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Eukaryotic genome integrity is maintained via a DNA damage checkpoint that recognizes DNA damage and
halts the cell cycle at metaphase, allowing time for repair. Checkpoint signaling is eventually terminated so
that the cell cycle can resume. How cells restart cell division following checkpoint termination is poorly
understood. Here we show that the SUMO protease Ulp2 is required for resumption of cell division following
DNA damage-induced arrest in Saccharomyces cerevisiae, although it is not required for DNA double-strand
break repair. The Rad53 branch of the checkpoint pathway generates a signal countered by Ulp2 activity
following DNA damage. Interestingly, unlike previously characterized adaptation mutants, ulp2A mutants do
not show persistent Rad53 phosphorylation following DNA damage, suggesting checkpoint signaling has been
terminated and no longer asserts an arrest in these cells. Using Cdc14 localization as a cell cycle indicator, we
show that nearly half of cells lacking Ulp2 can escape a checkpoint-induced metaphase arrest despite their
inability to divide again. Moreover, half of permanently arrested ulp2A cells show evidence of an aberrant
mitotic spindle, suggesting that Ulp2 is required for proper spindle dynamics during cell cycle resumption

following a DNA damage-induced cell cycle arrest.

All eukaryotic cells must recognize and respond to various
types of DNA damage and DNA replication defects that
threaten genomic integrity. The signal transduction pathways
that respond to these DNA lesions are often called DNA
damage checkpoints (31). A common feature of these path-
ways is a transient block to cell division that allows time to
repair the lesions. In addition to cell cycle arrest, the DNA
damage checkpoint pathway leads to transcriptional up-regu-
lation of genes encoding DNA repair proteins. The signal
transduction pathway leading to a DNA damage checkpoint
response has been extensively investigated, but the mechanism
by which a cell resumes division after checkpoint arrest re-
mains poorly understood.

Following DNA damage recognition, the initial damage is
processed, leading to recruitment of DNA checkpoint and
repair proteins (30). In the budding yeast Saccharomyces cer-
evisiae, recruitment of the Mecl kinase (ATR in humans)
initiates a pair of signaling cascades (see Fig. 1A) (31). In one,
phosphorylation of the Rad53 kinase leads ultimately to tran-
scriptional induction, via the Dunl1 kinase, of DNA repair and
replication proteins. In the other pathway, phosphorylation of
the Chkl kinase and to some extent also Rad53 leads to sta-
bilization of the yeast securin, Pds1, resulting in a preanaphase
mitotic arrest.

After checkpoint-mediated cell cycle arrest, repair of the
DNA damage leads to a process termed recovery, in which the
cell terminates checkpoint signaling and resumes cell division.
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Alternatively, instances in which a cell is unable to repair the
DNA damage lead to a process known as adaptation (34).
Adaptation allows the resumption of cell division in the con-
tinued presence of DNA damage. Like recovery, adaptation
requires that the checkpoint-signaling cascade be turned off to
proceed with the cell cycle. One key step is thought to be
dephosphorylation of Rad53, since this event correlates with
the timing of adaptation and recovery and fails to occur in
known adaptation/recovery mutants (6, 18-20, 32, 41). Finally,
the cell must restart its cell cycle. The transition to anaphase is
marked by the activation of multiple signaling pathways, in-
cluding the Cdc fourteen early anaphase release (FEAR) and
mitotic exit network (MEN) pathways (36). Both of these path-
ways result in the release of the Cdc14 phosphatase from the
nucleolus throughout the mother and bud cells. The released
Cdc14 promotes mitotic progression in multiple ways, includ-
ing reversal of CDK phosphorylation and regulation of mitotic
spindle dynamics.

The molecular mechanisms underlying the reversal of DNA
damage-induced cell cycle arrest are poorly understood. Sev-
eral proteins participate in adaptation to DNA damage. Srs2,
Tid1, and Sae2 appear to help remove specific repair or check-
point proteins from DNA (6, 18, 41). Removal of these com-
plexes is necessary for adaptation and presumably also occurs
following repair. The Ptc2 and Ptc3 phosphatases dephosphor-
ylate Rad53, and their activity against Rad53 correlates with
the ability of cells to adapt to DNA damage (20). CdcS is a
polo-like kinase required for mitotic exit and has a role in
adaptation that appears linked to this function (14, 40). Last,
Yku70-Yku80 binds to DNA breaks and slows rates of DNA
resection; in its absence, cells accumulate excessive single-
stranded DNA, leading to permanent arrest (17). Persistent
Rad53 phosphorylation correlates with the adaptation defect
of cells with mutations in any of these proteins. This implies
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that DNA checkpoint signaling remains activated in these cells,
presumably maintaining them in the arrested state. No mutants
that permanently arrest in response to DNA damage with
deactivated checkpoint signaling are currently known.

We have identified Ulp2 (Smt4) as a protein that is required
for cell division following DNA damage-induced cell cycle
arrest. Ulp2 is one of two known yeast SUMO proteases, which
remove the ubiquitin-like covalent modifier SUMO (Smt3 in
yeast) from substrate proteins (22). As is true for ubiquitin,
SUMO attachment to specific substrate proteins requires a
series of sequential enzyme reactions (15, 35). The C terminus
of SUMO is first activated by SUMO-activating enzyme (E1),
which forms an intermediate with SUMO and then transfers
the SUMO to SUMO-conjugating enzyme (E2). Subsequently,
E2 transfers SUMO to a substrate lysine residue, usually with
the aid of a SUMO protein ligase (E3). Formation of such
isopeptide (amide)-linked SUMO conjugates can alter the lo-
calization, stability, or protein-protein interactions of the sub-
strate protein (11).

The two yeast SUMO isopeptidases, Ulpl and Ulp2, have
distinct substrate specificities inferred from the phenotypic dif-
ferences of the respective mutants and their different patterns
of accumulated sumoylated proteins (22). Ulp2 localizes to the
nucleus and is associated with chromatin (22, 38). Deletion of
the ULP2 gene results in a pleiotropic phenotype: slow growth,
sensitivity to high temperature and to both DNA and spindle
damage, sporulation and germination defects, and high rates of
chromosome and plasmid loss (22). Here we show that Ulp2 is
required for cell division following DNA damage, although it is
not required for DNA double-strand break (DSB) repair. Fol-
lowing induction of a nonrepairable DSB, ulp2A mutants per-
manently arrest in a Mecl- and Rad53-dependent manner,
indicating that Ulp2 activity is required for resumption of cell
division after DNA checkpoint arrest. Interestingly, Ulp2 does
not affect the dephosphorylation of Rad53, implying that
checkpoint signaling has been terminated and no longer asserts
an arrest in ulp2A cells despite their inability to resume cell
division. Closer examination reveals that u/p2A mutants, like
wild-type cells, initially arrest at metaphase upon DSB induc-
tion and either remain permanently arrested in metaphase or
progress past metaphase before terminally halting division. In
addition, approximately half of ulp2A cells show evidence of an
aberrant mitotic spindle after arresting their cell cycle in re-
sponse to DNA damage. We propose that one or more pro-
teins is sumoylated following DNA damage-induced check-
point activation, and this substrate(s) must be desumoylated by
Ulp2 for proper cell cycle resumption.

MATERIALS AND METHODS

Yeast strains and plasmids. Yeast strains used are listed in Table 1. Strains
were grown in standard media. All Gal-HO microcolony assay strains were
derived from RMY169 (gift from R. Michelson [28]). The Gal-HO SSA strains
were derived from YMV2 (gift from J. Haber [41]). All deletions were created
using EUROSCAREF gene deletion plasmids (7-10) and confirmed using PCR
analysis. The plasmid pRad53-FLAG, used for integrative FLAG-Rad53 epitope
tagging, was obtained from R. Michelson. Matched ULP2 and ulp2-H531A plas-
mids were obtained from A. Strunnikov (38). The TUBI-GFP allele was intro-
duced into the URA3 locus using the pAFS125 integrating plasmid (gift from K.
Tatchell) (37) cut with Stul. A PCR-based strategy was used to introduce a green
fluorescent protein (GFP) tag at the C terminus of the CDCI4 chromosomal
locus (42). When necessary, plasmids were maintained by growth of yeast in
selective medium.
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SSA repair assay. Cells were grown overnight in either yeast extract-peptone-
dextrose (YPD) or raffinose-containing medium at 24°C. On the following day,
genomic DNA from 2 optical-density-at-600-nm (ODyy) cell equivalents grown
in YPD was prepared. Cells were resuspended in equal parts buffer (1% sodium
dodecyl sulfate, 2% Triton X-100, 100 mM NaCl, 10 mM Tris [pH 8.0], 1 mM
EDTA) and phenol:chloroform:isoamyl alcohol (25:24:1) and lysed by shearing
with glass beads for 2 min. This was followed by chloroform extraction and
ethanol precipitation. The DNA pellet was resuspended in 200 wl Tris-EDTA
buffer. On the same day, 2 ODy, cell equivalents grown in raffinose were
transferred to galactose-containing medium and incubated overnight at 24°C.
The following day, genomic DNA from 2 ODg, equivalents of cells was pre-
pared according to the protocol described above. PCR analysis was performed
using 1 pl genomic DNA and the following primers: P1 (GCCAGGTGACCA
CGTTGGTCAAG), P2 (GGATGATGCATTAGCCCATTCTTCC), P3 (GCT
ACATATAAGGAACGTGCTGCTAC), Control Fwd (GGTCGTTGGCCCTC
AACAGCATTGG), and Control Rev (GGCAAAGCGTTTGTATACATAAG
AAATG).

Gal-HO microcolony assays. Cells were grown overnight in raffinose-contain-
ing medium at 24°C. On the following day, 1 ODy, equivalent of cells was
transferred to galactose-containing medium (~1:500 dilution) and incubated for
1 h at 24°C. Cells were micromanipulated onto complete plates containing
galactose and examined microscopically for cell division over the next 4 days. For
Cdc14-GFP or Tubl-GFP visualization, a coverslip was placed on top of the
plate and cells were viewed directly with a Zeiss Axioskop microscope (Carl
Zeiss Microlmaging, Inc., Thornwood, NY) with a Plan-Apochromat 100X
NA1.4 objective lens at room temperature using Fluka immersion oil 10976
(Sigma). For GFP, the XF100-2 filter set was used (Omega Optical, Brattleboro,
VT). Pictures were taken on a Zeiss Axiocam camera using a Uniblitz shutter
driver (model VMM-D1; Vincent Associates, Rochester, NY) and the program
Open Lab 3.1.5 (Improvision, Lexington, MA). Note that all microcolony assays
were performed at 24°C rather than the more commonly used 30°C because of
improved growth of ulp2A strains at the lower temperature.

HU microcolony assay. Cells were grown overnight in YPD at 24°C. The next
day, 1 ODg equivalent of cells was resuspended in either 2 ml YPD plus 0.2 M
hydroxyurea (HU) or water and incubated for 8 h at 24°C. Cells were microma-
nipulated onto YPD plates and examined microscopically for cell division over
the next 2 days.

Rad53 phosphorylation. For assaying Flag-Rad53 phosphorylation, cells were
grown in raffinose-containing medium until mid-log phase; 2% galactose was
added to the medium for 4 h to induce DNA damage and Rad53 phosphoryla-
tion. The cells were harvested and resuspended in 2% dextrose-containing me-
dium to allow adaptation. Approximately 1 ODyg, equivalent of cells was taken
for each time point, and proteins were prepared using a trichloroacetic acid
precipitation technique (24). To detect Flag-Rad53, a monoclonal Flag antibody
(Sigma) was used at a 1:5,000 dilution followed by a goat antimouse secondary
antibody (1:5,000; Roche).

RESULTS

Response of ulp2A cells to DNA damage and replication
delay. Loss of Ulp2 confers sensitivity to many different DNA-
damaging and replication-delaying agents, including methyl
methanesulfonate, 4-nitroquinoline 1-oxide, UV light, and HU
(Fig. 1B) (22), suggesting that this SUMO protease is required
either for the DNA damage checkpoint or for DNA repair. To
help distinguish between these possibilities, we measured the
sensitivity of the ulp2A mutant to low levels of HU. HU de-
pletes the deoxynucleoside triphosphate (dNTP) pools avail-
able for DNA replication. Low HU levels cause mild retarda-
tion of DNA replication and infrequent DSBs, whereas
prolonged high HU levels cause a strong block to replication
and many DSBs (27). Most DNA checkpoint mutants are sen-
sitive even to low HU levels due to continued replication in the
absence of sufficient dNTPs. In contrast, cells defective for
DNA repair usually survive low HU levels because they still
have an intact DNA checkpoint, allowing them time to replen-
ish dNTPs; however, they will die in high levels of HU due to
their inability to repair the DNA damage. Upon exposure to
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TABLE 1. Yeast strains used in this study

Strain Genotype Source or reference

MHY3892 hmlA::ADEI mataA::hisG hmrA::ADE] leu2-cs ade3::GAL::HO his4::URA3-leu2(Asp718 to Sall) This study
ulp2::KAN adel lys5 ura3-52

MHY3893 MATa-inc ade2-101 his3-A200 leu2-Al::GAL1-HO-LEU?2 lys2-801 RAD53-FLAG::HIS3 This study
smll::KAN trpl-A63 ura3-52::TUB1-GFP-URA3 VII-L::TRP-HO site-LYS2

MHY3895 MATa-inc ade2-101 his3-A200 leu2-Al::GALI-HO-LEU?2 lys2-801 smll::KAN srs2::NAT trpl-A63 This study
ura3-52::TUBI-GFP-URA3 VII-L::TRP-HO site-LYS2

MHY3898 MATa-inc ade2-101 his3-A200 leu2-Al::GALI-HO-LEU?2 lys2-801 RAD53-FLAG::HIS3 This study
smll::KAN trpl-A63 ulp2::NAT ura3-52::Tubl-GFP-URA3 VII-L::TRP-HO site-LYS2

MHY3919 MATa-inc ade2-101 his3-A200 leu2-Al::GALI-HO-LEU?2 lys2-801 smll::KAN trp1-A63 ura3-52 This study
VII-L::TRP-HO site-LYS2 CDC14-GFP::his5"

MHY3921 MATa-inc ade2-101 his3-A200 leu2-Al::GALI-HO-LEU?2 lys2-801 smll::KAN srs2:NAT trpI-A63 This study
ura3-52 VII-L::TRP-HO site-LYS2 CDC14-GFP::his5™"

MHY3924 MATa-inc ade2-101 his3-A200 leu2-Al::GALI-HO-LEU?2 lys2-801 smll::KAN ulp2::NAT trp1-A63 This study
ura3-52 VII-L::TRP-HO site-LYS2 CDC14-GFP::his5™"

yDS234 MATa-inc ade2-101 his3-A200 leu2-Al::GALI-HO-LEU?2 lys2-801 mecl::URA3 smll::KAN trpl- This study
A63 ura3-52 VII-L::TRP-HO site-LYS2

yDS238 MATa-inc ade2-101 his3-A200 leu2-Al::GAL1-HO-LEU?2 lys2-801 rad53::URA3 smil::KAN trpl- This study
A63 ura3-52 VII-L::TRP-HO site LYS2

yDS246 MATa-inc ade2-101 his3-A200 leu2-Al::GALI-HO-LEU?2 lys2-801 radl7::URA3 trpI-A63 This study
ulp2::KAN ura3-52 VII-L::TRP-HO site-LYS2

yDS260 MATa-inc ade2-101 his3-A200 leu2-Al::GALI-HO-LEU?2 lys2-801 mecl::URA3 smll::KAN trpl- This study
A63 ulpl2::HIS3 ura3-52 VII-L::TRP-HO site-LYS2

yDS316 MATa-inc ade2-101 his3-A200 leu2-Al::GALI-HO-LEU?2 lys2-801 RAD53-FLAG::HIS3 This study
smll::KAN trpl-A63 ura3-52 VII-L::TRP-HO site-LYS2

yDS321 MATa-inc ade2-101 his3-A200 leu2-Al::GAL1-HO-LEU?2 lys2-801 rad17::URA3 This study
RADS53-FLAG::HIS3 smll::KAN trp1-A63 ura3-52 VII-L::TRP-HO site-LYS2

yDS330 MATo-inc ade2-101 chkl::URA3 his3-A200 leu2-Al::GAL-HO-LEU?2 lys2-801 smil::KAN trpl-A63 This study
ulp2::HIS3 ura3-52 VII-L::TRP-HO site-LYS2

yDS340 MATa-inc ade2-101 his3-A200 leu2-Al::GALI-HO-LEU?2 lys2-801 smll::KAN trpl-A63 ulp2::HIS3 This study
ura3-52 VII-L::TRP-HO site-LYS2

yDS374 MATa-inc ade2-101 his3-A200 leu2-Al::GALI-HO-LEU?2 lys2-801 smll::KAN trpl-A63 ubc9::NAT This study
ura3-52 VII-L::TRP-HO site-LYS2 [ubc9-1/HIS3]

yDS439 MATa-inc ade2-101 chkl::URA3 his3-A200 leu2-A1::GAL-HO-LEU?2 lys2-801 This study
RAD53-FLAG::HIS3 smll::KAN trpI1-A63 rad3-52 VII-L::TRP-HO site-LYS2

yDS539 MATa-inc ade2-101 his3-A200 leu2-Al::GALI-HO-LEU?2 lys2-801 smll::KAN trpl-A63 ubc9::NAT This study
ulp2::URA3 ura3-52 VII-L::TRP-HO site LYS2 [ubc9-1/HIS3]

yDS569 MATa-inc ade2-101 his3-A200 leu2-Al::GAL-HO-LEU?2 lys2-801 ptc2::URA3 RADS53-FLAG::HIS3 This study
smill::KAN trpl-A63 ura3-52 VII-L::TRP-HO site-LYS2

yDS595 MATa-inc ade2-101 his3-A200 leu2-Al::GAL-HO-LEU?2 lys2-801 ptc2::URA3 ptc3::HPH This study
RADS53-FLAG::HIS3 smll::KAN trp1-A63 ura3-52 VII-L::TRP-HO site-LYS2

yDS596 MATo-inc ade2-101 his3-A200 leu2-Al::GALI-HO-LEU?2 lys2-801 ptc2::URA3 ptc3::HPH This study
RADS53-FLAG::HIS3 smll::KAN trp1-A63 ulp2::NAT ura3-52 VII-L::TRP-HO site-LYS2

yDS673 MATa-inc ade2-101 his3-A200 leu2-Al::GALI-HO-LEU?2 lys2-801 rad52::HIS3 This study
RADS53-FLAG::HIS3 smll::KAN trp1-A63 ura3-52 VII-L::TRP-HO site-LYS2

yDS714 MATa-inc ade2-101 dunl::URA3 his3-A200 leu2-Al::GAL1-HO-LEU?2 lys2-801 This study
RADS53-FLAG::HIS3 smll::KAN trpl1-A63 ura3-52 VII-L::TRP-HO site-LYS2

yDS722 MATa-inc ade2-101 dunl::URA3 his3-A200 leu2-A1::GAL-HO-LEU?2 lys2-801 sml1::KAN trp1-A63 This study
ulp2::HIS3 ura3-52 VII-L::TRP-HO site-LYS2

yDS735 MATa-inc ade2-101 his3-A200 leu2-Al::GALI-HO-LEU2 lys2-801 rad51::URA3 This study
RADS53-FLAG::HIS3 smll::KAN trp1-A63 ura3-52 VII-L::TRP-HO site-LYS2

yDS806 MATa-inc ade2-101 his3-A200 leu2-A1::GALI-HO-LEU?2 lys2-801 pdsl::HPH This study
RADS53-FLAG::HIS3 smll::KAN trp1-A63 ura3-52 VII-L::TRP-HO site-LYS2

yDS828 MATa-inc ade2-101 his3-A200 leu2-Al::GALI-HO-LEU2 lys2-801 pdsl::HPH This study
RADS53-FLAG::HIS3 smll::KAN trpl1-A63 ulp2::NAT ura3-52 VII-L::TRP-HO site-LYS2

yDS880 MATa-inc ade2-101 his3-A200 leu2-Al::GAL-HO-LEU2 lys2-801 RAD53::FLAG-HIS3 siz1::NAT This study
siz2::HPH smlil::KAN trp1-A63 ura3-52 VII-L::TRP-HO site-LYS2

YMV2 hmlIA::ADET mataA::hisG hmrA::ADE] leu2-cs ade3::GAL::HO his4::URA3-leu2(Asp718 to Sall) 41
adel lys5 ura3-52

YMV37 hmlA::ADEI mataA::hisG hmrA::ADE]I leu2-cs ade3::GAL::HO his4::URA3-leu2(Asp718 to Sall) 41

rad52A::HPH adel lys5 ura3-52

low HU levels (10 mM), the ulp2A mutant failed to grow into repair gene RADS52 caused no growth defect at this HU con-

colonies, as was observed for a meclA DNA checkpoint mutant centration, reflecting the absence of significant numbers of
(Fig. 1C). (Note that in all strains containing either mecIA or DSBs.
rad53A, SML1 has also been deleted to suppress the lethality of To confirm this result, cells were transiently exposed to high

the single deletions [43]). In contrast, deletion of the DNA HU levels (0.2 M). The 8-h exposure was shorter than that
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FIG. 1. Ulp2 is required for cell division following DNA damage.
(A) Outline of the DNA damage checkpoint pathway. (B) The ulp2A
mutant is sensitive to DNA-damaging agents. (C) The ulp2A mutant is
sensitive to very low levels of HU. (D) The ulp2A mutant is sensitive to
transient exposure to high HU levels. (E) ulp2A cells arrest division
following DNA damage from a single HO endonuclease-derived DSB.
Fivefold serial dilutions of yeast cultures were spotted onto plates for
panels B to D. Cells were photographed using Nomarski optics, and all
plates were grown at 24°C for 4 days.

required to produce significant DSBs. Cells with an intact
DNA checkpoint survive this treatment, whereas checkpoint
mutants often die (2). As shown in Fig. 1D, wild-type (WT)
cells and the rad52A DNA repair mutant were resistant to
transient HU exposure, but the mec/A DNA checkpoint mu-
tant was highly sensitive. Although not as sensitive as meclA,
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ulp2A cells also grew relatively poorly, suggesting that Ulp2
function is linked to the DNA checkpoint pathway and not
DNA repair. However, unlike most checkpoint mutants, which
fail to arrest following DNA damage, ulp2A cells arrested nor-
mally as large-budded cells (Fig. 1E). This result is consistent with
previous data (22) and indicates that Ulp2 is most likely affecting
cell cycle restart following checkpoint arrest (see below).

Ulp2 is not required for DNA DSB repair. In the presence of
HU, ulp2A more closely resembled a DNA checkpoint mutant
(meclA) than a DNA repair mutant (rad52A). However, the
possibility remains that it plays a role in both pathways. To
analyze further whether Ulp2 is involved in DNA repair, we
utilized a single-strand annealing (SSA)-based repair assay
that has previously been described (41) (Fig. 2A). An HO
endonuclease cleavage site was inserted into the LEU2 locus,
and the normal HO sites in the mating loci were deleted. Upon
induction with galactose, the HO endonuclease is expressed
and cleaves leu2, creating a DSB. This is followed by extensive
5'-to-3" DNA resection, which activates the DNA damage
checkpoint and eventually reveals a region of homology to leu2
inserted 30 kb away. SSA repair occurs when this homology is
used to anneal the two DNA strands, resulting in a deletion of
the intervening DNA.

Similar to WT cells, ulp2A cells were able to repair the
HO-induced DSB, as indicated by PCR analysis (Fig. 2B).
Primers P2 and P3 anneal to DNA that is ~30 kb apart in
undamaged cells, but SSA repair brings these regions within 3
kb of each other. Thus, a 3-kb PCR product is generated only
upon successful completion of DNA repair. In contrast, Rad52
is required for SSA and rad52A cells do not produce a repair
product. In all cases, a DSB was created in response to galac-
tose induction as indicated by the loss of PCR product from
primers P1 and P2, located on either side of the HO cleavage
site (Fig. 2B). The ulp2A cells had a growth defect despite their
ability to complete DSB repair (Fig. 2C), again suggesting that
Ulp2 function is linked to the DNA checkpoint pathway and
not DNA repair. This result also agrees with previous reports
of ulp2A sensitivity to repairable DNA damage and implies
that ulp2A is defective not only in resuming cell division after
adaptation to damage but also following recovery (3, 22; D. C.
Schwartz and M. Hochstrasser, unpublished data).

Ulp2 is required for division following a nonrepairable DSB.
We hypothesized that Ulp2 is required either for proper main-
tenance of DNA checkpoint arrest or for resumption of the cell
cycle following such an arrest. As noted earlier, yeast cells can
adapt to persistent DNA damage and resume cell division,
allowing them to attempt repair in a subsequent cell cycle,
although without repair most will ultimately die. To determine
whether the ulp2A mutant is capable of resuming cell division
following nonrepairable DNA damage, we utilized a galactose-
inducible HO endonuclease to generate a single DSB on the
left arm of chromosome VII (28). Because this is the only copy
of the HO-cut site and there are no homologous sequences in
the genome in this assay, this creates a DSB that cannot be
repaired by homologous recombination, the major mechanism
of DSB repair in yeast, or by SSA, as was the case for the repair
assay described above.

Upon induction of the HO endonuclease and subsequent
DNA cleavage, a WT cell will arrest in metaphase for approx-
imately 24 h at 24°C, at which point it undergoes adaptation
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FIG. 2. Ulp2 is not required for DNA repair by SSA. (A) Diagram
of SSA repair assay. Galactose-induced HO cuts at a cleavage site
inserted in leu2. 5'-to-3" resection eventually reaches homologous
DNA 30 kb away (depicted as a shaded rectangle). Repair occurs in a
Rad52-dependent manner and results in a deletion of the intervening
DNA. (B) ulp2A cells can repair an HO-induced DSB by SSA, but
rad52A cells cannot. Control cells were grown overnight in YPD. Cells
induced with galactose were first grown overnight in yeast extract-
peptone (YEP) raffinose and then transferred to YEP galactose me-
dium for a second night. All samples were grown at 24°C. Genomic
DNA was used as a template for PCR analysis. P1, P2, and P3 are
primers used for PCR (annealing sites are depicted in panel A).
(C) ulp2A cells have a growth defect in response to a repairable DSB.
Tenfold serial dilutions of yeast cultures were spotted onto glucose or
galactose plates and grown for 4 days at 24°C.

and resumes cell division. Cells will divide in the presence of
the DSB until they die from the loss of essential genetic infor-
mation on chromosome VII. As shown in Fig. 3A, 82% of WT
cells were capable of resuming cell division, defined as a cell
that has divided and formed a microcolony that contains four
or more cells. When ulp2A cells suffered the same DSB, they
arrested as large-budded cells (counted as “two cells”) with
similar kinetics, indicating the presence of an intact DNA
checkpoint response (Fig. 1E). Further evaluation confirmed
that like WT cells, ulp2A cells also initially arrested in meta-
phase (see Fig. 8). However, unlike WT cells, only 8% of ulp2A
cells resumed cell division, and most of those that did went
through only a single division (Fig. 3A). Those that did not
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divide either remained in metaphase or rearrested in late mi-
tosis, as shown below. This suggested that ulp2A cells were
defective in their ability to resume cell division following DNA
damage-induced cell-cycle arrest, similar to the behavior of
known adaptation mutants (for example, the srs2A mutant)
(41) (Fig. 7B). By contrast, cells lacking the Rad51 or Rad52
repair protein adapted to the DSB and grew similarly to WT
cells (Fig. 3B), confirming that an inability to repair DNA
damage does not lead to permanent cell cycle arrest.

To determine whether loss of Ulp2 was preventing cell di-
vision in response to DNA damage checkpoint arrest or was
halting cell division or killing cells for some other reason,
ulp2A was combined with mecIA, which completely abolishes
DNA damage checkpoint activation. When mecIA cells expe-
rience a DSB, they continue to divide as if there were no
damage. This phenotype was best observed 24 h after break
induction. Whereas 91% of WT cells had arrested at the two-
to three-cell stage (Fig. 3A), 80% of meclA cells continued to
divide into microcolonies of four or more cells (Fig. 3C). If
Ulp2 was required for cell division following a Mecl-mediated
arrest, then the inability of ulp2A cells to resume division
should be overcome by deleting MECI. Indeed, after 72 h of
persistent DNA damage, mecIA ulp2A cells behaved similarly
to meclA cells, with 56% progressing beyond the two- to three-
cell stage compared to only 8% of the ulp2A single mutant
cells. These data indicate that activation of the DNA damage
checkpoint is required for permanent ulp2A cell cycle arrest.

Two further controls were performed to show that the per-
manent arrest seen with ulp2A was dependent on the damage
derived from the DSB. First, if the ulp2A cells lacked the HO
endonuclease cut site, 57% formed microcolonies of four or
more cells, as opposed to only 8% of congenic ulp2A cells with
the HO cut site (Fig. 4A). Second, if the HO enzyme was not
induced in cells bearing the HO cut site, 71% of ulp2A cells
formed microcolonies (Fig. 4B). These results show that the
permanent arrest of ulp2A cells depended on the DSB.

Finally, to determine whether the permanent arrest seen
with ulp2A was specific to a DSB-induced checkpoint arrest or
was a more general response to arresting the cell cycle at any
stage, ulp2A cells were treated for 8 h with either HU (0.2 M)
or water. By 38 h, 39% of HU-treated cells formed microcolo-
nies of four or more cells, compared to 43% of water-treated
cells (Fig. 4C). (Note that a significant portion of ulp2A cells
never passed two to three cells, but this was most likely due to
micromanipulation conditions and did not differ significantly
upon HU or water treatment.) Although ulp2A cells are mildly
sensitive to transient HU treatment, they do not permanently
arrest as they do in response to a DSB.

Ulp2 is required downstream of the Rad53 branch of the
checkpoint pathway. Next, we determined which components
of the Mecl signaling pathway were required for the perma-
nent DSB-induced ulp2A arrest. Multiple proteins are involved
in sensing DNA damage and transmitting the checkpoint sig-
nal. Upon Mecl activation, Mecl phosphorylates both Rad53,
which leads ultimately to transcription of DNA repair genes
and has a primary role in preventing mitotic exit, and Chkl,
which leads to a preanaphase cell cycle arrest (Fig. 1A). We
therefore asked if ulp2A permanent arrest is dependent on the
Rad53 or Chkl branch of the checkpoint pathway.

In the Gal-HO microcolony assay, rad53A behaved similarly
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