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Abstract

Double-strand breaks (DSBs) in budding yeast trigger activation of DNA damage checkpoints,
allowing repair to occur. Although resection is necessary for initiating damage-induced cell cycle
arrest in G2, no role has been assigned to it in the activation of G1 checkpoint. Here we
demonstrate for the first time that the resection proteins Sgs1 and Exol are required for efficient
G1 checkpoint activation. We find in G1 arrested cells that histone H2A phosphorylation in
response to ionizing radiation is independent of Sgs1 and Exol. In contrast, these proteins are
required for damage-induced recruitment of Rfal to the DSB sites, phosphorylation of the Rad53
effector kinase, cell cycle arrest and RNR3 expression. Checkpoint activation in G1 requires the
catalytic activity of Sgs1, suggesting that it is DNA resection mediated by Sgs1 that stimulates the
damage response pathway rather than protein-protein interactions with other DDR proteins.
Together, these results implicate DNA resection, which is thought to be minimal in G1, as
necessary for activation of the G1 checkpoint.
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1. Introduction

Cellular DNA is constantly exposed to endogenous and exogenous insults, often resulting in
damage. The most deleterious type of damage is the chromosomal double strand break
(DSB), which can lead to translocations and loss of genetic information. To maintain
genomic integrity, cells activate the DNA damage response (DDR), which is a set of
coordinated pathways that promote DNA repair while protecting the cell from further
damage [1-3]. Upon generation of DSBs, components of the DDR pathway localize to the
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damage site, forming chromatin domains called ionizing radiation induced foci (IRIF) that
mediate signal transduction. IRIF can be visualized under the microscope by monitoring
relocalization of fluorescently tagged factors that localize to the site such as yeast Rad9 or
its metazoan ortholog 53BP1 [4, 5].

Typically, cell cycle progression is transiently arrested in response to DSBs, permitting
repair to occur and thereby minimizing loss of genomic integrity due to replication or
segregation of damaged DNA [6]. In budding yeast Saccharomyces cerevisiae, these cell
checkpoints cause delays during G1, S, or G2/M [7, 8]. Relative to G1, the G2/M checkpoint
is more sensitive to damage and generates a more robust response [9]. The S phase
checkpoint is associated with slowed replication [10]. According to the prevailing model for
checkpoint activation in budding yeast [11], the Mre11-Rad50-Xrs2 (MRX) complex serves
as a damage sensor and is rapidly recruited to the DSB site [12, 13]. In parallel, the MRX
complex collaborates with the nuclease Sae2 to process DNA ends, permitting 5' end
resection by the Exol and Dna2/STR (Sgsl1-Top3-Rmil) nucleases to generate 3' overhangs
[14-17]. The ssDNA generated from this resection becomes coated with the heterotrimeric
replication protein A (RPA) complex consisting of Rfal, 2, and 3, which then facilitates
assembly of the 9-1-1 clamp to the DSB site [18, 19]. Then, the PIKK kinase Mec1 and its
adaptor protein Ddc?2 are recruited to the site via interactions with RPA and the 9-1-1 clamp
[19-21]. In parallel, MRX recruits a second PIKK kinase, Tell, to the break [22, 23] where
it phosphorylates histone H2A at Ser129 to generate yH2A, facilitating recruitment of
checkpoint mediators to the damage site [24—26]. The adaptor protein Rad9 localizes to the
DSB site by interacting both with the S129-phosphorylated H2A and K79-methylated
histone H3 (H3 K79me) [27-31]. There, Rad9 is phosphorylated by Mec1l and recruits the
effector kinase Rad53, also phosphorylated by Mec1, leading to its activation [32, 33]. Ina
critical amplification step, the activated Rad53 dissociates and phosphorylates downstream
effectors of the checkpoint activation cascade leading to cell cycle arrest.

While 5' DNA resection and chromatin modification appear to work cooperatively to enable
a proper DNA damage response, each process seems to play a distinct role. DNA end
resection is a two-step process: an initial short-range resection mediated by MRX and Sae2,
and a subsequent long-range resection mediated by Exol and Dna2-STR acting in parallel.
Cells lacking both Sgs1 and Exol are defective in DNA resection and activation of the G2/
M checkpoint [14, 15, 17]. The checkpoint arrest in response to DNA damage in G1 is
relatively insensitive to radiation and transient in comparison to G2/M [34, 35]. Formation
of 3' overhangs in G1 is markedly slower than in G2/M [9], ascribed to the inactive state of
cyclin dependent kinase Cdc28 [36]. While cells expressing nuclease-defective Exol or
helicase-defective Sgsl are G2/M checkpoint deficient [17], no similar effect has been
documented for G1. Instead of DNA resection, previous studies have indicated that
chromatin modifications are necessary for activation of the G1 checkpoint but not the G2/M
checkpoint [26, 30, 37]. Even so, the limited resection in G1 is likely sufficient to recruit
RPA to the DSB sites [9, 34, 38], suggesting a potential role in activation of the G1
checkpoint.

That Mec1 is necessary for the G1 arrest led us to reexamine a relationship between
resection and the G1 checkpoint [39]. Here we show that G1-arrested sgs14 exolA cells are
sensitive to DNA damage and unable to activate RA/R3when exposed to ionizing radiation
(IR). We find that the loss of Sgs1 and Exo1l significantly impairs activation of Rad53 and
cell cycle arrest in irradiated cells. Interestingly, IR-induced generation of yH2A is
maintained in these mutants, indicating that Sgs1 and Exo1 are not required for the
chromatin modification cascade of G1 checkpoint. This is supported by the inability of the
Ddc2-Rad53 fusion protein, which bypasses the requirement for Rad9, to rescue the sgsi4
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exolA cells. These findings indicate that although resection is not as extensive in G1 as in
G2, it could be necessary for G1 checkpoint activation.

2. Materials and methods

2.1. Strains, plasmids, growth conditions, and yeast transformations

All yeast strains (as listed in Table 1) were constructed in the W303 background unless
noted. Yeast cells were grown in standard rich YPD media (1% yeast extract, 2% peptone,
2% glucose) or SC (synthetic media with 2% glucose) lacking appropriate amino acids for
selection. Plasmids used are listed in Table 2 and were grown in £. coli competent DH5a
and transformed into yeast as described [40-42].

2.2. Genetic manipulations

Complete knockouts and C-terminal epitope tagging of genomic proteins were generated by
PCR-based gene replacement as described [43]. Genetic manipulations including mutations,
deletions and epitope-tagging were confirmed by PCR and/or DNA sequencing. Expression
of epitope-tagged proteins was confirmed by Western blotting. To reduce the influence of
suppressor or enhancer mutations arising in genetically unstable backgrounds, haploids were
mated to generate diploids, which were sporulated and analyzed for proper segregation of
genotypes.

2.3. G1-checkpoint activation assay (aF/Noc Trap Assay)

The aF/Noc trap assay was performed as previously described [30, 34]. Briefly, overnight
cultures of MATa yeast cells grown to saturation were diluted to 0.2 ODggg and then
arrested in G1 using 10uM a-factor (aF) (WHWLQLKPGQPNIeY) for 2.5 hr. DNA
damage was induced by exposure to 300 Gy ionizing radiation in a Gammacell 220 2°Co
source (Nordion), after which cells were released from arrest by washing once with water.
Aliquots were transferred to Trap Media (YPD supplemented with 10uM aF + 15ug mi~1
Nocodazole) at timed intervals. Time of G1 exit was scored by counting budded and non-
budded cells under phase contrast to determine percentage of budded cells at each time
point.

2.4. Western blot analysis to detect phosphorylated Rad53 and histone H2A

For Rad53 and histone H2A phosphorylation assays, cells were arrested in G1 with 10 yM
aF for 2 h and then exposed to ionizing radiation (300 Gy). Sample aliquots are collected,
treated with 0.2N NaOH for at least 5 min, resuspended in 1x SDS sample buffer (125mM
Tris-HCI pH 6.8, 20% glycerol, 4% SDS, 1.45 M B-mecaptoethanol), incubated at 95°C for
5 min and centrifuged to remove cell debris. These lysates were separated on NUPAGE 3-
8% TA and 4-12% Bis Tris gels (Invitrogen), transferred to nitrocellulose or PVDF
membrane and probed with 9E10 mouse anti-MY C (1:500, Santa Cruz), mouse anti-FLAG
M2 (1:500, Sigma), rabbit anti-yeast histone H2A phospho-Ser129 (1:1000, Millipore), or
YL1/2 rat anti-tubulin (1:2000, Millipore) antibodies. Appropriate HRP conjugated
secondary antibodies (1:5000, GE) were used and detected via chemiluminescence
(SuperSignal West Pico, Thermo).

2.5. B-galactosidase Assays

Overnight cultures of cells transformed with an RNR3-/acZ reporter plasmid [44] were
diluted and then arrested in G1 using 10 uM aF for 2 h and treated with 300 Gy ionizing
radiation. After 45 min, cells were lysed via bead beating and 100 g protein was
resuspended in Z-buffer (16.1 g NapHPQy, 5.5 g NaH,PO4, 0.75 g KCI, 0.246 g MgSQy, 2.7
ml B-mercaptoethanol, H,O to 1 liter, pH 7.0) to give 1ml assay solution. 200 uL of 4 mg
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mI~1 ONPG (o-nitrophenyl-B-D-galactoside) was added to initiate the reaction, which was
incubated at 30°C. The time it took the samples to turn a faint yellow was noted and 500 pl
of 1M Na,CO3 was added to quench the reaction prior to taking ODg4pq readings. p-
galactosidase activity was calculated by using the equation [45]:

OD 50 X 1.7
0.0045 x protein X extract volume X time

where ODyy is the optical density of o-nitrophenol at 420nm. 1.7 corrects for the reaction
volume. 0.0045 is the optical density of 1nmole mI~1 o-nitrophenol, protein concentration is
expressed as mg ml~1, extract volume is assayed in ml and time is in minutes. Thus, specific
activity expressed as nmoles min~1 mg=1 of protein.

2.6. Cell Viability/DNA damage sensitivity assay

Overnight cultures of cells were diluted to 0.2 ODggg and arrested in G1 or G2/M using aF
or nocodazole respectively. As diploid cells are not responsive to oF, they were arrested in
G1 by starvation in media lacking a nitrogen source [46]. Cells were serially diluted ten-
fold, spotted onto YPD plates and then exposed to 300 Gy IR, 50 Jm~2, or 100 Jm=2 UV. All
plates were incubated at 30°C for two days prior to imaging.

2.7. Microscopy

3. Results

Overnight cell cultures expressing RFA1-GFP were diluted to 0.2 ODggg and arrested in G1
using 10 uM aF for 2 h. DNA damage was induced by exposure to 300 Gy IR. Cells were
then washed twice and resuspended in fresh Tris buffered saline, TBS (10 mM Tris, 150
mM NacCl). After subsequent sonication, the number of G1 cells with foci was counted using
an Olympus DSU Spinning Disk Confocal microscope equipped with a back-thinned EM-
CCD Hamamatsu camera at 100x and 150x.

3.1. Sgs1 and Exo1l are required for viability of cells exposed to DNA damaging agents
during their G1 and G2 phases

Previous work has shown that resection is required for activation of the G2/M checkpoint
and initiation of homologous recombination (HR), the preferred pathway for DSB repair
after completion of replication. In contrast, non-homologous end joining (NHEJ), which is
independent of resection is the pathway of choice for repair in G1 [47-49]. As such,
resection proteins Sgs1 and Exol are not expected to be important for the DDR in G1 cells.
To explore this, we generated cells lacking SGS1, EXO1 or both SGSI and EXOI and
tested their viability after exposure to DNA damage in both G1 and G2/M. Cells were
arrested in G1 with aF mating pheromone or G2/M with nocodazole, then ten-fold serial
dilutions plated on rich media and exposed to 300 Gy ionizing radiation (IR) or 50 Jm=2
ultraviolet radiation (UV).

A significant difference between the G1 and G2/M phases of the cell cycle is the availability
of a sister chromatid to serve as a template for recombinational repair. Consistent with
expectations, we observed that wildtype (WT) G1 cells are more sensitive to IR or UV-
induced damage than G2/M cells (Fig. 1A). As expected in G2/M cells, whereas the sgsIA
and exolA single mutants displayed sensitivity similar to WT, sgsIA exolA double mutants
were significantly less tolerant than WT (Fig. 1A). Surprisingly, this was also true in G1-
arrested cells, indicating that both Sgs1 and Exol are required for fitness of cells that
experienced DNA damage during G1 (Fig. 1A). To address whether the presence of a
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template influences this apparent significance of Sgs1 and Exol in G1, we generated diploid
mutant cells, in which a homologous chromosome would be available for repair throughout
the cell cycle. When assayed for sensitivity, WT and single mutant sgsZA/sgs1A or exolA/
exolA diploids arrested in G1 by starvation displayed minimal sensitivity to 300 Gy IR,
much like haploids arrested in G2/M. In turn, the sgsIA/sgsIA exoIN exolA double mutant
diploids arrested in G1 displayed increased DNA damage sensitivity, but displayed greater
tolerance than sgsIA exolA haploids arrested in G2/M (Fig. 1B).

This observation that Sgs1 and Exo1l are required for tolerance of G1 cells to DNA damage
suggests a defect in the G1 DDR in the double mutants. To test this hypothesis, we
examined DDR competency by using a RNR3 promoter /acZ reporter assay to monitor
transcriptional output of the pathway [44]. Upon exposure of G1-arrested WT cells to IR, we
observed a significant increase in f-galactosidase activity indicative of RNVR3 promoter
induction that was absent from DDR-defective rad9A cells. These sgsIA and exoIA single
mutants displayed RNVR3activation much like WT after irradiation, while the sgsZA exolA
double mutant phenocopied rad9A (Fig. 1C). These results indicate that Sgs1 and Exol have
a critical G1 function for DNA damage signal transduction.

3.2. Sgs1 and Exol are required for IR-induced phosphorylation of Rad53 in G1 cells but
not for chromatin modification

To further characterize this G1 DDR defect in sgsIA exolA cells, we examined the
activation state of Rad53 in response to DNA damage. Phosphorylation of Rad53 serves as a
primary biochemical readout for checkpoint activation and occurs upstream of
transcriptional induction in the DDR pathway. On SDS-polyacrylamide gels, phosphorylated
Rad53 displays slower migration, producing a subtle mobility shift detectable by Western
blotting. Upon irradiation of aF-arrested G1 cells, a Rad53 phosphorylation mobility shift
was observed in WT, exolA, and sgsIA cells (Fig. 2A). Consistent with the lack of RNR3
promoter activation, neither the rad9A mutant nor the sgs1A exoIA double mutant
demonstrated an appreciable Rad53 mobility shift upon irradiation (Fig. 2A).

Phosphorylation of H2A at S129 (yH2A) adjacent to the DSB is an early event in the
checkpoint activation cascade. To determine a role for Sgs1 and/or Exol in DSB-induced
chromatin modification, we assayed for IR-induced formation of yH2A. G1-arrested cells
were irradiated and tested for phosphorylation of H2A at the S129 residue via Western blot.
Despite the failure of sgsIA exolA cells to promote Rad53 phosphorylation in G1, H2A
S129 phosphorylation was readily detected upon irradiation (Fig. 2B), suggesting that Sgs1
and Exol are not required for yH2A formation in G1. Nonetheless, H2A phosphorylation
appeared attenuated in both the single exoZA and double sgsIA exoIA mutants.

3.3. Sgs1 and Exol are required for activation of the G1 cell cycle checkpoint in response

to IR

To examine the functional roles of Sgs1 and Exo1l in activation of G1 DNA damage
checkpoint response, we tested whether Sgs1 and Exol are necessary for damage-induced
cell cycle arrest in G1. G1-arrested cells were irradiated to induce DNA damage, and the
cells were monitored for IR-induced delay in G1 exit. This was accomplished by removing
aliquots of cells at intervals after irradiation and incubating them with aF mating pheromone
and nocodazole, thereby arresting cells that remained in G1 as unbudded cells bearing
mating projections, while any cells that had progressed to S phase accumulated as large
budded cells [7, 34]. Thus, the time-course of G1 exit could be determined based on the
percentage of budded cells at each time point. A persistent population of aF sensitive cells
after irradiation indicated the slower G1 exit due to a DNA damage checkpoint delay. To
enable proper interpretation of the results, we ensured that at time O, unirradiated and
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irradiated samples had similar percentages of G1-arrested cells (Fig. S1). We observed that
upon 300 Gy irradiation of G1 cells, WT, exoIA and sgsIA single mutants exited G1 only
after a delay of 10 min or more compared to unirradiated cells (Fig. 2C). This response was
absent in checkpoint-defective rad9A cells as expected, but sgsZA exolA double mutants
also exhibited little or no delay in G1 exit after irradiation (Fig. 2C).

3.4. The helicase function of Sgs1 is required for G1 checkpoint activation

Sgs1 has both scaffolding and enzymatic functions that are important for checkpoint
activation in G2/M. Sgs1 has been shown to interact with RPA to promote checkpoint in the
S phase while its helicase activity is required for sSDNA generation at the damage site in G2
[50, 51]. To determine whether the helicase activity of Sgs1 is important for the response of
G1 cells to DNA damage, a helicase defective Sgs1 mutant, sgsZ-Ad, was introduced into the
59sIA exoIA double mutant to generate sgsI-hd exolA cells. First we assessed the viability
of these cells after exposure to DNA damaging agents. We found that the sgsZ-hd exoIA
cells phenocopied the sgsIA exolA mutant, as reflected in their increased sensitivity to IR
and UV (Fig. 3A). We also assayed the sgsI-hd exolA cells for IR-induced Rad53
phosphorylation by monitoring its migration patterns on Western blots. No appreciable
Rad53 mobility shift was observed in the sgsi-hd exoIA mutants, much like the sgsiA
exolA cells (Fig. 3B). These results indicate that the helicase activity, rather than scaffolding
function of Sgs1, mediates the response of G1 cells to DNA damage.

3.5. Rad9-independent localization of Rad53 to the DNA damage site is insufficient to
restore G1 checkpointin cells lacking Sgs1 and Exol

By recruiting Rad53 to the damage site, Rad9 plays a central role of linking damage sensors
and signal transducers with the effectors of the activation cascade. This key function of
Rad9 is not limited to G2/M but has been shown to be essential for activation of the DDR in
G1 [7, 30]. Rad9 is recruited to the DSB site, via its interactions with yH2A and other
chromatin modifications, where it is phosphorylated by Mec1 that has been recruited via its
Ddc2 partner to ssSDNA coated with RPA. Subsequently the phosphorylated Rad9 recruits
Rad53 for activation by Mec1 [30, 52, 53]. Significantly, a Ddc2-Rad53 fusion protein has
been shown to bypass the requirement for Rad9 in the G2/M checkpoint by making Rad53
recruitment and activation solely dependent on 5' end resection to form ssDNA coated by
RPA [54]. Significantly, expression of the Ddc2-Rad53 fusion also restored DNA damage
tolerance to rad9A cells exposed to IR or UV in G1 (Fig. 4A), indicating the accumulation of
functionally significant levels of ssDNA. In turn, Ddc2-Rad53 failed to suppress the DNA
damage sensitivity of sgsZA exolA mutants exposed to IR or UV in G1. This result is
consistent with a requirement for Sgs1 and Exol in 5' end resection in G1.

To confirm that Sgs1 and Exol function upstream of Rad53 in the DDR cascade, we
assayed for damage-induced RN/R3transcription in G1 cells expressing the Ddc2-Rad53
construct. Upon exposure to IR, f-galactosidase activity was partly restored in DDR-
defective rad9A cells, although to a level lower than observed in WT, exoIA and sgsIA cells.
In contrast to rad9A cells, expression of Ddc2-Rad53 did not rescue RNVR3 promoter
activation in sgsIA exolA cells, consistent with a lack of ssDNA sufficient to activate the
checkpoint cascade (Fig. 4B). Altogether, these results indicate that Sgs1 and Exol function
in parallel to the chromatin-Rad9 branch of the cascade but upstream of the resection-
dependent Ddc2-Mecl pathway.

3.6. Cells lacking Sgs1 and Exol show sensitivity to IR similar to mec1A mutants and do
not localize Rfal-GFP to DNA damage induced foci

The single stranded DNA binding complex RPA binds to 3' sSDNA overhangs generated by
DNA resection at the DSB site and Mec1 kinase is recruited to the damage site by Ddc2
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[21], mediated by its interaction with the RPA subunit Rfal [55]. It is conceivable that Sgs1
and Exol regulate the interaction between Ddc2 and RPA and hence the Ddc2-Rad53 fusion
protein could not restore DDR defects in sgsIA exolA cells. First we tested whether Rad53
activation in G1 is dependent on Rfal-Ddc2 interaction by using rfaZ-t11, a mutant allele
described to have impaired binding to Ddc2 [55]. In G1-arrested rfaZ-t11 cells, Rad53 could
still be phosphorylated upon exposure of the cells to IR (Fig. 5A), similar to what had been
observed in G2/M-arrested cells [56-58]. Even if the Rfal-Ddc2 interaction may not be
compromised in the sgsZA exoIA double mutant, we looked further upstream to test whether
Sgsl and Exol regulate RPA recruitment to the site. WT and sgsZA exoIA cells expressing
Rfal-GFP were arrested in G1 and then exposed to IR. As previously described [38], WT
cells displayed a significant increase in foci formation when irradiated. However, sgsIA
exolA cells showed no significant increase in foci formation upon irradiation (Fig. 5B).
These results suggest that the G1 DDR defects in sgsIA exoIA are due to a lack of RPA
recruitment, which is mediated by the presence of sSDNA.

DNA resection generates sSSDNA, which serves as a landing dock for Mec1 at the DSB foci
[21]. With Sgs1 and Exol being required for generation of sSSDNA, it would be expected that
59sIA exolA mutants may behave similarly to mecIA in response to DNA damage. We
tested this by comparing the sensitivity of these mutants to irradiation in G1. As anticipated,
59sIA exoIA double mutants displayed similar sensitivity to the mecIA mutants (Fig. 5C).

3.7. Prolonged G1 delay restores DNA damage tolerance to sgs1A exolA mutants

The increase in sensitivity to IR-induced DNA damage observed in cells lacking Sgs1 and
Exol may derive from lack of proper DDR in G1, leading to defects in G1 checkpoint and
repair. Alternatively, this sensitivity might arise from DNA damage checkpoint or repair
defects in the subsequent S phase or mitosis. To differentiate among potential mechanisms,
WT, sgs1h, exoll, and sgsih exolIA cells were arrested in G1 with aF, irradiated and then
maintained in G1 with oF for four hours. The prolonged G1 delay largely restored DNA
damage tolerance to the sgsIA exolA mutants (Fig. 6). The same experiment was performed
in diploid cells using nitrogen starvation to arrest the cells in G1 and then to block cell cycle
progression after irradiation. With the exception of sgs1A/sgsiA cells, which appeared to
show a slight increase in sensitivity, WT, exolA/exoll, and sgs10/sgsIA exolllexolA cells
displayed similar sensitivity (Fig. 6).

4. Discussion

Our current view of activation of DNA damage responses in budding yeast involves a
critical role throughout the cell cycle for Mec1 phosphorylation of the effector kinase
Rad53, which activates downstream pathways including DNA damage checkpoints [8, 59].
Previously examined during G2/M checkpoint response, Mec1 recruitment to DNA double
strand breaks requires generation of sSDNA by regulated 5' end resection. Cells lacking both
Sgs1 helicase and Exol nuclease display a defect in end resection, conferring a G2/M
checkpoint deficiency [14, 15, 17]. A second factor positively regulating resection is the
cyclin dependent kinase Cdc28. Cdc28 activity is high in G2/M and its inhibition both
prevents 5' end resection and impairs DNA damage signaling [36, 60]. Notably, Cdc28
activity is absent from cells arrested in G1, providing a simple mechanism for the observed
low levels of resection [36]. Indeed, 5' end resection is commonly considered dispensable
for DNA damage signaling in G1. Nonetheless, that the response to DNA damage in G1 is
dependent on Mec1 and characterized by Rad53 phosphorylation and a transient cell cycle
delay creates a paradox. To explore this further, we examined the checkpoint defect in sgsZA
exolA cells in G1 and G2/M. Surprisingly, G1-arrested sgsIA exolA cells were sensitive to
DNA damage and defective in checkpoint activation. Holding sgsZA exoIA mutants in G1
after irradiation partly restored DNA damage tolerance, thereby placing the activity of Sgs1
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and Exol in G1 and in DNA damage checkpoint signaling rather than DNA repair. We also
found that the helicase activity of Sgs1, which is required for its role in resection, was vital
to the function of Sgsl in mediating G1 Rad53 activation. These findings indicate that 5' end
resection is required for checkpoint activation in G1 cells, despite the absence of Cdc28
activation. Interestingly, contrary to our findings, prior work by Giannattasio et al. described
a G1 DNA damage checkpoint deficiency in exoZA mutants treated with UV [61]. An
explanation may lie in a requirement for DNA damage processing by excision repair to
initiate DNA damage signaling after UV irradiation in G1, as previously shown [34].

Recent studies of G1 DNA damage checkpoint response have focused on Rad9 recruitment
and activation, giving formation of yH2A and regulation of other chromatin modifications a
critical role [26, 27, 30, 62]. With the unexpected finding that sgsIA exoIA cells are G1
checkpoint deficient, it was also striking that the formation of yH2A after DNA damage is
maintained. Also suggesting that chromatin modification may be necessary but not
sufficient, we observed that a Ddc2-Rad53 fusion protein can bypass the G1 DNA damage
checkpoint defect in rad9A mutants but cannot rescue sgsIA exoIA cells. These results argue
that Sgs1 and Exol function in parallel to mediate the formation of sSDNA in G1 and that
their activity is critical for G1 checkpoint response, likely via recruitment of Mec1 to
phosphorylate Rad53, much like in G2/M. This is corroborated in part by our finding that
59sIA exolN and mecIA mutants share similar sensitivity to irradiation in G1.

Results from this study, together with our previous findings that chromatin modification is
necessary for G1 checkpoint [27, 30, 34, 62], have led us to a revised model for G1
checkpoint activation that likens it to the G2/M checkpoint cascade (Fig. 7). Tell is
recruited by MRX to the DSB site, where it phosphorylates H2A to generate yH2A. This
mediates localization of Rad9, which subsequently recruits Rad53 to the site. Activation of
Rad53 is dependent on Mecl, which is recruited in parallel. At the DNA damage site, MRX
equally promotes resection mediated by Exol and the Dna2/STR (Sgs1-Top3-Rmil)
complex. The short stretch of ssDNA generated is coated with RPA, which interacts with
Ddc2-Mecl to mediate its localization to the site. Once localized, Mec1 phosphorylates
Rad53 leading to activation of the G1 checkpoint [19-21].

In response to DSB in G1, cells initially attempt to repair the damage by NHEJ, which
although less accurate than HR, occurs quickly enough to negate the requirement for a cell
cycle delay [48]. However, in the event of significant unresolved damage, the G1 checkpoint
is activated via phosphorylation of Rad53. Our model suggests that activation of the G1
checkpoint is surprisingly similar to G2/M activation, and requires the resection proteins
Sgsl and Exol. This raises the question of why cells might require resection for response to
DNA damage in G1. Beyond a role in signaling, we infer that DNA resection is unlikely to
enhance damage repair in haploid cells in G1. Perhaps, a short resected overhang serves to
tag damaged DNA sites to be recognized and repaired in the subsequent S phase, where
formation of sister chromatids and activation of Cdc28 enable repair by HR.

It is noteworthy that a high dose of ionizing radiation is needed to activate even a short G1
checkpoint delay. Even under conditions where >90% of cells are lethally irradiated based
on loss of colony formation, nearly all the cells still successfully progress into S phase [63].
We envision progression into the S phase with damaged DNA as a means for cells to access
improved mechanisms for DNA damage repair. This puts the G1 checkpoint in sharp
contrast to G2/M, where progressing through a subsequent anaphase with persistent DNA
damage might be lethal. Toward avoiding the dire consequence of aneuploidy, the G2/M
checkpoint robustly delays progression to allow repair. This contrast is reflected by the
relative extent of resection in G1 versus G2/M [9, 36], where the former may be sufficient
for checkpoint signaling and the latter required for repair.
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When one or a few DNA double strand breaks occur in G1, DNA damage detection by
MRX may be sufficient to recruit Tell to induce yH2A but the lesions may rapidly resolve
via NHEJ [24, 49, 64]. With our new understanding, we consider the activation of Rad53 in
G1 as a reporter for DNA resection as might occur upon incomplete DNA damage repair,
initiating a signal that persistent damage may be passed along into S phase. In turn,
successful NHEJ repair effectively terminates propagation of the damage response prior to
onset of 5' end resection, preventing Mec1 recruitment and Rad53 phosphorylation. Indeed,
we observed accumulation of yH2A without Rad53 activation even after lethal G1 DNA
damage in sgsIA exolA mutants, nicely separating the chromatin modification and DNA
resection arms of the pathway. Our data suggest a temporal and functional distinction
between these two mechanisms, potentially indicating a similar separation of roles
throughout the cell cycle where chromatin and ssDNA signaling may collaborate to promote
an effective and appropriate DNA damage response.
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FIG. 1.

G1l-arrested sgsIA exolA mutants are sensitive to DNA damage. (A) Viability of haploid
cells exposed to DNA damaging agents during G1 and G2 phases. Spot assays were
performed on G1- and G2-arrested cells. Overnight cultures were diluted to 0.2 ODggg and
arrested in G1 or G2 with oF (10 pM) and nocodazole (15 pg mi~1) respectively. Ten-fold
serial dilutions were plated on solid media and exposed to IR (300 Gy), UV (50 Jm~2), or
mock-treated. Plates were incubated at 30°C for 2 days prior to image capture. (B) Viability
of diploid cells exposed to DNA damaging agents during G1 phase. Overnight cultures were
diluted to 0.2 ODggg and arrested in G1 by incubation for 4 hrs in media lacking a nitrogen
source. Ten-fold serial dilutions were plated on solid media and exposed to IR (300 Gy) or
mock-treated. Plates were then incubated at 30°C for 2 days prior to image capture. (C)
Activation of RNR3 promoter in response to DNA damage response (DDR) in G1 cells.
Overnight cultures were diluted and arrested in G1 using aF. Cells were mock treated or
exposed to 300 Gy IR. 45 mins after irradiation, protein samples were extracted and assayed
for B-galactosidase activity by spectroscopic measurement of cleaved ONPG product. A
measurement of the B-galactosidase activity is shown. Error bars represent standard
deviation from three independent experiments (*, P<0.05).
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FIG. 2.

Sgsl and Exol are required for activation of the G1 checkpoint in response to ionizing
radiation. (A) IR-induced phosphorylation of Rad53. Cells expressing myc-tagged Rad53
were arrested in aF for 2 h. Aliquots were taken prior to and 15 min after mock or IR-
treatment, and then prepared for Western blot via NaOH treatment. Rad53 was detected with
anti-myc antibody while anti-tubulin antibody was used as a loading control. (B)
Phosphorylation of H2A in response to irradiation of G1 cells. Overnight cultures were
arrested in aF and the cells mock or IR-treated. Samples were prepared for Western blot
using NaOH and H2A pS129 was detected using the yeast specific phosphoH2A antibody.
Specificity for the antibody was assessed using a nonphosphorylable H2A-S129A mutant.
Anti-tubulin antibody was used as a loading control (C) aF/Noc trap assay for G1 cell cycle
arrest. Cells were arrested for 2 h in G1 using aF. They were mock or IR-treated and then
released from aF arrest by washing in rich media. G1 exit was assayed by monitoring the
percentage of budded cells under microscope. Time of G1 exit was taken as the time it took
10% of the unbudded cells to bud. Data is represented as the delay in time to bud upon
irradiation. (**, P<0.05, n=3)
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FIG. 3.

Catalytic function of Sgsl is required for its role in G1 checkpoint. (A) Viability assay for
DNA damaged G1 and G2 cells. Yeast cell cultures arrested with aF or nocodazole were
treated with IR or UV. Ten-fold serial dilutions were spotted on solid media and then
exposed to irradiation. All plates were incubated at 30°C for 2 days prior to image capture.
(B) DNA damage-induced Rad53 phosphorylation. Cells expressing myc-tagged Rad53 and
helicase-defective Sgsl (sgs1-hd) in exolA sgsiA background were arrested with aF and
exposed to IR. Aliquots taken prior to and 15 min after irradiation were prepared for
Western blot using NaOH. Rad53-myc was detected with anti-myc antibody while anti-
tubulin antibody was used as a loading control. A mobility shift in the Rad53-myc band
indicates phosphorylation.
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FIG. 4.

Ddc2-Rad53 fusion protein does not rescue sgsIA exolA double mutants from DDR defect.
(A) Viability assay for G1 cells expressing Ddc2-Rad53. Cells transformed with Ddc2-
Rad53 or empty vector (pRS316) were arrested in oF then mock-treated or exposed to DNA
damaging agents (IR or UV). Ten-fold serial dilutions were spotted on solid media and then
exposed to irradiation. All plates were incubated at 30°C for 2 days. (B) IR-induced
activation of RANR3 promoter transcription in G1 cells expressing Ddc2-Rad53. Overnight
cultures were diluted and then arrested in G1 using aF. Cells were Mock treated or exposed
to 300 Gy IR. 45 mins after irradiation, protein samples were extracted and -galactosidase
activity measured by spectroscopy. A measurement of the p-galactosidase activity is shown.
Error bars represent standard deviation from three independent experiments (*, P<0.05).
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FIG. 5.

Sgsl1 and Exol appear to interact with factors along the resection-dependent Mec1 activation
pathway. (A) DNA damage-induced Rad53 phosphorylation. Cells expressing FLAG-tagged
Rad53 and rfal-t11 were used. Diluted overnight cultures were arrested with oF and
exposed to IR. Aliquots taken prior to and 15 min after irradiation were prepared for
Western blot using NaOH. Rad53-myc was detected with anti-FLAG antibody while anti-
tubulin antibody was used as a loading control. A mobility shift in the Rad53-FLAG band
indicates phosphorylation. (B) Rfal-GFP foci formation in response to IR. WT and sgsIA
exolA cells were transformed with Rfal-GFP plasmids. aF-arrested cultures were mock or
IR-treated then resuspended in TBS. Number of G1 cells with foci was scored using
confocal fluorescence microscopy. 100 cells were counted for each cell type and treatment
(*, P< 0.05). White bars-0 Gy; Grey bars-300 Gy. (C) IR sensitivity of G1-arrested Mecl/
Tell mutants relative to G1-arrested sgsIA exol cells. Overnight cultures of the indicated
strains were diluted to 0.2 ODggg and arrested in G1 using oF (10 pM). Ten-fold serial
dilutions were plated on solid media (YPD) and then exposed to IR (300 Gy) or mock-
treated. Plates were incubated at 30°C for 2 days prior to image capture.
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Haploid

Diploid

Prolonged G1 arrest restores DNA damage tolerance to cells lacking Exol and Sgs1.
Overnight cultures of haploid cells were diluted to 0.2 ODggg and arrested in G1 with aF (10
pM). Cells were exposed to 300 Gy IR or mock-treated and then held in aF (10 uM) for 4
additional hours. Ten-fold serial dilutions were plated on solid media and were incubated at
30°C for 2 days prior to image capture. For diploid cells, overnight cultures were diluted to
0.2 ODgqg and arrested in G1 by incubation for 4 hours in media lacking a nitrogen source.
After exposure to either 300 Gy IR or mock-treatment, cells were held in G1 for a further
4hrs. At this point, cells were plated in ten-fold serial dilutions on solid media. Plates were

incubated at 30°C for 2 days prior to image capture.
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FIG.7.

A model suggesting that the G1 checkpoint is activated in a similar manner to G2. In
response to DSB, Sgs1 of the STR (Sgs1-Top3-Rmil) complex and Exol are required for
localization of RPA to the DSB site. In turn, RPA mediates Ddc2-Mec1 recruitment leading
to phosphorylation of Rad53 by Mecl.
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Strain Genotype Source
W303-1A MATa ade2-1 canl-100 ura3-1 leu2-3, 112 his3-11, 15 trp1-1 [65]
SKY 2850 W303-1A, rad9h: :KANMX6 [34]
SKY 3073 W303-1A, exoIh: :KANMX6 This Study
SKY 3074 W303-1A, sgsih: :TRP1 This Study
SKY 3075 W303-1A, sgsIh: : TRPI exolh: :KANMX6 This Study
SKY 2939 W303-1A, htalS129A: :his3MXG6 hta2S129A: :TRP1 [26]
SKY 2866 W303-1A, RAD53: :13Myc-KANMX6 [34]
SKY 2868 W303-1A, RAD53: :13Myc-KANMXE raddh. - KANMX6E [34]
SKY 3076 W303-1A, RAD53: :13Myc-HIS3MX6 exolh. . KANMX6 This Study
SKY 3077 W303-1A, RAD53: :13Myc-HIS3MX6 sgsIN:. : TRP1 This Study
SKY 3078 W303-1A, RAD53: :13Myc-HIS3MX6 sgsih:. : TRP1 exoll:. . KANMX6 This Study
SKY 3079 W303-1A, RFA1-K45E This Study
SKY 2998 W303-1A, RAD53: :3XFLAG raddh. .KANMX6 [62]
SKY 3080 W303-1A, RAD53: :3XFLAG-URA3 RADY: :13Myc-KANMX6 This Study
SKY 3110 W303-1A, meclh: : TRP1 smi1h: :HIS3 [66]
SKY 3111 W303-1A, telIh: : KANMX6 [66]
SKY 3112 W303-1A, mecIh: : TRPI sml1h: :HIS3 telIN: : KANMX6 [66]

MATa/a ade2-1/ade2-1 can1-100/can1-100 ura3-1/ura3-1 leu2-3,112/leu2-3,112 his3-11,15/

W303-1A/X SKY 3113 | his3-11,15 trp1-1/trp1-1 This Study
SKY 3114 W303-1A/X, exoIh: :KANMX6/exolh. . KANMX6 This Study
SKY 3115 W303-1A/X, sgs1h: :TRP1/sgsIN: : TRP1 This Study
SKY 3116 W303-1A/X, sgsIh: :TRP1/sgsIN: : TRPI exoll: :KANMX6/exolh. :KANMX6 This Study
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Plasmid list
Plasmids | Description Source
SKB 4631 | pzZ2 RNR3-lacZ [44]
SKB 4632 | pJAS sgsi-hd [50]
SKB 4457 | pRS316 DDC2-RAD53 3xFLAG [54]
SKB 4633 | pKBB364 GAL1L: :RFA1-GFP [67]
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