checkpoint and recombi-

nation proteins into foci to analyze the recognition and process-

ing of DSBs. We show that IR- and endonuclease-induced DSBs

in G1 cells are differentially processed in a Ku-dependent fash-

ion. Furthermore, the recruitment and activation of the check-

point machinery is also cell cycle regulated. Rad53 activation

absolutely requires the 9-1-1 complex in vivo, and Cdc28 kinase

activity is responsible for 9-1-1-independent recruitment of

Ddc2 in S/G2 cells. These results demonstrate that the discrim-

ination of different types of DSBs and the regulated recruitment

of checkpoint proteins to the sites of DNA damage occur in

a cell-cycle-dependent manner.

RESULTS

MultipleProteins Recognize IR-InducedDSBs inG1Cells
Previous experiments indicate that later steps of HR, such as

DNA resection and recruitment of Rad52, may be inhibited in
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Figure 1. Cell-Cycle Regulation of Checkpoint and Repair Foci

(A) IR induction of foci in G1-arrested cells. Cells expressing Rfa1-YFP (W3775-12C), Mre11-YFP (W3483-10A), Ddc2-YFP (W3792-4B), Ddc1-YFP (W3923-12B),

or Rad52-YFP (W3749-14C) were grown to OD600 z0.1 in the absence of exogenous DNA damage in SC medium supplemented with 2 mg/ml a factor for 90 min

and the cultures subsequently exposed to IR. Images were acquired 60 min after exposure to IR. The G1 arrest was confirmed by FACS analysis. Scale bar, 3 mm.

Arrowheads mark foci in representative cells.

(B) Reduced efficiency of Rad52 focus formation in response to IR in G1-arrested cells. After 120 min, approximately 10% of cells form foci consistent with the

percentage of the population escaping arrest as measured by FACS analysis. Points and error bars represent the mean and SEM, unless otherwise noted.

(C) Rad52 focus formation upon entry into S phase. Cells expressing Rad52-YFP (W4965-8B) were arrested with 7.5 mg/ml a factor, exposed to IR, and then

incubated for another 30 min before they were filtered and placed in fresh medium.

(D) IR exposure induces BrdU foci during G1. After exposure to IR, subnuclear BrdU foci are visible in G1-arrested cells (W8127-21B) and approximately 60%

(18 of 29 at 30 min after exposure, time point shown) colocalize with Rfa1 foci.
G1 cells (Ira et al., 2004; Lisby et al., 2001). However, we observed

the induction of Rfa1, Mre11, Ddc1, and Ddc2 foci by IR at all

phases of the cell cycle in asynchronously growing cells, suggest-

ing that DSBs are recognized and resected in G1 phase (Lisby

et al., 2004). Figure 1A shows that even when cells are held in

G1 by a factor, Mre11, Rfa1, Ddc1, and Ddc2 form foci in

response to IR. On the other hand, significant levels of Rad52
74 Molecular Cell 30, 73–85, April 11, 2008 ª2008 Elsevier Inc.
foci do not form in G1 cells up to 3 hr after irradiation, indicating

that the absence of Rad52 foci is due to cell-cycle regulation

rather than a temporal delay between the assembly of RPA and

Rad52 into foci (Figure 1B). Consistently, when G1-irradiated cells

are released into S phase, Rad52 foci readily form in more than

50% of the cells (Figure 1C). These results suggest that a substan-

tial fraction of the lesions induced by IR in G1 are resected and not
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repaired by NHEJ. Rather, these DSBs persist until entry into S

phase, where they are recognized by the HR machinery (Aylon

et al., 2004; Ira et al., 2004; Karathanasis and Wilson, 2002).

RPA Is Recruited to ssDNA in G1 in Response to IR
We were surprised to find that Rfa1 foci form in G1 cells in re-

sponse to IR (Figure 1A), since previous observations showed

that endonuclease-induced DSBs are inefficiently resected in

G1-arrested cells (Frank-Vaillant and Marcand, 2002; Ira et al.,

2004). To look directly at ssDNA formation in response to IR-

mediated damage, we monitored the formation of single-strand

DNA under nondenaturing conditions using anti-BrdU antibodies

that only detect BrdU in ssDNA. Cells were labeled with BrdU for

two generations and arrested in G1 by exposure to a factor and

irradiated with 40 Gy IR. Before IR exposure, very few BrdU foci

were observed (three of 92 nuclei examined). At 30 and 120 min

after exposure to IR, a significant number of cells contain BrdU

foci (29 of 104 and 31 of 133, respectively), indicating that ssDNA

is formed following g irradiation. Interestingly, more than 60% of

the IR-induced BrdU foci colocalize with Rfa1 foci, as illustrated

in Figure 1D, further indicating that the ssDNA created following

IR exposure is bound by Rfa1.

Differential Response to Endonuclease- and IR-Induced
DSBs in G1
We find that IR-induced damage can create ssDNA and recruit

Rfa1 into foci during G1. However, only limited resection has

been shown in response to HO endonuclease-mediated breaks

in G1 (Frank-Vaillant and Marcand, 2002; Ira et al., 2004). To ex-

plore this difference in the cellular response to IR- and endonu-

clease-induced DSBs, we examined the recruitment of Mre11,

Ddc1, Ddc2, Rfa1, and Rad52 to an I-SceI endonuclease-medi-

ated DSB. Mre11 is rapidly recruited to the I-SceI-induced DSBs

in either G1 or S/G2 phases of the cell cycle (Figure 2A). In

contrast to what we find after IR, Rfa1, Ddc1, and Ddc2 are

not efficiently recruited to the I-SceI-induced break in G1 cells

(Figure 2A), even though I-SceI cutting is efficient (see Figure S1

available online). On the other hand, Ddc1, Ddc2, Rfa1, and

Rad52 all rapidly form foci in budded cells (S/G2) after DSB

induction (Figure 2A; Lisby et al., 2004). These observations

confirm that, unlike IR-induced DSBs (Figure 1A), endonucle-

ase-induced DSBs are not resected in G1 (Ira et al., 2004). One

explanation for this difference in processing is due to distinct

molecular structures at DSB ends generated by I-SceI and IR.

While endonuclease-mediated cleavage of the DNA phosphate

backbone leaves a 30-hydroxyl group to prime DNA synthesis

or for ligation in NHEJ, IR can leave a number of structures not

easily handled by the DNA repair machinery without further

processing, including breaks along the phosphate backbone

and even damaged or missing bases (Figure S2). Such DNA

ends likely require processing by the MRX complex before the

recruitment of checkpoint machinery and subsequent repair.

Low Doses of IR that Create Single-Strand Breaks
Do Not Induce DNA Repair Foci
Another possible explanation for the difference between IR and

endonuclease-mediated DSBs is that IR creates damage other

than DSBs. Exposure to IR leads to the formation of DNA strand
breaks and hydroxyl radicals, which result in nicks in the DNA-

phosphate backbone as well as damage to the DNA bases them-

selves. Damage to the phosphate backbone has been reported to

be the predominant form of DNA damage, resulting in a 30-termi-

nal phosphate or a 30 end that is not a hydroxyl, both of which re-

quire end processing before repair proceeds (Henner et al., 1982).

The effect of photonic energy froma Cobalt 60 radiation source on

human nuclei generates approximately 17 SSBs for every DSB

(Friedland et al., 1999). In addition, other studies in both yeast

and mammalian cells show a linear relationship between the

observed number of DNA breaks and the radiation dose received

(Cundari and Averbeck, 1987; Ogorek and Bryant, 1985a, 1985b).

To distinguish between SSBs and DSBs induced during exposure

to IR, we looked at focus formation at very low doses of IR (1–4 Gy)

where most cells have SSBs but few cells have a DSB. None of the

proteins examined—Rfa1, Ddc1, Ddc2, or Rad52—form foci

above the background level at low doses of IR below 4 Gy

(Figure 2B). Rather, proteins involved in DSBR form foci when ex-

posed to IR at levels consistent with the population of cells receiv-

ing one or more DSBs (see Figure 2B). These results support the

notion that the Rfa1,Ddc1, and Ddc2 foci induced by IR in G1 cells

are due to DSBs and not to SSBs.

Rfa1 Focus Intensity Increases upon Entry into S Phase
Binding of RPA to ssDNA is an early step required to initiate HR.

To monitor the kinetics of RPA recruitment to DSBs, we mea-

sured the frequency and brightness of individual Rfa1 foci after

exposure to IR. In G2 cells, Rfa1 foci form rapidly (>90% 30 min

after IR exposure), and the number decreases within 60 min, sug-

gesting that ssDNA disappears concomitant with repair of the

lesion (Figure 3B). In contrast, Rfa1 foci formed in G1-arrested

cells persist, indicating that DSBs are not repaired (Figure 3A).

Concomitantly, IR-induced Rfa1 foci formed during G1 contain

3- to 6-fold less Rfa1 than those formed in S/G2. Although the

brightness of G1 Rfa1 foci increases over time, the rate is 4- to

6-fold slower than in S/G2 cells (Figures 3A and 3B, dashed lines),

suggesting that resection is slow and less extensive in G1. Upon

entry into S phase, Rfa1 focus intensity dramatically increases

(3- to 6-fold, Figure 3C), likely reflecting an increase in the rate

of resection once the cells progress into S phase. This analysis

of Rfa1 foci (Figures 2A and 3A–3C) suggests that initiation of

resection is regulated in response to the type of DNA damage

and that the rate of resection increases at the G1-to-S transition.

Yku70 Inhibits Rfa1 Focus Formation at I-SceI-Induced
DNA Ends
One possible explanation for the lack of recruitment of RPA to

endonuclease-mediated DSBs in G1 is that these breaks are

ideal substrates for NHEJ while those arising from IR are not.

In NHEJ, the Yku70/Yku80 heterodimer first binds the DNA

ends (Feldmann and Winnacker, 1993), followed by the ordered

recruitment of the Nej1/Lif1 complex and the DNA ligase, Dnl4

(Critchlow and Jackson, 1998). Removal of the KU complex

increases DNA resection in asynchronous cells (Lee et al., 1998)

both at DSBs and at telomeres (Maringele and Lydall, 2002), sug-

gesting that KU binding protects DNA ends from degradation.

Therefore, we examined cells lacking a functional Yku70/

Yku80 heterodimer. As shown in Figure 4A, yku70D cells exhibit
Molecular Cell 30, 73–85, April 11, 2008 ª2008 Elsevier Inc. 75
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Figure 2. Differential Recruitment of Checkpoint and Repair Proteins to IR- and Endonuclease-Induced DSBs

(A) Focus formation in response to an I-SceI-induced DSB. Expression of the I-SceI endonuclease was induced in cells harboring a fluorescently-marked I-SceI

cut site (I-SceIcs) and either Mre11-YFP (W4363-4B), Rfa1-YFP (W4362-1C), Ddc1-YFP (W4688-11D), Ddc2-YFP (W4364-9B), or Rad52-YFP (W4365-5B). The

I-SceIcs is adjacent to an array of 336 copies of the Tet operator sequence in cells expressing the tet repressor fused to monomeric RFP, marking the locus as
76 Molecular Cell 30, 73–85, April 11, 2008 ª2008 Elsevier Inc.
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Figure 3. Regulation and Kinetics of Rfa1 Focus Formation

(A–C) Quantitation of Rfa1 foci in response to IR. Cells were arrested either in G1 by a factor (A and C) or in G2 by nocodazole (B) and then exposed to IR.

Median values for the quantitation of individual Rfa1 focus intensities are plotted as dashed lines.

(A) Rfa1 focus formation in G1. Approximately 80% (0.6/0.75 = 0.80) of the cells receiving a DSB in G1 (75%) form an Rfa1 focus (60%) when cells are held in G1;

however, these foci are fainter than in budded cells.

(B) Rfa1 focus formation in G2. Rfa1 foci in G2-arrested cells are 4- to 6-fold brighter, and the focus intensity increases at a rate 3- to 6-fold faster than foci in G1.

(C) Cell-cycle regulation of Rfa1 foci. The intensity of individual IR-induced Rfa1 foci was measured and the median plotted for cells arrested by a factor in G1 and

released at time = 100 min after exposure to IR. Upon entry into S phase, Rfa1 focus intensity increases at a rate that is 3- to 6-fold higher than in G1 cells,

indicating that a faster rate of resection is taking place.
increased Rfa1 focus formation in G1 (17% of cells in WT com-

pared to 43% in yku70D), indicating the presence of more free

DNA ends available for resection. This result is consistent with

a protection of nuclease-induced ends from resection by

the Yku70/Yku80 complex. In contrast, Rfa1 focus formation is

unaffected by deletion of DNA ligase IV (DNL4), a factor required

for NHEJ that acts downstream of the Yku70/Yku80 complex

(Figure S2). Therefore, the increased Rfa1 focus formation in

response to an endonuclease-mediated break in yku70D cells

is not the result of lesions being processed for HR when NHEJ

cannot be completed. Previous studies show that asynchronous

populations of yku70D cells undergo �2-fold more resection

after a single endonuclease-mediated DSB (Lee et al., 1998).

However, those studies did not distinguish between events in

different phases of the cell cycle. Our results point to a direct

effect of deleting Yku70/Yku80 on DNA end protection in G1

rather than an increase in the rate of resection.

Sae2 and Mre11 Are Not Responsible
for the Differential G1 Processing of IR versus
Endonuclease-Mediated DSBs
Sae2, the S. cerevisiae homolog of human CtIP, has recently

been shown to promote end resection, acting with the MRX
complex to facilitate early steps in HR (Limbo et al., 2007; Sartori

et al., 2007). To look specifically in G1 cells for an effect of Sae2

activity, we measured Rfa1 focus formation in cells arrested with

a factor. Cells lacking SAE2 show lower levels of Rfa1 foci at

both 30 and 60 min after exposure to IR, indicating a delay in their

appearance (Figure 4D). These results indicate a role for end

processing by Sae2 prior to Rfa1 focus formation in response to

IR-induced damage during G1. Sae2 acts in conjunction with

the MRX complex, and Mre11 is recruited equally well to both

IR-induced and endonuclease-mediated DSBs in G1 (Figures

1A and 2A, respectively). To assess whether the MRX complex

also has a role in the processing of DNA ends for resection in re-

sponse to IR exposure in G1, we looked at the effect of mutating

Mre11 nuclease activity on the appearance of Rfa1 foci in G1

cells. A histidine-to-asparagine change at position 125 abro-

gates both the endonuclease and exonuclease activities of

Mre11 (Moreau et al., 1999). Cells harboring the mre11-H125N

allele exhibit a moderate sensitivity to IR (10-fold decrease in sur-

vival at 500 Gy) yet show no obvious defect in processing DSBR

intermediates into ssDNA (Moreau et al., 1999). Rfa1 focus for-

mation is delayed in the mre11-H125N mutant, similar to

sae2D cells; however, the defect is less pronounced (Figure S3).

These results indicate that, while Mre11 nuclease activity may
a discrete RFP dot. Focus formation and the percentage of colocalization with the I-SceI cut site for each protein are plotted as a function of time after I-SceI was

induced by addition of galactose. YFP, RFP, DIC, and YFP/RFP merged images of representative cells are shown and selected foci indicated by arrowheads.

Mre11 is recruited equally well to the I-SceI cut site in G1 and S/G2/M. In contrast, Rfa1, Ddc1, and Ddc2 form very few foci in G1 cells in response to an

I-SceI DSB.

(B) Proteins involved in DSBR do not respond to IR by forming foci at doses resulting only in SSBs. Dose dependency curves for Rfa1, Ddc1, Ddc2, and Rad52

foci, respectively, are shown in the colored lines. The solid line indicates the predicted percentage of cells in the population receiving 1 or more SSBs, the dotted

line indicates the predicted percentage of cells receiving one or more DSBs in response to IR, and the dashed line represents the predicted percentage of cells

receiving two or more DSBs, assuming that 17 SSBs are generated for every DSB and that the number of breaks induced per cell follows a Poisson distribution

(Friedland et al., 1999). None of the proteins form foci in response to low IR doses predominantly resulting in SSBs 60 min after exposure.
Molecular Cell 30, 73–85, April 11, 2008 ª2008 Elsevier Inc. 77
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Figure 4. G1 Regulation of DSB Resection

(A) Rfa1 focus formation in yku70D cells. Wild-type (W5713-18A) and yku70D (W5713-16D) cells were arrested with a factor for 210 min, after which an I-SceI-

mediated DSB was induced by addition of galactose. Over the course of 3 hr, only 20% of wild-type cells accrue Rfa1 foci at the marked DSB. In contrast, 45% of

yku70D cells have a focus at the DSB by 3 hr after I-SceI induction.

(B) Rad53 phosphorylation is not activated in response to a single DSB, while there is a low level of constitutive checkpoint activation in yku70D cells, as indicated

by the Rad53 smear at time 0. a-Adh1 was used as a loading control.

(C) Rfa1 focus formation and Sml1 degradation in response to an endonuclease-mediated DSB in G1. As in (A), wild-type (W7542-11D) cells were arrested in

G1 and followed by induction of I-SceI endonuclease. The cells forming Rfa1 foci in response to DSB induction also degrade Sml1, indicating downstream

checkpoint induction, though Rad53 phosphorylation is not visible by western blot.

(D) Rfa1 focus formation in sae2D cells. Cells were arrested in G1, then exposed to IR. The abrogation of SAE2 (W5071-5D) leads to a slower rate of Rfa1 focus

formation in G1 cells, as sae2D cells have fewer Rfa1 foci at 30 and 60 min after exposure to IR compared to WT cells.
facilitate the initial appearance of ssDNA in G1 cells, it is not the

sole nuclease responsible for resection of DSBs. The similar

phenotypes of mre11-H125N and SAE2 deletion on the kinetics

of Rfa1 focus formation in response to IR corroborate the coop-

erative nature of Sae2 and the MRX complex to promote DSB

end resection (Limbo et al., 2007; Sartori et al., 2007). However,

deletion of SAE2 leads to a more striking delay in Rfa1 focus for-

mation indicating that, while some lesions induced by IR may re-

quire the nuclease activity of Mre11 to create a structure recog-

nizable by Sae2, others may not.

A Single DSB Is Sufficient to Generate a Checkpoint
Response in G1
The 9-1-1 and Ddc2-Mec1 checkpoint complexes are recruited

to foci in an RPA-dependent fashion (Melo et al., 2001). To test

whether appearance of these foci is accompanied by check-

point activation, we investigated Rad53 phosphorylation and

Sml1 degradation (Sanchez et al., 1999; Zhao et al., 2001) (Fig-

ures 4B and 4C). We examined both WT and yku70D cells to
78 Molecular Cell 30, 73–85, April 11, 2008 ª2008 Elsevier Inc.
determine if there is a difference in the checkpoint response

following a single I-SceI cut in G1. Asynchronous yku70D cells

show Rad53 activation even before endonuclease expression

(Lee et al., 1998), and Sml1 is also degraded in virtually all

yku70D cells, consistent with Rad53 activation (Corda et al.,

2005). However, wild-type G1 cells do not show Rad53 phos-

phorylation, even 4.5 hr after I-SceI induction (Figure 4B, lane

5). Interestingly, Sml1 is degraded in �20% of wild-type cells

after I-SceI induction, the same population with Rfa1 foci (Fig-

ures 4B and 4C). To determine if the number of DNA DSBs in

G1 affects the DNA damage response, we introduced two

I-SceI target sites into a strain at two different loci. Even with

two DSBs, Rad53 phosphorylation is not detected in G1, and

Rfa1 focus formation does not occur at significantly higher

levels (Figure S4). Furthermore, Sml1 is degraded in those cells

that contain Rfa1 foci. Together, these results indicate that

Sml1 degradation is a more sensitive measure of checkpoint

activation and that a single DSB is sufficient to induce a check-

point response in G1.
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Figure 5. Independent Recruitment of Checkpoint Machinery 9-1-1 and Ddc2-Mec1 Requires Cdc28 Activity

(A) Ddc2 focus formation in mec3D G1 cells. mec3D cells were arrested in 2 mg/ml a factor for 90 min and the cultures subsequently exposed to IR, and images

were acquired at the stated time points. Ddc2 focus formation does not occur in mec3D cells (W5358-9A) arrested in G1.

(B) Rad53 phosphorylation in WT and mec3D G1 cells. Rad53 is phosphorylated in WT G1 cells after exposure to 40 Gy IR, while it is not in mec3D cells.

(C) Rfa1 focus formation in mec3D G1 cells. Deletion of MEC3 does not prevent Rfa1 focus formation during G1 (W5793-10B).

(D) Ddc2 focus formation in S/G2 mec3D cells with and without Cdc28 kinase activity. Ddc2 forms foci in budded cells, regardless of the presence of an active

DNA damage clamp. When Cdc28 kinase activity is abrogated by the addition of the inhibitor 1-NM-PP1 to a strain containing the cdc28-as1 allele (W7832-2A),

no Ddc2 focus formation is observed after 40 Gy IR, indicating that Cdc28 kinase activity is required for recruitment of Ddc2-Mec1 to the sites of DNA damage

when Mec3 is absent (W7832-1A).

(E) Rad53 phosphorylation in WT and mec3D cells. Inhibition of cdc28-as1 cells with 1-NM-PP1 does not alter Rad53 phosphorylation in WT or mec3D cells.
The 9-1-1 Complex Is Required for Ddc2 Focus
Formation in G1
The 9-1-1 and Ddc2-Mec1 checkpoint complexes are recruited

independently to sites of DNA damage by RPA in asynchro-

nously growing cells (Lisby et al., 2004; Melo et al., 2001;

Zou and Elledge, 2003). To determine if this holds true for G1

cells, a factor-arrested cells were examined for Ddc2 foci after

g irradiation. In G1-arrested cells where the 9-1-1 DNA damage

clamp has been inactivated by deleting the MEC3 subunit,

Ddc2 focus formation does not occur (Figure 5A). Similarly,

Ddc2 foci do not form in the G1 population of asynchronously
growing mec3D cells (Figure S4). Indeed, in mec3D cells

arrested in G1, Rad53, a downstream checkpoint kinase

activated by Mec1, is not phosphorylated. These results

demonstrate that the 9-1-1 complex is required for Mec1 activ-

ity in G1 cells (Figure 5B), which supports in vitro evidence

showing that Mec1 kinase activity is greatly stimulated by

RPA and the 9-1-1 complex (Majka et al., 2006). However, de-

letion of MEC3 has no effect on Rfa1 focus formation, indicat-

ing that the 9-1-1 clamp is not required to load RPA onto the

DNA (Figure 5C). Together, these results demonstrate that

Ddc2 focus formation is cell cycle regulated and that the
Molecular Cell 30, 73–85, April 11, 2008 ª2008 Elsevier Inc. 79
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recruitment and activation of the Ddc2-Mec1 complex requires

the 9-1-1 complex in G1.

Cdc28 Activity Is Required for Ddc2 Focus Formation
in the Absence of Mec3
The cyclin-dependent kinase Cdc28 is the major regulator of

cell-cycle processes. To determine if its activity governs Ddc2

focus formation, we utilized cdc28-as1, an allele of Cdc28 that

contains a modification in the ATP-binding pocket (Bishop et al.,

2000). The kinase activity of Cdc28-as1 can be fully inhibited

by addition of a nonhydrolyzable ATP analog 1-NM-PP1

that fits in the active site of the altered protein only and does

not interfere with any other kinase activity present in the cell

(Bishop et al., 2000). In response to IR, inhibition of Cdc28 alone

does not affect Ddc2 focus formation. However, Cdc28 activity

is essential for Ddc2 focus formation in S/G2 mec3D cells

(Figure 5D). While the 9-1-1 complex alone recruits Ddc2 to

DNA in G1, Cdc28 activity and 9-1-1 serve independently to

recruit Ddc2 into foci in S/G2 cells, when Cdc28 kinase activity

is highest.

To determine whether Ddc2 focus formation activates the

damage checkpoint, we analyzed wild-type and mec3D cells

for Rad53 phosphorylation. In response to 40 Gy IR, wild-type

cells exhibit robust phosphorylation of Rad53. However, in

mec3D-irradiated cells, Rad53 is not visibly phosphorylated

even when Cdc28 is active (Figure 5E) and Ddc2 foci form

(Figure 5D). These results indicate that, even though Ddc2 forms

foci in response to IR in mec3D cells, the downstream check-

point is not activated without the presence of a functional DNA

damage clamp.

RPA Checkpoint Functions Maintain Ddc1 Foci
after DNA Damage
RPA is required for the recruitment of Ddc1 and Ddc2 in vivo

(Lisby et al., 2004; Melo et al., 2001) and has roles in both repair

and checkpoint processes when cells suffer DNA damage

(Umezu et al., 1998). All three subunits of the complex are mod-

ified as the cells enter S phase and in response to DNA-damag-

ing agents (Din et al., 1990; Kim and Brill, 2003; Ubersax et al.,

2003). rfa1-t11 is a checkpoint-deficient allele of Rfa1 isolated

for its sensitivity to UV and MMS, and it is also defective in the

G2/M DNA damage checkpoint (Kim and Brill, 2001; Umezu

et al., 1998). rfa1-t11 cells are fully functional in DNA replication,

and the allele is characterized by a single amino acid change of

lysine at position 45 to glutamic acid. We looked at Ddc1 and

Ddc2 focus formation in the rfa1-t11 background to determine

if the checkpoint functions of RPA are involved in recruiting these

proteins after exposure to IR. Interestingly, we observe no effect

of the rfa1-t11 allele on the initial assembly of Ddc1 foci; how-

ever, the foci are transitory and disappear by 120 min after expo-

sure to IR (Figure 6A). This result indicates that one of the check-

point functions of wild-type Rfa1 is to maintain the localization of

the DNA damage clamp at sites of damage. Furthermore, Ddc2

focus formation is also compromised in rfa1-t11 cells, as fewer

cells form Ddc2 foci in response to 40 Gy IR (�60% compared

to �80% in wild-type cells) and the foci exhibit decreased in-

tensity (Figure 6B and data not shown). The effect of the rfa1-

t11 allele on Ddc1 and Ddc2 focus formation suggests that
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RPA is important not only to recruit but also to maintain the pres-

ence of the 9-1-1 clamp and Ddc2-Mec1 checkpoint complexes

at the damage site.

RPA and the 9-1-1 Checkpoint Complex Independently
Recruit Ddc2 in S/G2 Cells
To determine if Rfa1 and the 9-1-1 clamp act together to recruit

Ddc2 in S/G2, we looked at Ddc2 focus formation in an rfa1-t11

mec3D double mutant. While Ddc2 foci form in response to IR in

either single mutant (Figures 5D and 6B), no foci are induced in

the double mutant, indicating that the 9-1-1 complex and RPA

govern two distinct pathways for Ddc2 focus formation in

response to IR-induced DNA damage (�10% in Figure 6C

compared to �80% in wild-type cells in Figure 5D).

Cdc28 kinase activity regulates many aspects of DSBR, in-

cluding ssDNA formation and the recruitment of Rad52, a key

HR protein, to the sites of DNA damage. We have shown that,

in the absence of a functional 9-1-1 complex, Cdc28 kinase

activity is also responsible for Ddc2 focus formation in response

to IR (Figure 5D). To understand further the role of Cdc28 in

checkpoint regulation, we blocked its kinase activity in a check-

point-defective rfa1-t11 background. Inhibition of Cdc28 kinase

activity has no effect on Ddc2 focus formation in rfa1-t11 cells

during G1 (data not shown). In S/G2 rfa1-t11 cells, however,

loss of Cdc28 kinase activity decreases Ddc2 focus formation

approximately 2-fold (Figure 6C), yet 40% of cells are still able

to form Ddc2 foci, indicating that the rfa1-t11 checkpoint defects

on Ddc1 focus formation require entry into S phase. Further-

more, inhibiting Cdc28 kinase activity reduces Rad53 phosphor-

ylation in rfa1-t11 cells (Figure 6D), while no inhibition is observed

in wild-type cells (Figure 5E). Together, these results indicate

that, in S/G2 cells, Cdc28 activity acts in parallel with RPA and

the 9-1-1 DNA damage clamp to recruit and activate Ddc2 in

response to DNA damage.

DISCUSSION

Efficient recognition and the timely repair of DSBs are important

for maintaining genomic integrity. Haploid cells are particularly

vulnerable during G1, since they contain only a single comple-

ment of their genome. Here we show that budding yeast has

developed mechanisms to respond to DSBs in a lesion-specific

manner during G1. Specifically, endonuclease-mediated DNA

breaks, which are suitable for NHEJ, are blocked from resection

by the DNA end-binding Yku70/Yku80 complex, while the

‘‘ragged’’ ends of IR-induced breaks are readily resected. The

rate of resection of IR-induced DSBs in G1 cells is 4- to 6-fold

slower than in S/G2 (Figures 4A and 4B). Since most DSBs in

G1 cells have no template for HR, reduced resection may facili-

tate repair by an alternative NHEJ pathway such as microhomol-

ogy-mediated ligation (Lee et al., 2004). Other DNA end-binding

proteins, the MRX complex and the associated Sae2 protein,

also play roles in controlling resection of DSBs. In particular,

we observe a delay in Rfa1 focus formation after irradiation in

G1-arrested mre11-H125N and sae2D cells. These results are

consistent with a role for MRX-Sae2 in the initial processing of

nonligatable IR-induced DSB ends for HR.
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Figure 6. RPA Checkpoint Function Is Required to Maintain Ddc1 Foci

(A) Ddc1 focus formation in rfa1-t11 cells. Ddc1 forms foci in rfa1-t11 cells (W5872-3C); however, these foci do not persist and fully disappear by 120 min after

exposure to IR, unlike in WT cells, where the foci persist for more than 3 hr.

(B) Ddc2 focus formation in rfa1-t11 cells. Ddc2 focus formation in rfa1-t11 cells (W5873-9B) is reduced (from 80% to 60%) compared to WT but is not completely

abrogated.

(C) Ddc2 focus formation in rfa1-t11 mec3D cells in the presence or absence of Cdc28 activity. We find that RPA and Cdc28 act independently to recruit Ddc2.

Although rfa1-t11 cdc28-as1 cells (W7848-9B) are partially compromised for Ddc2 focus formation, inhibition of Cdc28 kinase activity further reduces Ddc2 focus

formation in rfa1-t11 cells (�30% compared to�70%), while Ddc2 foci still form in one third of the population. On the other hand, rfa1-t11 mec3D cells (W7848-

7A) are compromised for Ddc2 focus formation since rfa1-t11 mec3D cells, even in the presence of Cdc28 kinase activity, only form Ddc2 foci in 10% of budded

cells in response to IR, compared to 70% in rfa1-t11 cells and 40%–50% in rfa1-t11 cells where Cdc28 kinase activity is inhibited.

(D) Inhibition of Cdc28 activity reduces Rad53 phosphorylation in rfa1-t11 cells. After exposure to 40 Gy IR, Rad53 is phosphorylated in rfa1-t11 cells (left).

Inhibition of Cdc28-as1 by addition of 1-NM-PP1 reduces Rad53 phosphorylation.
These observations lead us to the model in Figure 7A, where

we propose that, for ligatable DNA ends, Yku70/Yku80 com-

petes with MRX for end binding, thereby limiting the formation

of ssDNA at the break site (Figure 7A). When the DNA ends are

not ligated via NHEJ, nucleases produce 30 single-stranded

tails, which become substrates for HR in S phase (Figure 7A,

part 5). In support of this notion, yku70D mutant cells display

increased Mre11 focus formation both in the absence of exog-

enous damage and in response to IR (data not shown), and

yku70D cells show no IR sensitivity unless HR is compromised

(Siede et al., 1996). These results are also consistent with the
observation that competition between Rad50, a member of

the MRX complex, and Yku70 regulates Exo1 exonuclease ac-

tivity at the ends of DSBs in S. pombe (Tomita et al., 2003). Af-

ter g irradiation, the nonligatable ragged ends are substrates

for the MRX-Sae2 complex, and nuclease activity generates

single-stranded tails. Recent reports show that Sae2 acts in

conjunction with the MRX complex to prepare the substrate

for DNA end resection in vitro (Limbo et al., 2007; Sartori

et al., 2007). Thus, in our model, the MRX-Sae2 and Ku com-

plexes govern the processing of DNA ends that may arise in

G1 cells.
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Figure 7. Models for Cell-Cycle Regulation of DSB Repair and Checkpoint Activation

(A) Cell-cycle regulation of DSBR. When a DSB is generated (1), ends may be either ragged, as those produced following exposure to IR (left), or ‘‘clean,’’ such as

those resulting from an endonuclease-mediated cleavage (right). The MRX complex recognizes both kinds of ends (2), while, during G1, clean ends are prefer-

entially bound by Yku70/Yku80 (3). Once Yku70/Yku80 is bound, the ends are not released until ligation is complete or until the cell has entered into S phase (4 and

5). Upon entering S phase, Yku70/Yku80 dissociates from the ends, freeing them for digestion by nucleases resulting in ssDNA. RPA binds the ssDNA, indepen-

dently recruiting the 9-1-1 (Ddc1-Mec3-Rad17) and Ddc2-Mec1 checkpoint complexes (5, right). Ragged DNA ends, on the other hand, are not bound by Yku70/

Yku80 during G1. Instead, these free ends are processed by one or more nucleases into 30 ssDNA tails, recognized, and bound by RPA. RPA then recruits Ddc1-

Mec3-Rad17, which in turn is required for Ddc2-Mec1 focus formation in G1. (4, left). The HR machinery, here shown as Rad52 and Rad51, cannot be recruited,

however, until the cells have entered into S phase (6).

(B) Ddc2-Mec1 checkpoint activation. In G1 cells, 9-1-1(Ddc1-Mec3-Rad17) is absolutely required for recruitment of Ddc2 into foci and subsequent Rad53 phos-

phorylation. In S/G2, Cdc28 activity and RPA modification on lysine 45 (orange star) act in conjunction with the 9-1-1 complex to promote Ddc2 focus formation

and downstream checkpoint events. See the Discussion for details.
Finally, the recombination protein Rad52 is only recruited after

cells have entered S phase (Lisby et al., 2001; Figure 7A, part 6).

Interestingly, deletion of CLB5 and CLB6, the S phase B-type

cyclin activators of Cdc28 (Mendenhall and Hodge, 1998), slow

the recruitment of this key recombination protein (data not

shown). It is tempting to speculate that the S phase phosphory-

lation of Rad52 is important for this regulation (Antunez de

Mayolo et al., 2006), although Cdc28 does not appear to be di-

rectly responsible (Ubersax et al., 2003). Thus, both robust

DNA resection (Figure 4C) and Rad52 recruitment are initiated

at the G1-to-S transition, which is regulated by Cdc28 activation

(Figure 7A).Efficient checkpoint signaling requires the 9-1-1 DNA
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damage complex, comprised of Mec3, Ddc1, and Rad17, and

the ATRIP-ATR homologs Ddc2 and Mec1. Previous work indi-

cated that RPA independently recruits these two complexes to

the sites of DNA damage (Lisby et al., 2004; Melo et al., 2001).

Here we show that specifically during G1, Ddc2 focus formation

requires the presence of the 9-1-1 DNA damage clamp (Figures

5A and 5B). In S/G2 cells, however, Ddc2 forms foci in response

to DNA damage even in cells lacking 9-1-1, unless Cdc28 kinase

activity is also abrogated (Figure 5D). We speculate that, during

S phase, PCNA substitutes for the 9-1-1 damage clamp and

recruits Ddc2. Importantly, in the absence of 9-1-1, cells do

not exhibit Rad53 phosphorylation, indicating that the DNA
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damage clamp is absolutely required for Mec1 kinase activity

even when Ddc2 is recruited into foci during S/G2 (Figures 5E

and 7B). As shown in Figure 7B, the Cdc28 kinase may act di-

rectly or indirectly to modify RPA activity during the DNA damage

response. A checkpoint-defective allele of RPA, rfa1-t11 (Rfa1-

K45E), leads to the destabilization of Ddc1 foci (Figure 6A) and

also compromises Ddc2 focus formation, as shown by fewer

foci (Figure 6B). Furthermore, rfa1-t11 mec3D cells form almost

no Ddc2 foci in response to IR, demonstrating that both RPA and

9-1-1 contribute to the recruitment of Ddc2 after DNA damage in

S/G2 cells. In the absence of Cdc28 kinase activity, Ddc2 focus

formation is further reduced in rfa1-t11 mec3D cells (Figures 6C

and 7B), leading to a model in which Cdc28, 9-1-1, and RPA

cooperate to activate the DNA damage checkpoint in S/G2 (Fig-

ure 7B).This study identifies multiple layers of cell-cycle regula-

tion for DNA repair, both in the recruitment of the ssDNA-binding

protein RPA to the sites of damage and the subsequent recruit-

ment of the 9-1-1 and the Ddc2-Mec1 checkpoint complexes. In

G1, the cell distinguishes between different types of DNA ends.

Ku binds ligatable ends, while RPA binds to ssDNA at processed

ends, resulting in a checkpoint response. RPA collaborates with

the 9-1-1 clamp to recruit Ddc2-Mec1 to DSBs. Upon entry into

S phase, Cdc28 activity, in conjunction with RPA checkpoint

functions, is sufficient to recruit Ddc2-Mec1; however, 9-1-1 is

absolutely required for Mec1 checkpoint activity. These results

demonstrate that the cell relies on multiple cell-cycle-regulated

pathways to sense DSBs and maintain DNA damage checkpoint

activation. Integration of these pathways results in an effective

DNA damage response.

EXPERIMENTAL PROCEDURES

Yeast Strains and Media

Yeast strains used in this study are listed in Table S1. Fluorescently tagged

proteins and chromosomal sites were described previously (Lisby et al.,

2001, 2004). Experiments were carried out at 23�C in minimal media (SC)

supplemented with 2% glucose, raffinose, or galactose as noted. Expression

of the I-SceI enzyme from the Gal1-10 promoter was induced by the addition of

galactose to a final concentration of 2% in cultures growing in 2% raffinose.

Cell Synchronizations

Unless otherwise stated, cells were synchronized in G1 by the addition of

2 mg/ml a factor and incubation for 90 min (in 2% glucose) or 3.5 hr (in 2%

raffinose) at 23�C. For cell synchronization and release, cells were first syn-

chronized in G1 with 10 mg/ml a factor for 2 hr, filtered, and released from

G1 arrest by resuspension in fresh media without a factor. Cells were arrested

in G2 with 5 mg/ml nocodazole for 2 hr.

g Irradiation

Cells analyzed by microscopy were pregrown in SC at 23�C until OD600

reached 0.2. At this point, the liquid cultures were exposed to defined doses

of irradiation using a Gammacell-220 60Co irradiator (Atomic Energy of Can-

ada), and aliquots of the cultures were processed immediately for imaging.

Cells for the low-dose experiment in Figure 2B were exposed to different doses

of g rays using a Gammacell-40 137Cs irradiator (Atomic Energy of Canada).

Genomic Blot Analysis

Genomic blot analysis was performed according to standard procedures

(Maniatis et al., 1982). In brief, total yeast DNA was extracted and resuspended

in TE buffer (Hoffman and Winston, 1987). DNA samples were digested with

HindIII before agarose gel electrophoresis. Nitrocellulose membranes were

probed with a PCR product generated using the primers iYEL023C_SQ1
(50-TTAGTGAATGGCTGAGGTCC-30 ) and iYEL023C_SQ2 (50-GTATTTCCGC

ATCGCTGTCG-30).

Live Cell Imaging and Fluorescent Microscopy

Cells were prepared for fluorescent microscopy as described previously (Lisby

et al., 2001, 2004).

BrdU Labeling

Yeast cells only able to use an exogenous source of thymidine (W8127-21B)

were grown overnight in SC medium containing 2% galactose and 10 mM thy-

midine (Vernis et al., 2003). Overnight cultures were diluted into fresh medium

supplemented with 6 mM thymidine and 4 mM BrdU and grown for additional

two cell doublings, then arrested in a factor. Cells were fixed with 4% parafor-

maldehyde (1 hr at RT), spheroplasted using 100T zymolase in sodium phos-

phate/sorbitol buffer (10–15 min at 30�C), then washed in PBS buffer. BrdU de-

tection was performed using the FITC-conjugated mouse a-BrdU antibody

from BD Biosciences (catalog number 347583) and the supplied protocol. Im-

ages were captured as described above, with a cooled Orca-ER CCD camera

using a Leica HCX PL APO 1003 objective 1.46 NA mounted on a Leica

CTR5500 microscope.

SUPPLEMENTAL DATA

Supplemental Data include four figures and one table and can be found with

this article online at http://www.molecule.org/cgi/content/full/30/1/73/DC1/.
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