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To allow for sufficient time to repair DNAdouble-stranded breaks (DSBs), eukaryotic cells activate theDNAdamage
checkpoint. In budding yeast, Rad53 (mammalian Chk2) phosphorylation parallels the persistence of the unrepaired
DSB and is extinguished when repair is complete in a process termed recovery or when the cells adapt to the DNA
damage checkpoint. A strain containing a slowly repaired DSB does not require the histone chaperone Asf1 to
resume cell cycle progression after DSB repair. When a second, rapidly repairable DSB is added to this strain, Asf1
becomes required for recovery. Recovery from two repairable DSBs also depends on the histone acetyltransferase
Rtt109 and the cullin subunit Rtt101, both of which modify histone H3 that is associated with Asf1. We show that
dissociation of histone H3 from Asf1 is required for efficient recovery and that Asf1 is required for complete
dephosphorylation of Rad53 when the upstream DNA damage checkpoint signaling is turned off. Our data suggest
that the requirements for recovery from the DNA damage checkpoint become more stringent with increased
levels of damage and that Asf1 plays a histone chaperone-independent role in facilitating complete Rad53
dephosphorylation following repair.
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Cells use several pathways to repair double-stranded
breaks (DSBs). G1-arrested cells repair DSBs mainly by
nonhomologous end-joining (NHEJ) (Lewis and Resnick
2000; Ferreira and Cooper 2004), but, after CDK1 activa-
tion and the initiation of 5′-to-3′ resection of DSB ends,
the repair pathway choice shifts to homologous recombi-
nation (HR) (Aylon et al. 2004; Ira et al. 2004). HR requires
that the cell harbor a homologous sequence that can be
used as a template to repair the DSB. When the donor se-
quence is homologous to both sides of the DSB, cells will
primarily repair using gene conversion (GC), a largely er-
ror-free process (Krogh and Symington 2004; Haber
2013). When the DSB is created in a region flanked by ho-
mologous sequences, the DSB can be repaired by single-
strand annealing (SSA) (Krogh and Symington 2004). SSA
depends on extensive 5′-to-3′ resection followed by the an-
nealing of complementary single strands and results in a
deletion of the sequences between the homologies.

To allow for sufficient time to repair, cells activate the
DNA damage checkpoint (Harrison and Haber 2006; Cic-
cia and Elledge 2010). In budding yeast, the two PI3K-like
kinases Mec1 and Tel1 (homologs of mammalian ATR
and ATM, respectively) phosphorylate a cascade of down-
stream effectors to enforce G2/M arrest (Harrison and Ha-
ber 2006; Gobbini et al. 2013). Tel1 is recruited to the DSB
ends through its interaction with the MRX complex, a
complex required for the initiation of resection (Nakada
et al. 2003). Mec1 forms a complex with the essential pro-
tein Ddc2, the yeast homolog of the mammalian ATRIP
(Paciotti et al. 2000). After resection takes place, RPA rap-
idly coats the ssDNA, and the RPA-coated ssDNA re-
cruits Ddc2 to the sites of damage; this recruitment is
essential for checkpoint signaling by Mec1 (Rouse and
Jackson 2000; Cortez et al. 2001; Melo et al. 2001; Waka-
yama et al. 2001; Zou and Elledge 2003).
Chk1 and Rad53, the budding yeast homologs of mam-

malian Chk1 and Chk2, are phosphorylated in response to
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damage by Mec1 and Tel1 (Sanchez et al. 1996, 1999; Sun
et al. 1996; Gardner et al. 1999), although, in budding
yeast, Mec1 is the dominant kinase for this modification.
Another target of Mec1 and Tel1 phosphorylation, Rad9
(yeast ortholog of 53BP1), serves as a scaffold for Rad53
binding after their phosphorylation (Sun et al. 1998; Gil-
bert et al. 2001; Schwartz et al. 2002; Sweeney et al.
2005). Upon association, Rad53 undergoes autophosphor-
ylation and is released from Rad9 to promote arrest
(Gilbert et al. 2001). Rad53 hyperphosphorylation is corre-
lated to the duration of repair. Repair events that are
resolved rapidly do not trigger Rad53 hyperphosphory-
lation and do not cause a noticeable cell cycle delay,
whereas DSBs that are slow to repair trigger Rad53 hyper-
phosphorylation (Pellicioli et al. 2001; Vaze et al. 2002;
Kim and Haber 2009).

Following repair of a DSB, cells turn off the DNA dam-
age checkpoint and resume cell cycle progression. This
process, termed recovery, requires dephosphorylation of
Rad53 by the PP2C family phosphatases Ptc2 and Ptc3
(Leroy et al. 2003). The H3–H4 histone chaperones Asf1
and CAF-1 also play a redundant role in recovery, al-
though their role remains unclear (Chen et al. 2008; Kim
and Haber 2009; Tsabar and Haber 2013). In mammalian
cells, Asf1 and CAF-1 function synergistically to re-estab-
lish nucleosomes following nucleotide excision repair
(Mello et al. 2002). Cells that fail to repair the DSB can
also turn off the DNA damage checkpoint in a process
termed adaptation (Sandell and Zakian 1993; Toczyski
et al. 1997; Lee et al. 1998). In this process, cells arrest
for 12–15 h and then resume cell cycle progression. Cells
that suffermore than one unrepairedDSB fail to adapt (Lee
et al. 1998), perhaps because Rad53 is hyperphosphory-
lated to a greater extent. Indeed, the level of hyperphos-
phorylation is well correlated to the number of DSBs
that the cells suffer (Mantiero et al. 2007). These findings
demonstrate that Rad53 acts as an indicator for both the
persistence and the extent of DNA damage.

Although multiple irreparable DSBs elicit a stronger
checkpoint response, it is unclear whether multiple re-
pairable DSBs trigger a stronger checkpoint response as
well. In this study, we asked whether cells can monitor
the number of repairable DSBs, even if one of these
DSBs is repaired so rapidly that it does not itself elicit
Rad53 hyperphosphorylation. We show that an addition
of a second, repairable DSB does not cause a recovery
defect in wild-type cells. However, unlike our finding for
a single DSB where both Asf1 and CAF-1 participate in re-
covery, when the cell is challenged by two repairable
DSBs, deletion ofASF1 alone is sufficient to cause a recov-
ery defect, suggesting that the requirements for recovery
from a single DSB and multiple DSBs are different. This
two-DSB system provides us with a tool to study the re-
quirements for recovery from more than one DSB.

We also explored how proteins that genetically or phys-
ically interact with Asf1 affect recovery. After binding to
Asf1, histone H3 undergoes acetylation on Lys56 by the
histone acetyltransferase Rtt109 (Collins et al. 2007; Dris-
coll et al. 2007; Han et al. 2007; Tsubota et al. 2007; Fil-
lingham et al. 2008). Rtt101, a Cul4 subunit of the Roc1-

dependent E3 ubiquitin ligase, ubiquitylates histone H3
on Lys121, Lys122, and Lys125, with a preference for his-
tone H3 that has been acetylated on Lys56 (Han et al.
2013). Rtt101-mediated ubiquitylation of H3 promotes
the handoff of the histone H3–H4 heterodimer from
Asf1 to CAF-1 (Han et al. 2013). We found that RTT101
and RTT109 are epistatic to ASF1, suggesting that the
handoff of the histone H3–H4 heterodimer from Asf1 to
CAF-1 is required for recovery from the DNA damage
checkpoint.

The modifications of histone H3 also affect the associa-
tion of Asf1 with Rad53. Histone H3 and Rad53 share the
same Asf1-binding site and therefore compete for Asf1
binding (Emili et al. 2001; Jiao et al. 2012). In budding
yeast, Asf1 binds most of the free and unmodified Rad53
in the cell (Emili et al. 2001; Hu et al. 2001). Phosphoryla-
tion of Rad53 following DNA damage prevents this inter-
action and frees Rad53 to undergo autophosphorylation
and allows Asf1 to bind histone H3K56ac (Emili et al.
2001; Hu et al. 2001). We show that impairing the interac-
tion between histoneH3 andAsf1 rescues the recovery de-
fects of rtt101Δ and rtt109Δ but not asf1Δ, demonstrating
that the alleviation of the interaction between Asf1 and
histone H3 is required for recovery. We propose that the
dissociation of histone H3 from Asf1 frees Asf1 to pro-
mote recovery by binding and sequestering dephosphory-
lated Rad53.

Results

Addition of a rapidly repairable DSB to a slowly repaired
DSB does not exacerbate the DNA damage checkpoint
activation in wild-type cells

Our first goal was to see whether adding a rapidly repaired
DSB to a cell in which aDSBwas slowly repaired by ectop-
ic GCwould lead tomore robust checkpoint activation. A
second DSB, even rapidly repaired, might lead to reduced
viability compared with a strain with only the slowly re-
paired break, analogous to the fact that two DSBs prevent
adaptation.

We began with strain YJK17, in which an HO endonu-
clease-induced DSB within the MATα locus on chromo-
some 3 (Chr 3) is repaired by GC, using a donor
consisting of a cloned segment of MATa-inc carrying a
mutation that prevents HO cleavage, inserted at the
ARG5,6 locus on the right arm of Chr 5 (Kim and Haber
2009). In this strain, the two normal homologous donors
to repair a DSB at MAT (HML and HMR) have been delet-
ed. Inducing a DSB in this strain activates the DNA dam-
age checkpoint and results in GC repair over a 9-h time
span, with ∼70% viability (Kim and Haber 2009).

To see whether adding a rapidly repairable DSB would
create a greater checkpoint “load,”we integrated plasmid
pNS102 at the ura3-52 locus to produce an SSA substrate
in which the flanking 1-kb URA3 and ura3-52 homolo-
gous sequences are each separated by 2 kb from anHO en-
donuclease cleavage site (Fig. 1A; Sugawara and Haber
1992). SSA repair was complete in 3–5 h (Sugawara and
Haber 1992). Addition of a rapidly repaired DSB (strain
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YFA01) did not lead to decreased viability in thewild-type
background (Fig. 1B), indicating that both recovery and re-
pair are proficient when two repairable DSBs are present.

Asf1 is not required for repair of two DSBs

Previously, we published that deletion of the H3–H4 his-
tone chaperone ASF1 does not impede recovery in the
YJK17 ectopic GC system, but, in conjunction with dele-
tion ofCAC1 (the largest subunit of CAF-1), recovery is re-
duced (Kim and Haber 2009). However, another study
suggested that deletion ofASF1 alonewas sufficient to im-
pede recovery in a single-DSB system (Chen et al. 2008).
To address this discrepancy, we tested the effect of asf1Δ
or cac1Δ on viability of the one and two repairable DSB
strains.
We first repeated the viability experiments for the previ-

ously studied systems: YJK17 (Kim and Haber 2009) and
YMV80 (Vaze et al. 2002; Chen et al. 2008). As we previ-
ously reported, in strain YJK17, deletion of either CAC1
orASF1 did not cause a reduction in viability, whereas vi-
ability in a cac1Δ asf1Δ double-mutant strain was reduced
to 35% (Fig. 1B). In YMV80, repair occurs by SSA, but one
of the flanking repeats is 25-kb away from the HO cleav-
age site and requires 25 kb of resection to expose both re-
gions of homology; consequently, this repair event does
not begin until∼6 h and leads to strong checkpoint activa-
tion (Vaze et al. 2002). We used a derivative of YMV080 in
which the NAT cassette had been replaced with HPH
(YMT170) (Fig. 1C). Deleting ASF1 did not prevent recov-
ery in this system (Fig. 1D), further supporting our previ-
ous findings that deletion of ASF1 in a single-DSB

system does not impair recoverywhen the cell needs to re-
pair a single DSB.
We next tested the effect of deletingASF1 and CAC1 in

the two-DSB system YFA01. As with the single DSB, the
viability of cac1Δ was comparable with wild type, but
deletion of ASF1 alone was sufficient to reduce viability
in the two-DSB system from 70% to 40% (Fig. 1B). The vi-
ability of the cac1Δ asf1Δ double mutant was not further
reduced as compared with a single DSB (35%).
We next tested the effect ofASF1 deletion on repair. We

monitored GC and SSA separately by Southern blot. In
wild-type cells, GC was 90% completed by 9 h (Fig. 2A,
E). Repair of this DSB in the two-DSB system was similar
in outcome and kinetics to those previously reported
when only the ectopic GC was present (Kim and Haber
2009). Repair of the SSA DSB was 100% completed by
3–5 h (Fig. 2A,E), comparable with the kinetics and out-
come previously reported in the system that contained
only this SSA event (Sugawara and Haber 1992). Repair
in asf1Δ is comparable with wild type for both the ectopic
GC and SSA (Fig. 2B,E). The observation that deletion of
ASF1 led to a reduction in viability without impeding re-
pair suggests that deletion of ASF1 causes a recovery
defect when the cells experience two repairable DSBs.

Asf1 is required for recovery after repair of two DSBs

Checkpoint activation can be monitored by a Western
blot in which Rad53 phosphorylation is seen as more
slowly migrating bands. In strain YJK17, Rad53 was phos-
phorylated by 3 h afterHO induction andwas dephosphor-
ylated by 9 h (Kim and Haber 2009). Repair of the SSA

Figure 1. The two repairable DSB system.
(A) Schematic of the two-DSB system. The
top panel describes the GC assay (slower
to repair), while the bottom panel describes
the SSA repair construct (faster to repair).
(B) Viability of the wild type and the
cac1Δ, asf1Δ, and asf1Δ cac1Δ mutants in
the ectopic GC (YJK17) and ectopic GC
+SSA (YFA01) backgrounds. n≥ 3. (∗∗) P <
0.005, calculated relative to wild type.
(C ) Schematic of YMT170. After HO
induction, repair requires a 25-kb resection
and is executed through SSA, as in strain
YMV080 (Vaze et al. 2002). Strain
YMT170 is similar to YMV080, but the
NAT cassette has been switched with
HPH. (D) Viability of wild type (YMT170)
and asf1Δ (YMT169).

Asf1 facilitates Rad53 dephosphorylation
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event alone (Fig. 1A) did not elicit an observable Rad53
hyperphosphorylation (Fig. 3A). When a DSB was induced
in strain JKM179 (Lee et al. 1998) lacking donors and with
a singleHOcleavage site, Rad53 hyperphosphorylation re-
sulted in a mobility shift that was detectable 3 h after in-
duction and was lost 12 h after induction when the cells
adapted to the DNA damage (Fig. 3B). In strain YJK17 (1-
DSB wild type), Rad53 hyperphosphorylation was detect-
able 3 h after HO induction and was lost ∼9 h following
induction of HO (Fig. 3B). A similar pattern of Rad53 acti-
vation was observed in YFA01 (2-DSB wild type) (Fig. 3B),
but dephosphorylation was delayed in this strain com-
pared with YJK17. Rad53 hyperphosphorylation in the
YFA01 was only completely lost 12 h after induction.
After Rad53 activation, three distinct bands appeared,
the lowest ran as unphosphorylated Rad53, and the two
higher bands indicated apparently increasingly hyper-
phosphorylated Rad53. In both YJK17 and YFA01, the
two higher-migrating bands were most observable 7 h af-
ter HO induction. By 9 h, the two upper phosphorylated
bands were still observable, but the lowest-migrating
band was much more prominent, indicating the regenera-
tion of unphosphorylated Rad53. By 12 h, the slower-mi-
grating bands were completely lost. These kinetics of
phosphorylation and dephosphorylation correlate with
GC repair kinetics.

Similar to wild type, in the two-DSB asf1Δ cells, HO in-
duction led to Rad53 hyperphosphorylation by 3 h (Fig.
3B). In asf1Δ, however, phosphorylation of Rad53 was
more extensive than in wild type, resulting in more prom-
inent phosphorylated bands. Strikingly, despite similar re-
pair kinetics and outcomes in wild type and asf1Δ, Rad53
in asf1Δ remains hyperphosphorylated up to 24 h, long af-
ter repair has been completed. In contrast, when only the
ectopic GC is present, Rad53 phosphorylation in asf1Δ
cells is similar to wild type (Kim andHaber 2009). This re-
sult supports the conclusion reached from the viability
analysis above that ASF1 is required for recovery when
cells suffer two DSBs.

If failure to turn off the DNA damage checkpoint fol-
lowing repair is indeed responsible for the lower viability
in asf1Δ in the two-DSB system, then alleviating the
checkpoint should rescue this defect. Overexpression of
PTC2 is sufficient to dephosphorylate Rad53 (Leroy
et al. 2003). Although overexpression of PTC2 results in
lethality, recovery of the cells can be monitored micro-
scopically on a galactose plate by observing the ability of
single cells to grow beyond the dumbbell (G2/M-arrested)
state. Overexpression of PTC2 rescues the arrest of asf1Δ
cac1Δ cells, allowing them to escape G2/M arrest 24 h af-
ter HO induction when a single DSB had to be repaired by
ectopic GC (Kim and Haber 2009). We found a similar

Figure 2. Repair kinetics in the two-DSB
system. Southern blot monitoring repair of
the GC DSB (top panel) and the SSA DSB
(bottom panel) in wild-type (YFA01) (A),
asf1Δ (YFA02) (B), rtt109Δ (YFA06) (C ),
and rtt101Δ (YLK03) (D) cells. (E) Quantifi-
cation of repair of both GC and SSA DSBs.
GC product was normalized to the uncut
restriction fragment at 0 h. n = 2. SSA was
normalized to product at 24 h. n = 1. Error
bars in GC are ranges.
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resultwhen two repairableDSBs are induced; overexpress-
ing PTC2 had no significant effect on wild-type cells at 24
h but reduced the proportion of G2/M-arrested asf1Δ cells
from 35% to 5% (Fig. 3C).

Rtt109 and Rtt101 are required for recovery after
repairing two DSBs

Asf1 associates with the histone H3–H4 heterodimer (En-
glish et al. 2006) and promotes nucleosome deposition
during replication (Tyler et al. 1999). It is possible that
depositing H3–H4 dimers is required for recovery follow-
ing repair of multiple DSBs. We hypothesized that we
would see results similar those of to asf1Δ if we deleted
Rtt109. We measured the viability of rtt109Δ in both the
one- and two-DSB systems. Indeed, rtt109Δ behaved sim-
ilarly to asf1Δ, both with one DSB and when two DSB
were induced (Fig. 4A). The asf1Δ rtt109Δ double mutant
behaved similarly to each single mutant (Fig. 4A), indicat-
ing that asf1Δ and rtt109Δ are epistatic. Furthermore, the
viability of rtt109Δ cac1Δ was similar to asf1Δ cac1Δ in
both one- and two-DSB systems (Fig. 4A), further suggest-
ing that asf1Δ and rtt109Δ act in the same pathway.
We noted that deletion of RTT109 led to a delay in re-

pair of the GC DSB, whereas asf1Δ did not (Fig. 2C,E).
There was no delay in repair of the SSA DSB (Fig. 2C,E).
Despite the slower repair kinetics of the GC DSB, repair
was almost 80% complete by 12 h. Slower repair in
rtt109Δ might account for some of the lower viability
seen in this mutant when two DSBs have to be repaired.
These data suggest that, although rtt109Δ and asf1Δ share
many roles, repair by GC may require RTT109 acting in-
dependently of ASF1. Indeed, previous reports show
that, although rtt109Δ and asf1Δ show epistasis in many
cases, they differ in a few key genetic interactions (Haber
et al. 2013).We thereforewished to knowwhether rtt109Δ
and asf1Δ had a similar adaptation phenotype. asf1Δ cells
are proficient for adaptation to a single DSB (Kim and Ha-

ber 2009). To test adaptation in rtt109Δ, we deleted
RTT109 in strain JKM179 and plated these cells on galac-
tose plates. Like asf1Δ, we found that rtt109Δ cells are ad-
aptation-proficient, with >75% of the cells adapted 24 h
after a single irreparable DSB was induced (Fig. 4B). Adap-
tation-defective cells typically allow <30% of cells to pro-
gress (Harrison and Haber 2006).
Recently, Rtt101-mediated ubiquitylation of histone

H3 has been shown to promote the handoff of histone
H3 from Asf1 to CAF-1 (Han et al. 2013). Because
Rtt101-mediated ubiquitylation of histone H3 occurs
preferentially on histones containing the H3K56ac modi-
fication, we tested the effect of rtt101Δ on viability and re-
covery. Viability of rtt101Δ was significantly reduced
when twoDSBs activated the checkpoint (Fig. 4A), similar
to rtt109Δ and asf1Δ. The viability of asf1Δ rtt101Δ was
not lower than either single mutant when two DSBs are
induced (Fig. 4A). Like asf1Δ and rtt109Δ, viability of
rtt101Δ was similar to wild type when only one DSB
was induced (Fig. 4A). Moreover, similar to asf1Δ and
rtt109Δ, rtt101Δ cells were adaptation-proficient (Fig.
4B). These results suggest thatRTT101 promotes recovery
from the DNA damage checkpoint through the same
pathway as ASF1.
Unlike rtt109Δ, deletion of RTT101 did not reduce re-

pair efficiency or impair repair kinetics of either the GC
or SSA DSB (Fig. 2D,E). This result suggests that the re-
duced viability in rtt101Δ in the two-DSB systems is
caused by impaired recovery from the DNA damage
checkpoint.
Finally, we examined Rad53 phosphorylation in both

rtt109Δ and rtt101Δ. Similar to asf1Δ and wild type,
Rad53 was hyperphosphorylated by 3 h after damage
(Fig. 3B). Unlike wild type, phosphorylation persisted in
both rtt109Δ and rtt101Δ at least up to 15 h. By 24 h,
however, Rad53 in both rtt109Δ and rtt101Δ was mostly
dephosphorylated, whereas, in asf1Δ, Rad53 hyperphos-
phorylation was clearly observable at that time point

Figure 3. The effect of ASF1, RTT109, and RTT101
on Rad53 phosphorylation during repair in the two-
DSB system. (A) Rad53 Western blot in a strain that
carries only the rapidly repairable SSA (tNS024). Sam-
pleswere run on a 6%SDS-PAGE gel. (B) Rad53West-
ern blot after induction of an irreparable DSB
(JKM179), one ectopic GC (YJK17), and two repairable
HO-cleaved DSBs (2-DSB wild type [YFA01], 2-DSB
asf1Δ [YFA02], 2-DSB rtt109Δ [YFA06], and 2-DSB
rtt109Δ [YLK03]). Rad53 hyperphosphorylation can
be seen as higher-migrating forms. Samples were
run on a 6% SDS-PAGE gel. (C ) PTC2 overexpression
rescues the checkpoint arrest in asf1Δ after induction
of two DSBs. Single cells were plated on galactose
plates, and G2–M-arrested cells (dumbbells) were
counted 24 h after induction. n = 50.
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(Fig. 3B). The observation that rtt109Δ and rtt101Δ fail to
properly recover despite eventually dephosphorylating
Rad53 suggests that cells that fail to turn off the DNA
damage checkpoint by 12 h are unable to recover even if
Rad53 is dephosphorylated at a later time.

Many adaptation-defective mutations can be sup-
pressed by deleting the spindle assembly checkpoint
(SAC) gene MAD2, which suggests that there may be a
handoff from the DNA damage checkpoint to the SAC
to sustain arrest (Garber and Rine 2002; Dotiwala et al.
2010). To address the possibility that the SAC is required
to sustain permanent arrest in the two-DSB system, we
deleted MAD2 in the wild-type and rtt101 two-DSB
strains. Deletion of MAD2 resulted in an increase in via-
bility from 64% in two-DSB wild type to 84% in two-DSB
mad2Δ (Fig. 4C). In rtt101Δ, deletion of MAD2 caused an
increase in viability from 35% to 68% (Fig. 4C). These re-
sults indicate that the SAC partakes in sustaining arrest
after the DNA damage checkpoint is turned off.

Rad53 dissociation from Asf1 is dependent on the
number of DSBs

In budding yeast, Asf1 associates with Rad53 in cycling
cells (Emili et al. 2001; Hu et al. 2001). After treatment
with HU or MMS, this association is lost. This loss de-
pends on Mec1-dependent phosphorylation of Rad53, as
Asf1 does not bind phosphorylated Rad53. We hypothe-
sized that this dissociation would be exacerbated when
more than one DSB is induced.

First, we tested whether a single irreparable DSB is suf-
ficient to disturb Asf1–Rad53 interaction as viewed by
coimmunoprecipitation. We tagged Asf1 with HA in
strain JKM179 (Lee et al. 1998). We then immunoprecipi-
tated Asf1 using anti-HA-conjugated agarose beads and
blotted using either anti-HA or anti-Rad53 antibodies.
To detect both Asf1 and-HA and Rad53, we ran the sam-
ples on a 10% SDS-PAGE gel. This percentage gel does
not allow a clear separation of phosphosrylated forms of
Rad53 (cf. Figs. 5A, 3B). Rad53 was associated with Asf1-

HA before induction of a DSB (Fig. 5A), as previously pub-
lished (Emili et al. 2001; Hu et al. 2001; Jiao et al. 2012).
This association gradually decreased after HO induction.
By 6 h following HO induction, the Rad53 signal in the
immunoprecipitation samples was reduced to 40% of
the signal at 0 h. This correlated to the pattern of Rad53
phosphorylation (Fig. 3B). Cells that suffer a single irrepa-
rable HO DSB adapt by 15 h after HO induction. Accord-
ingly, Rad53 is dephosphorylated in these cells by 15 h
(Fig. 3B), and Rad53 association with Asf1 is partially re-
established (80% compared with 0 h) (Fig. 5A,D).

Next, we tested whether a single repairable ectopic GC
event also leads to dissociation of Rad53 from Asf1. As in
the irreparable DSB, Rad53 hyperphosphorylation was
detectable by 3 h following HO induction but was lost
by 12 h following HO induction (Fig. 3B). Unexpectedly,
after HO induction, the Rad53 signal in the immunopre-
cipitated fraction increased (Fig. 5B,D), indicating that, af-
ter suffering a single repairable DSB, more Rad53 is bound
to Asf1. Rad53 levels doubled by 6 h following induction
of a single DSB (Fig. 5E); we hypothesize that the increase
in association between Rad53 and Asf1 may be the result
of an increase in the total pool of Rad53which does not re-
sult in more hyperphosphorylated Rad53.

We then tested the association of Rad53 with Asf1 in
the two-DSB strain. Unlike the single GC DSB, two
DSBs caused a significant Rad53 dissociation from Asf1
6 h after HO induction (40% association compared with
0 h), comparable with the results with the irreparable
DSB (Fig. 5B,D). By 12 h after HO induction, the levels
of Rad53 in the immunoprecipitated fraction increased
to 80% compared with 0 h, paralleling Rad53 dephosphor-
ylation following repair (Fig. 3B). Rad53 levels in the two-
DSB strain increased fourfold compared with twofold en-
richmentwhen oneDSB is induced (Fig. 5E). These results
suggest that both dissociation of Rad53 from Asf1 after
DNA damage and Rad53 protein levels are correlated
with the amount of DNA damage suffered by the cells.

Finally, we tested whether deletion of RTT101 or
RTT109 affects the association between Asf1 and Rad53.

Figure 4. The effect of the histone H3 handoff path-
way on recovery when the DNA damage checkpoint
is activated by two DSBs. (A) Epistasis analysis of
YLK03 (rtt101Δ) and YFA06 (rtt109Δ) with asf1Δ and
cac1Δ. n≥ 3. (∗∗) P < 0.005, calculated relative to wild
type. (B) Adaptation assay in rtt109Δ and rtt101Δ.
Adapted cellswere counted at 24 h. Error bars indicate
ranges. n = 2. (C ) The viability of wild type, mad2Δ,
rtt101Δ, and rtt101Δmad2Δ. n≥ 3. (∗∗) P < 0.005.
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Rad53 signal decreased in bothmutants after induction of
HO and did not increase even 12 h after HO induction,
when repair was complete (Fig. 5C,D). This result indi-
cates that ablation of Rtt101 or Rtt109 leads to a reduced
ability of Asf1 to reassociate with Rad53 following repair.

Degradation of Rad53 rescues the recovery defect of asf1Δ

The coimmunoprecipitation results demonstrate that the
association betweenAsf1 andRad53 is re-established after
the DNA damage checkpoint has been turned off. We hy-
pothesized that, in asf1Δ, Rad53 could be reactivated even
when repair has occurred. This hypothesis predicts that
elimination of Rad53 following repair would rescue the re-
covery defect of asf1Δ in our two-DSB system. Deletion of
Rad53 significantly reduces the cell cycle arrest after dam-
age (Gardner et al. 1999; Sanchez et al. 1999), and thismay
impair the ability of the cells to properly repair the
two DSBs prior to dividing (Kaye et al. 2004). We therefore
integrated an auxin-inducible degron (AID) (Morawska
and Ulrich 2013) into the C terminus of Rad53 in
strains YFA01 (two-DSB wild-type) and YFA02 (two-DSB
asf1Δ). Rad53 levels, as monitored by Western blot, were
significantly reduced 1 h after treatment with auxin

(Supplemental Fig. S1A). Equal numbers of YEP-lactose-
grown cells were plated on galactose plates (where HO is
induced) and dextrose plates (0 h). We then induced HO
in the liquid cultures for 8 h. By that time, repair is almost
complete (Fig. 2B,E). We then split the liquid cultures, and
half were treated with auxin for 1 h, after which an equal
number of auxin-treated and untreated cells were plated
on galactose plates. Reduction of Rad53-AID levels by 1
h of auxin treatment was sufficient to significantly in-
crease viability from 40% to 70% in the asf1Δ strains
(Fig. 6A). This result demonstrates that the reduction in
viability seen in asf1Δ cells suffering two DSBs can be
attributed in its entirety to a defect in checkpoint deacti-
vation in the absence of ASF1. Furthermore, this result
supports the role of Rad53 in this recovery defect, as tran-
sient reduction of Rad53 levels in asf1Δ cells experiencing
two DSBs led to viability comparable with that of wild-
type cells suffering two DSBs (Figs. 1B, 6A).

Impairing Asf1–H3 association rescues the recovery
defect of rtt101Δ and rtt109Δ

The DNA damage-dependent dissociation of Rad53 from
Asf1 allows Asf1 to bind more H3 after damage (Emili

Figure 5. Coimmunoprecipitation of Asf1-HA and Rad53. Samples were run on 10% SDS-PAGE gels. Immunoprecipitation performed
with anti-HA-conjugated agarose beads and blotted with anti-HA (Asf1-HA) or anti-Rad53. (A) Coimmunoprecipitation of Asf1-HA and
Rad53 in an irreparable DSB system (JKM179). (B) Coimmunoprecipitation of Asf1-HA and Rad53 in a systemwith one repairable ectopic
GC DSB (YJK17) and two repairable DSBs (YFA01). (C ) Coimmunoprecipitation of Asf1-HA and Rad53 in a system with two repairable
DSBs in rtt101Δ (left panel) or rtt109Δ (right panel). (D) Quantification of Rad53 associationwith Asf1. Rad53 immunoprecipitation signal
was normalized to Asf1 immunoprecipitation signal and 0 h. Error bars indicate ranges. n = 2. (E) Fold increase of Rad53 levels. Rad53 lev-
els were normalized to 0 h. Protein loading was quantified using a Bradford assay. Error bars indicate ranges. n = 2.
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et al. 2001). We hypothesized that the acetylation of
H3K56 by Rtt109 and the subsequent ubiquitylation by
Rtt101 serve to weaken the interaction of Asf1 with H3,
allowing Rad53 to outcompete histone H3 for Asf1 bind-
ing and thus promote recovery.

To test our hypothesis, we sought to weaken Asf1–H3
interaction without interfering with the Asf1–Rad53 in-
teractions. The histone H3-R129E mutation weakens
Asf1–H3 interaction without affecting the interaction be-
tweenAsf1 andRad53 (Agez et al. 2007; Jiao et al. 2012). In
budding yeast, transcription of HHT2 contributes ∼85%
of total H3 mRNA (Cross and Smith 1988; Liang et al.
2012). We therefore introduced the HHT2-R129E muta-
tion into our two-DSB system in the wild-type, asf1Δ,
rtt101Δ, and rtt109Δ backgrounds.

The HHT2-R129E mutation did not significantly re-
duce the viability of wild-type cells (Fig. 6B). Likewise,
HHT2-R129E did not change the viability of asf1Δ
cells. These results demonstrate that the HHT2-R129E
mutation is neither toxic nor sufficient to promote recov-
ery from checkpoint-mediated arrest in asf1Δ. Strikingly,
HHT2-R129E rescued the recovery defect of both rtt101Δ
and rtt109Δ cells to about the same extent as degrading
Rad53 rescued asf1Δ (Fig. 6, cf. B andA). These results sug-
gest that, while the presence of Asf1 is required to pro-
mote recovery when there are two repairable DSBs, the
activities of Rtt101 andRtt109 are dispensable if the inter-
action between Asf1 and histone H3 is reduced and raises
the possibility that, in the absence of Rtt109 or Rtt101,
the interaction between Asf1 and histone H3 limits the
amount of Asf1 available to promote recovery. We there-
fore tested whether overexpression of Asf1 would rescue
rtt109Δ in a strain that suffers two repairable DSBs.

Plasmid pPK196 is a centromeric plasmid containing a
single copy of Asf1 with its endogenous promoter. Over-
expression of Asf1 did not change wild-type viability
(Fig. 6C). The viability of rtt109Δ, however, was rescued
to wild-type levels by expression of a single additional
copy of Asf1 (Fig. 6C). We propose that the role of Asf1
in recovery is separate from its histone chaperone activity
and that Rtt101 and Rtt109 promote recovery by modify-
ing histone H3 and weakening the interaction between
histone H3 and Asf1.

Asf1 is required for complete dephosphorylation
of Rad53 following checkpoint deactivation

IrreparableDSBs in budding yeast lead to Rad53 phosphor-
ylation, and this modification is lost after cells adapt
or after Mec1 is degraded using a temperature degron (Pel-
licioli et al. 2001). We asked whether Asf1 is required for
complete dephosphorylation of Rad53 following inhibi-
tion of the Mec1 signaling pathway. We integrated an
AID at the C terminus of Ddc2 in a strain containing
one irreparableDSB. Six hours after induction ofHOendo-
nuclease in a wild-type strain, there was robust Rad53
phosphorylation with essentially all of the kinase in
hyperphosphorylated forms (Fig. 6D). At this point, the
culture was divided, and half was treated with 500 µM
auxin to degrade Ddc2. Addition of auxin led to depletion
of Ddc2 30 min following treatment (Supplemental Fig.
S1B). Two hours later, Rad53 phosphorylation was still
maintained in the untreated culture, whereas, in the aux-
in-treated cells, Rad53 phosphorylation was significantly
reduced (Fig. 6D), confirming that Mec1 signaling is con-
tinuously required to maintain the phosphorylation state

Figure 6. Rescue of the recovery defect in asf1Δ,
rtt109Δ, and rtt101Δ. (A) Reducing Rad53 levels
for 1 h rescues the recovery defect in two-DSB
asf1Δ. Two-DSB asf1Δ cells containing Rad53-
AID (YMT222) were allowed to repair the DSB
for 8 h prior to treatment with 500 µM auxin.
One hour after treatment with auxin, asf1Δ cells
were plated on galactose plates. Colony numbers
were normalized to 0 h of YEPD. The viability of
wild-type cells with Rad53-AID is shown as a ref-
erence. n = 3. Error bars indicate standard errors.
(B) Histone H3-R129E rescues the recovery defect
of rtt101Δ and rtt109Δ but not asf1Δ. n = 3. Error
bars indicate standard errors. (∗) P < 0.05. (C ) Over-
expression of Asf1 rescues rtt109Δ. Wild type
(YFA01) and rtt109Δ (YFA06) were transformed
with either an empty vector or pASF1. n≥ 3. (∗∗)
P < 0.005. (D) Asf1 is required for complete
dephosphorylation of Rad53 after Ddc2 degrada-
tion. A strain containing a single irreparable DSB
with Ddc2-AID and either wild-type (left four
lanes) or asf1Δ (right four lanes). Six hours after
HO induction, the culture was split and half was
treated with 500 µM auxin for 2 h (8 h after HO
induction).
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of Rad53 (Pellicioli et al. 2001). Checkpoint activation
was then monitored in asf1Δ in the Ddc2-AID strain. As
in wild-type, strong Rad53 phosphorylation was evident
6 h after DSB induction. Interestingly, 2 h following auxin
treatment, Rad53 phosphorylation was still detected (Fig.
6D). While the highest migrating forms of Rad53 were
lost, indicating some dephosphorylation, Rad53 persisted
in amiddle migrating band and failed to return to the low-
est migrating form observed prior to DSB induction (Fig.
6D). These results suggest that although Asf1 does not it-
self dephosphorylate Rad53, it is required to promote
complete dephosphorylation of Rad53 following the deac-
tivation of the upstream Ddc2–Mec1 signaling. Given
that Rad53 amplifies its Mec1-dependent phosphoryla-
tion by autophosphorylation, these results might imply
that Asf1 plays a role in either preventing autophosphory-
lation or promoting turnover of phosphorylated forms of
the protein.

Discussion

Budding yeast cells can sense the number of DSBs that
they have suffered (Lee et al. 1998; Mantiero et al. 2007).
This sensitivity is apparently achieved by regulating the
level of Rad53 phosphorylation in response to more
DSBs (Mantiero et al. 2007). Maintenance of γ-H2AX in
the 50-kb region around each of two DSBs is regulated
independently so that it is removed around a repaired
DSB even as it persists around an unrepaired DSB (Tsabar
et al. 2015). Here we provide the first evidence that cells
can sense the number of repairable DSBs even if one of
these DSBs repairs rapidly enough so that it does not by it-
self elicit detectable Rad53 phosphorylation. In addition,
we show that the genetic requirements for recovery are
different when there are twoDSBs versus one.We propose
that Asf1 participates in a dynamic DNA damage-sensing
mechanism. When the cells sense DSBs, Mec1 phosphor-
ylates Rad53, leading to its dissociation from Asf1 and
hyperactivation by autophosphorylation. When Rad53 is
dephosphorylated by Ptc2 and Ptc3, it can reassociate

with Asf1. However, so long as the damage persists,
Mec1 phosphorylation of Rad53 will lead to its dissocia-
tion from Asf1 and its activation by autophosphorylation,
but, when the DSB has been repaired, Asf1 can rapidly se-
quester Rad53. Asf1 can thus prevent Rad53 phosphoryla-
tion (which occurs in trans) (Pellicioli et al. 1999; Gilbert
et al. 2001) by Rad53 that has not yet been dephosphory-
lated (Fig. 7).
Chromatin remodeling plays extensive roles in the

DNA damage response. While chromatin remodelers
such as Fun30, Ino80, the RSC complex, and Rad54 facil-
itate different HR pathways (Kent et al. 2007; Shim et al.
2007; Hicks et al. 2011; Chen et al. 2012; Costelloe et al.
2012; Eapen et al. 2012; Tsabar and Haber 2013), other
chromatin-modifying factors, including Asf1, CAF-1
Rdh54, Ino80, andSwr1, participate in regulating theDNA
damage checkpoint (Emili et al. 2001; Hu et al. 2001; Lee
et al. 2001; Papamichos-Chronakis et al. 2006; Kim and
Haber 2009; Tsabar and Haber 2013). Here we show that
Asf1 regulates the DNA damage checkpoint by a mecha-
nism separate from its histone chaperone activity.
In replication, Asf1 interacts with histone H3 and, to-

gether with the histone acetyltransferase Rtt109, acety-
lates H3K56 (Collins et al. 2007; Driscoll et al. 2007;
Han et al. 2007; Tsubota et al. 2007). H3K56ac was sug-
gested to facilitate chromatin re-establishment following
repair and signal for recovery (Chen et al. 2008), although
a more recent study suggested that H3K56ac is required
for repair of specific types of DNA damage induced by
MMS (Wurtele et al. 2012). We found that deletion of
RTT09 only slightly impaired repair by GC and did not af-
fect SSA repair. Moreover, both asf1Δ and rtt109Δ exhibit
a recovery defect only when more than one DSB has to
be repaired. Neither asf1Δ nor rtt109Δ affect adaptation
to a single DSB; it is not possible to see whether these
mutants respond differently to two unrepaired DSBs
because two irreparableDSBs already confer an adaptation
defect (Lee et al. 1998). Last, we show that the histoneH3-
R129E mutation rescues the recovery defect of rtt109Δ
cells in our two-DSB system. All of these data strongly
suggest that H3K56ac does not act as a recovery signal.

Figure 7. A model for the role of Asf1 in the dynamic
sensing of DNA damage. After a Ddc2–Mec1 recognizes
aDSB,Mec1 phosphorylates Rad53, leading toRad53 dis-
sociation from Asf1. Rad53 then undergoes hyperphos-
phorylation. PP2C dephosphorylates Rad53, and the
dephosphorylated Rad53 reassociates with Asf1. If the
damage persists, Mec1 can rephosphorylate Rad53 and
lead to dissociation from Asf1 and reactivation. In addi-
tion, activated Rad53 can counter the dephosphorylation
by autophosphorylation. In parallel, Asf1-bound histone
H3undergoesmodificationsbyRtt109andRtt101,which
facilitate the handoff of theH3–H4histone dimer toCAF-
1, freeing Asf1 to reinteract with Rad53.
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Rtt101 ubiquitylates histone H3 in vitro, with a prefer-
ence for histone H3 that has been acetylated on Lys56
(Han et al. 2013). This ubiquitylation is suggested to fa-
cilitate the handoff of histone H3–H4 heterodimers
from Asf1 to CAF-1 and Rtt106. In vivo, Rtt101 func-
tions in the same genetic pathway as H3K56ac to confer
resistance to MMS damage (Wurtele et al. 2012). Like
deletion of RTT109 and ASF1, deletion of RTT101 does
not confer an adaptation defect or a repair defect. Simi-
larly to rtt109Δ, the recovery defect of rtt101Δ in the
two-DSB system is rescued by weakening the interaction
of Asf1 with H3. Together with our genetic data, this
finding suggests that Rtt101 and Rtt109 act on the
same pathway to promote recovery and that their role
in recovery is to facilitate the removal of histone H3
from Asf1.

Rad53 phosphorylation in asf1Δ cells suffering two re-
pairable DSBs persisted 24 h after induction of the
DSBs, long after repair is completed. This suggests that
the DNA damage checkpoint responds to the number of
DSBs that it experienced even if one of these DSBs itself
does not trigger a checkpoint activation. Rad53 phosphor-
ylation in rtt109Δ and rtt101Δ persisted 15 h after HO in-
duction but did not persist up to 24 h. It is noteworthy
that adaptation occurs ∼12–15 h following induction of
a single irreparable DSB. It is possible that the 12- to 15-
h time frame following DNA damage checkpoint activa-
tion represents a time window by which the DNA dam-
age checkpoint must be resolved by a productive
pathway leading to recovery. One possibility raised by
our findings is that failure to turn off the DNA damage
checkpoint by 12 h results in a handoff of the arrest to
the SAC, which prevents productive recovery. According-
ly, deletion of MAD2 had a more significant effect on
rtt101Δ cells exhibiting a longer checkpoint than on
wild-type cells.

The association of Asf1 with Rad53 is disrupted by
exposure to the genotoxic agents MMS and HU, and this
disruption is dependent on DNA damage checkpoint sig-
naling (Emili et al. 2001; Hu et al. 2001). Interestingly,
Rad53 phosphorylation in response to HU is delayed in
asf1Δ (Hu et al. 2001). As Asf1 also binds histone H3 and
CAF-1, thismay indicate that the role of Asf1 is to concen-
trate Rad53 close to the replication forks, which are very
susceptible to DNA damage (Hu et al. 2001). Here we
show that a single irreparable DSB is sufficient to disrupt
Asf1’s associationwith Rad53 significantly.Moreover, we
show that adaptation and recovery temporally correlate
with the re-establishment of the association between
Asf1 and Rad53. This, together with the observation
that ablation of Rad53 rescues the viability of asf1Δ cells
in a system with two repairable DSBs and the prolonged
Rad53 phosphorylation in asf1Δ, may suggest that re-es-
tablishment of the Asf1–Rad53 interaction plays a signifi-
cant role in regulating the DNA damage checkpoint
during recovery and adaptation. Supporting this model,
our observation that Rad53 phosphorylation persists in
asf1Δ cells even when Ddc2 is depleted demonstrates
that Asf1 is required for the complete turning off of the
DNA damage checkpoint.

The role of Asf1 in recovery manifests itself only when
the cells are exposed to multiple DSBs. The reason for
the requirement for Asf1 when the cell is exposed to
multiple DSBs remains unclear. One clue may come
from studying the association of Rad53 and Asf1. A sin-
gle repairable DSB did not cause dissociation between
Asf1 and Rad53 that was seen with two DSBs. This dif-
ference may reflect how one or two DSBs alter total
Rad53 protein levels and its hyperphosphorylation. The
observation that total Rad53 protein levels increase in
a DNA damage-dependent manner (Smolka et al. 2005)
and that the magnitude of the increase and phosphoryla-
tion of Rad53 are correlated to the number of DSBs sug-
gests that, in response to two DSBs, there is a larger pool
of free Rad53, and this may lead to more active Rad53 in
response to two DSBs. In this case, when only one DSB
triggers the DNA damage checkpoint, Ptc2 and Ptc3
dephosphorylation of Rad53 is sufficient to deactivate
the checkpoint; however, when more than one DSB is in-
duced, Rad53 levels increase further, and there may be
more autophosphorylation. In this event, Asf1 might be
required to sequester Rad53 and prevent it from being
reactivated.

In mammalian cells, the DNA damage checkpoint is
highly sensitive to the amount of damage inflicted on
the cells (Buscemi et al. 2004; Deckbar et al. 2007; Loewer
et al. 2013). These studies suggest that studying recovery
from more than one DSB in budding yeast may be more
physiologically similar to the condition in mammalian
cells. Nevertheless, despite the high level of conservation
of Asf1 and Rad53 (mammalian Chk2) between yeast and
mammals, the interaction between Asf1 and Chk2 was
not detected in mammalian cells (Groth et al. 2005).
This suggests that, in mammalian cells, a large fraction
of Chk2 is free from interaction with Asf1. Another possi-
bility is that the interaction between Asf1 and Rad53 is
cell cycle-regulated. If this is the case, then we are able
to capture the interaction between Asf1 and Rad53
because an asynchronous population of budding yeast
contains cells in all stages of the cell cycle, and this inter-
action might be missed in mammalian cells that are pre-
dominantly in G0/G1. Another possibility is that the
absence of this interactionmay be a result of fundamental
differences between budding yeast and mammalian cells
in themechanism ofDNA damage checkpoint regulation.
However, Asf1 has been shown to participate in nucleo-
some deposition following repair (Mello et al. 2002) and
interact with tousled-like kinases (TLKs), a family of ki-
nases specific to metazoans that plays an extensive role
in the regulation of replication, transcription, and repair
(Groth et al. 2003, 2005; Mousson et al. 2007; De Bene-
detti 2012). These observations implicate Asf1 with regu-
lation of the DNA damage checkpoint in mammalian
cells as well. The findings presented in our study demon-
strate that the DNA damage checkpoint is regulated by
both the duration of damage persistence and the amount
of damage, link chromatin assembly to recovery from
the DNA damage checkpoint, and contribute to our un-
derstanding of mechanisms by which cells sense the com-
pletion of repair.
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Materials and methods

Strains

Strains were based on strain YJK17 (Kim and Haber 2009), which
contains a glactose-inducible HO gene and is deleted for the nor-
mal HML and HMR donors to repair a DSB at MAT. This MATα
strain carries a 4-kbMATa-inc sequence, which cannot be cleaved
by HO, inserted at the arg5,6 locus on Chr 5. In some strains, an
additional HO cut site was inserted at the ura3-52 locus on the
opposite arm of Chr 5 such that it was flanked by ∼1 kb of flank-
ing homology (Sugawara and Haber 1992).
To construct the histone H3-R129E mutation, the region con-

taining HHF2 and HHT2 was amplified using quantitative PCR
(qPCR) and introduced to plasmid pRS405 at its HpaI site to cre-
ate plasmid pMT05. The R129Emutationwas introduced by site-
directed mutagenesis using the QuikChange II kit (Agilent) to
create plasmid pMT06. HHT2-R129E and the adjacent LEU2
were amplified from this plasmid and integrated at the endoge-
nous HHT2 in strains YFA01, YFA02, YLK03, and YFA06 so
that LEU2 was downstream from HHT2-R129E. Integration of
LEU2 and the coinserted R129E mutation was verified by PCR
followed by DNA sequencing.
A full list of strains is in Supplemental Table S1. All strains and

sequences of oligos for PCR are available on request.

Plating assays

For viability experiments, cells were grown overnight in 5 mL of
YEPD, washed twice with 5 mL of YEP-lactose, and kept for at
least 6 h in lactose. Next, cells were counted, and ∼100 cells
were plated on YEP galactose plates (where HO is induced) and
on YEPD plates as a control. Colonies were counted 3–5 d after
plating.
Adaptation assays were conducted by inoculating cells over-

night in 5mL of YEP-lactose and then plating themonYEP-galac-
tose plates. Single cells were manipulated and monitored for 24
and 48 h following plating. A PTC2 overexpression assay was per-
formed similarly to the adaptation assay, using strains containing
plasmid pJH2447 with PTC2 under the control a galactose
promoter.

Southern blots

Southern blots were performed as described in Kim and Haber
(2009). To monitor the ectopic GC, genomic DNA extracted by
phenol extraction from a time course was digested overnight
with EcoRI. A radiolabeled probe for the Z1Z2 region at MAT
was used (Kim and Haber 2009). The product was normalized to
the donor signal and 0 h. To monitor SSA repair at ura3, DNA
was digested with BglII. A radiolabeled probe for the 3′ end of
theURA3 gene was used. The signal was normalized to the total
signal and the signal from a cell that had completed SSA.

Western blots

Western blots were done as described (Pellicioli et al. 2001). Pro-
teins were extracted using TCA preparation. An antibody against
Rad53 (Abcam, ab166859) was used to detect Rad53. Ddc2-AID-
Myc degradation was monitored by an antibody against Myc.

Degradation of proteins using AID

Proteins were degraded using the AID system from H. Ullrich
(Morawska and Ulrich 2013). Rad53-AID cells were grown over-

night in YEPD and washed twice in YEP-lactose for 6 h, and
then a larger culturewas inoculated and grown until cells reached
log-phase growth (5 × 106 cells per milliliter). Cells were then
counted, and ∼100 colony-forming units (CFUs) were plated on
YEPD and YEP-galactose plates to monitor viability. The liquid
culture was treated with 2% galactose to induce the HO endonu-
clease. Eight hours after HO induction, the culture was split in
two, and one of the two cultures was treated with 500 µM auxin.
One hour after auxin treatment, cells were counted, and 100
CFUs were plated on galactose plates. Western blots were per-
formed to confirm loss of the protein (Fig. 5E).
Ddc2-AID-Myc cells were grown as described above. A sample

was collected prior to galactose induction, and then 2% galactose
was added to the medium. Six hours after galactose induction, a
sample was collected, the culture was split, and one half was
treated with 500 µM auxin for 2 h. A final sample was collected
8 h after galactose induction (2 h after auxin induction). Western
blots were used to confirm loss of Ddc2.

Coimmunoprecipitation

Coimmunoprecipitation experiments were conducted as previ-
ously published (Hu et al. 2001) with a modified lysis buffer
(50 mM Tris at pH 7.5, 50 mM NaCl, 5 mM EDTA, 0.5% Triton
X-100, proteinase inhibitors).
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