raphy screening for the early detection of
breast cancer, a question to be resolved by
epidemiological studies.
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Control of the DNA Damage
Checkpoint by Chk1 and Rad53
Protein Kinases Through
Distinct Mechanisms

Yolanda Sanchez,#*{ jeff Bachant,’?* Hong Wang,'-?
Fenghua Hu,'? Dou Liu,"2 Michael Tetzlaff,"3
Stephen ). Elledge™%3}

In response to DNA damage, cells activate checkpoint pathways that prevent cell
cycle progression. In fission yeast and mammals, mitotic arrest in response to DNA
damage requires inhibitory Cdk phosphorylation regulated by Chk1. This study
indicates that Chk1 is required for function of the DNA damage checkpoint in
Saccharomyces cerevisiae but acts through a distinct mechanism maintaining the
abundance of Pds1, an anaphase inhibitor. Unlike other checkpoint mutants, chk7
mutants were only mildly sensitive to DNA damage, indicating that checkpoint
functions besides cell cycle arrest influence damage sensitivity. Another kinase,
Rad53, was required to both maintain active cyclin-dependent kinase 1,
Cdk1(Cdc28), and prevent anaphase entry after checkpoint activation. Evidence
suggests that Rad53 exerts its role in checkpoint control through regulation of the
Polo kinase Cdc5. These results support a model in which Chk1 and Rad53 function
in parallel through Pds1 and Cdc5, respectively, to prevent anaphase entry and
mitotic exit after DNA damage. This model provides a possible explanation for the
role of CdcS in DNA damage checkpoint adaptation.

Arrest of the cell cycle in response to the
DNA damage checkpoint in Saccharomyces
cerevisiae does not require inhibitory phos-
phorylation of Cdk1 (Z, 2), and cells arrest in
metaphase with active Clb/Cdkl (3). Thus,
given the role of Chkl in Cdk phosphoryl-

ation in other systems, it seemed unlikely that

S.

cerevisiae Chkl (YBR274w) would be

required for checkpoint control. Disruption of
CHK1 revealed that it is not essential, and
chkl mutants grown asynchronously were not
sensitive to y- or UV-radiation (4). How-
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ever, chkl mutants were mildly sensitive to
ionizing radiation when synchronized in
G,/M with the anti-microtubule drug nocoda-
zole (4). The chkl mutants were not sensitive
to hydroxyurea (HU) and had no defects in
the S phase checkpoint or the transcription of
genes induced by DNA damage (4).

The integrity of the DNA damage check-
point in chk! mutants was examined in
cdcl3chkl mutant strains. The cdci3-1 mu-
tants accumulate single-stranded DNA at
the non-permissive temperature and exhibit a
checkpoint-dependent pre-anaphase arrest (5,
6). In contrast, cdcl3chkl double mutants
failed to arrest and progressed through mul-

tiple cell cycles (Fig. 1A). When cells were.

arrested with nocodazole, treated with UV-
irradiation, and then released, chkl mutants
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Fig. 1. Analysis of Chk1 and its regulation in response to DNA damage. (A)

chk1 mutants are defective in the DNA damage checkpoint. Y300 (WT), Y816 D
(cdc13-1), and Y836 (cdc13-TchkT-A) cells were grown at room temperature
in YPD, then plated on prewarmed YPD plates (30°C) and incubated at 30°C.
After 16 hours, cells were examined for microcolony formation. The light bars
represent the percent of cells that exhibited a large-budded arrest, and the
dark bars represent the percent of cells that formed a microcolony. (B) Failure
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also failed to delay the cell cycle as wild-type
(WT) cells do (Fig. 1B). Thus, Chkl1 is re-
quired to prevent mitosis in the presence of
DNA damage. Passage through mitosis in the
presence of DNA damage is thought to be a
catastrophic event because cdc/3 mutants
with mutations in checkpoint genes such as
rad9, mecl, and rad53 exhibit a greater loss
of viability than do cells in which only cdcl3
is mutated (5). In contrast, cdci3chkl mu-
tants did not show enhanced lethality (Fig.
1C). Furthermore, rad9 was epistatic to chkl;
cdc13rad9chkl and cdcl3rad9 mutants ex-
hibited a similar viability loss. These results
indicate that defects in cdcl3rad9 mutants
other than the failure to arrest the cell cycle
may account for enhanced lethality.

To explore Chk1 regulation, we examined
HA-Chkl in cells exposed to UV or y-IR or
treated with methyl methane sulphonate
(MMS) and observed that Chkl1, like that of
Schizosaccharomyces pombe (7), underwent
a shift in electrophoretic mobility that could
be reversed by phosphatase treatment (Fig.
1D). Chkl modification was dependent on
MECI and RADS9 but independent of RADS53
(Fig. 1E). Furthermore, activation of Rad53
was not dependent upon CHKI (4). Like
Rad53 (8 9), Rad9 interacted with Chkl in
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of chk1 mutants to delay anaphase in response to DNA damage. Y300 (WT)

and chk1 (Y801) cells were synchronized in metaphase in YPD containing 10

pg/ml nocodazole, treated with 70 J/m? UV, and released into the cell cycle =
at 30°C. At indicated time points, samples were removed and processed for
DNA staining by DAPI (4',6'-diamidino-2-phenylindole) to evaluate nuclear
morphology. (C) Failure of chk7 mutations to enhance the lethality of a
cdc13-1 mutant. TWY397 (WT), TWY431 (cdc13-1), Y803 (cdc?3-1chk1-A),
TWY72 (cdc13-1rad9-A), and Y802 (cdc13-1rad9-Achk1-A) cells (28) were

WT

two-hybrid analysis (4) [Web figure 1 (10)].
These results indicate that both Rad53 and
Chk1 are regulated by Mecl and Rad9.

The Dunl protein kinase is regulated by
Rad53 (/1) and is also required for meta-
phase arrest in response to DNA damage
(12). Chk1 appears to function in a different
pathway from Rad53 and Dunl because
chkirad53 and chkldunl double mutants
were more sensitive to DNA damage than
single mutants (Fig. 2A) (). We examined
the relative contribution of Chkl and Rad53
to cell cycle arrest. We synchronized cdci3
strains containing mecl, rad53, or chkl mu-
tations in G, with a-factor and then incubated
cells at 32°C to activate the DNA damage
checkpoint pathway (Fig. 2B). The cdci3mecl
mutants completed mitosis with a 15-min
delay relative to. that of WT cells, whereas
cdcl3chkl and cdcl3rad53 mutants showed
an additional 20- to 60-min delay. This delay
was abolished in a cdcl3chkirad53 mutant,
which completed mitosis with identical kinet-
ics to those of the cdci3mecl mutant (Fig.
2B). These data indicate that Chkl and
Rad53 participate in two distinct pathways
that together are responsible for MECI-de-
pendent cell cycle arrest.

Progression through mitosis is regulated

1000

B——A cdcl3rad9-A
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Arad9 WT Amecl Arad53
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grown to log phase in YPD medium at room temperature, then shifted to

— MMS

= MMS
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37°C. Aliquots were taken every two hours, analyzed for total cell numbers and plated on YPD plates at room temperature to measure viability. Data points
in (C) are expressed as the percentage of colony-forming units/cell number (normalized to the initial timepoint). (D) Medification of Chk1 in response to DNA
damage. (Left) WT cells (Y300) containing either empty vector (pRS415) or pML107(pRS415-HA-Chk1) (28) were grown at 30°C in SC-Leu medium to
log-phase, then DNA-damaging 'agents were introduced: HU (0.2 M); MMS (0.1% v/v); UV(50 }/m?); and v irradiation (15 krad). After1 hour, cells were
harvested for protein immunoblotting (29). (Right) Cells containing pML107 were treated with MMS as above, and HA-Chk1 was immunoprecipitated and
immunoblotted with anti-HA antibodies. Immunoprecipitates were analyzed alone or treated with alkaline phosphatase with or without phosphatase inhibitor
as indicated. Asterisk denotes phosphorylated Chk1. (E) WT (Y300), Arad9 (Y438), WT (Y607), Amec? (Y581), and Arad53 (Y608) cells containing
pML107(pRS415-HA-Chk1) were treated with MMS (0.1% v/v) and analyzed as in (A).
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by the anaphase-promoting complex (APC),
which exists in two forms; APC“P<20 trig-
gers chromosome segregation by degrading
Pds1, whereas APCPH! triggers mitotic exit
through the degradation of mitotic cyclins.
Pdsl is required for cell cycle arrest after
DNA damage (/3) and is phosphorylated in
response to DNA damage in a MECI-depen-
dent, RAD53-independent manner (/4). To
test whether Chkl contributes to damage-
induced phosphorylation of Pdsl, WT,
cdcl 3, and cdcl3chkl mutants were released
from a-factor at 32°C and examined for Pdsl

>
-
>
>
-

10 i rad53-21

Survival (%)

rad53-21chkl1-A

0 20 40 60
UV radiation (J/m2)

WT

cdcl3 cdcl3

rad53-A

REPORTS

modification. Pdsl exists in two forms and
both exhibited a reduced electrophoretic mo-
bility in cdcl3 mutants (Fig. 3A) (15). This
reduced mobility was abolished in cdc13chkl
mutants but was unaltered in cdc!3rad53 mu-
tants (Fig. 3A). To determine if Chkl could
bind and phosphorylate Pdsl directly, we
infected insect cells with baculoviruses en-
coding either Gst-Chk1, a catalytically inac-
tive Chkl mutant (Gst-Chk1*d), or Gst-
Rad53 along with a baculovirus encoding
Myc-Pds1. The Gst-fusion proteins were af-
finity purified and immunoblotted for Pdsl.

100 4
] WT
chkl-A
& 10
=
2 - “edunl-A
g 1.
7]
dunl-Achkl-A
0.1 T T )
20 40 60
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cdcl3
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chkl-A

rad53-A

Fig. 2. Independent roles of CHK1 and RAD53 in the DNA damage checkpoint. (A) CHK? loss
enhances the DNA damage sensitivity of rad53 and dun7 mutants. Logarithmic cultures of the
yeast strains WT (Y300), rad53-27 (Y301), chk7-A (Y801) rad53-27chk1-A (Y858), duni-A
(Y286), and dun1-A chk1-A (Y857) (28) were plated on YPD and treated with increasing doses of
UV radiation. The viability was examined after 3 days at 30°C. (B) Requirement of Chk1 and Rad53
for. delay of mitotic entry in response to DNA damage. Y808 (WT), Y809 {cdc13-1), Y812
(cdc13-1mec1-A), Y810 (cdc13-1rad53-21), Y811 (cdc13-1chk1-A), and Y814 (cdc13-1rad53-
27chk1-A) (28) cells were synchronized in G, with a-factor at room temperature and released from
the block at 32°C. The a-factor was added back to the culture after the majority of cells (=80%)
had budded to prevent a second cell cycle. Aliquots were withdrawn at timed intervals to examine
DNA content by fluorescence-activated cell sorting (FACS) analysis.

Seven percent of the total Myc-Pdsl was
bound by Gst-Chkl, but not by Gst-Rad53
(Fig. 3B). The Myc-Pdsl associated with
Gst-Chkl was of a slower electrophoretic
mobility than that bound to Gst-Chk1*¢ and
similar to that of endogenous Pdsl in the
presence of DNA damage. The mobility shift
was reversed by phosphatase treatment (4).
Incubation of kinase-bound Myc-Pds1 with
[y-3?P]JATP showed phosphorylation of
Myc-Pdsl in the Gst-Chkl but not Gst-
Chk1*d preparations (Fig. 3C), suggesting
that Pdsl can be phosphorylated directly by
Chkl. ,

If Chkl functions primarily to control
Pdsl, then cells containing null mutations in
both chkl and pdsI should exhibit a check-
point defect equivalent to that of chk! and
pds! single mutants. The kinetics of anaphase
entry were analyzed in strains synchronized
by exposure to hydroxyurea (HU) and re-
leased into the cell cycle (16). The cdcl3pdsl,
cdcl3chkl, and cdcl3chklpds] mutants dis-
played quantitatively similar checkpoint de-
fects (Fig. 3C), indicating that Pdsl is the
principal checkpoint effector regulated by
Chkl.

To determine whether Chkl might func-
tion to maintain the abundance of Pdsl, we
examined the amount of Pdsl in cells ex-
posed to DNA damage. In WT cells, Pdsl
accumulated during S phase and declined in
abundance before completion of mitosis,
whereas cdcl3 mutants arrested with large
amounts of phosphorylated Pdsl (Fig.'3, A
and D). In cdcl3mecl and cdcl3chkl strains,
amounts of Pds1 declined before completion
of mitosis, indicating that Chkl controls the
abundance of Pdsl after DNA damage. In
cdcl3rad53 mutants, Pdsl was modified and
persisted longer than in cdecl3chkl mutants,
and this correlated with delayed and asyn-
chronous kinetics of sister chromatid separa-
tion [Web figure 2 (10)]. The abundance of
Pdsl in cdcl3rad53 mutants appears to de-
pend upon CHK because Pdsl destruction in
the cdcl3rad53chkl mutant resembled Pdsl
degradation in cdcl/3mec! mutants. Rad53
also appears to contribute to the timing of
Pdsl destruction because Pdsl degradation
was 10 min faster in cdcl3rad53chkl mu-
tants than in cdel3chkl mutants.

If Chk1 functions to prevent Pdsl degra-
dation, providing an indestructible Pds1 should
restore cell cycle arrest in chk! mutants. We
tested the effects of expressing a destruction
box mutant Pds1 (dbmPdsl1) in synchronized
WT, cdci3, cdcl3chkl and cdcl3rad53 cells.
In the absence of dbmPdsl, WT cells reen-
tered G, after 180 min; cdcl3 cells arrested in
metaphase for the duration of the experiment,
cdcl3chkl cells underwent mitosis at 300
min, and cdc!3rad53 mutants underwent mi-
tosis between 300 and 360 min (Fig. 4, A and
B). Expression of dbmPdsl in WT cells
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blocked anaphase (Fig. 4, A and B), but after
a delay these cells exited mitosis, reinitiated
DNA synthesis (Fig. 4A), and formed an
additional bud on an already large budded
cell in the absence of chromosome segrega-
tion (rebudding) (Fig. 4B), much like extra
spindle pole body (esp/) mutants (/7). Ex-
pression of dbmPdsl in cdci3chkl mutants
blocked anaphase, and cells did not rerepli-
cate or rebud, indicating a fully proficient
checkpoint pathway. Although dbmPds1 ex-
pression blocked anaphase in cdci3rad53,
these cells exhibited rebudding and re-repli-
cation similar to that of WT cells (Fig. 4, A
and B), indicating a role for RadS3 in a path-
way distinct from that which controls Pdsl
degradation.

Rad53’s checkpoint function has been
elusive, and the observation that it functions
in control of mitotic exit provides an impor-
tant clue to unravel its function in anaphase,
control. Exit from mitosis and rebudding re-
quires inactivation of Clb-Cdkl. We there-
fore tested whether Rad53 might function to
maintain high CIb2-Cdk1 activity. HA-CIb2-
Cdkl activity was measured in WT, cdcl3,
cdcl3rad53, and cdcl3chkl cells released
from a G, block at 32°C (Fig. 4C). In WT

REPORTS

cells, HAClb2-associated H1 kinase activity
was absent in G,, peaked before anaphase,
and declined as cells reentered G,. Kinase
activity remained high during the cdci3 in-
duced checkpoint arrest. The cdcl3rad53
mutants showed a pattern of CIb2-Cdk1 ac-
tivity similar to that of WT cells, although
with a slightly delayed accumulation and de-
cline. The amounts of kinase activity in
cdcl3chkl cells remained high throughout
the experiment but in longer time courses
began to decline just after completion of an-
aphase (165 min) (4). Thus, Rad53 is re-
quired to maintain CIb2-Cdk1 activity after

damage.

Rad53 has a role in the prevention of both
anaphase and mitotic exit in the presence of
DNA damage. Inappropriate entry into an-
aphase apparently does not cause mitotic exit
because preventing anaphase by expression
of nondegradable Pds1 did not prevent mitot-
ic exit. To determine whether activation of
the mitotic exit pathway might cause inap-
propriate anaphase entry, we performed ep-
experiments
CDC14, a phosphatase, and CDCS5, a kinase,
that block mitotic exit by preventing activa-
tion of APCEPH!_ Cells with cdcl4 and cdc5

istasis

mutations alone arrest with long spindles,
degraded Pdsl, and high Clb-Cdkl activity
(18-20) but have no change in the rate of
anaphase entry in the absence of DNA dam-
age (4). We examined the kinetics of an-
aphase entry of cdcl3rad53, cdcl3rad53cdcl4-
1, and cdcl3rad53cdc5-1 triple mutants re-
leased from a G, block at the nonpermissive
temperature for cdcl3, cdci4, and cdc5. The
presence of cdcl4 blocked mitotic exit but
did not slow the rate of anaphase in the
cdci3rad53 mutant (Fig. 5B), demonstrating
that execution of mitotic exit does not affect
anaphase entry. In contrast, cdc!3rad53cdc5-1

mutants displayed a delay in anaphase rela-

using mutations in

Fig. 3. Regulation of phospho- A B s4 + - - GST-Chkl
rylation of Pds1 by Chk1 in vivo WT cdel3-1 i,’,Pfu - + - GST-Chk1KD
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(Hi5) were coinfected with viruses encoding GST-Chk1, GST-Chk1%°, GST-Rad53, and

Myc-Pds1. Gst-Chk1 proteins were purified from the cell lysates with glutathione beads, WT

and complexes were separated on Tris-Glycine gradient gels (4 to 12%). The complexes
were blotted with antibodies to Gst (bottom); and to Pds1 using anti-Myc antibodies S
(top) (29). The shifted form of Pds1 is indicated by an asterisk. Below, complexes were

incubated in the presence of 2P yATP, separated, and 3P was detected by autoradiog-

raphy. (C) Equivalent checkpoint roles of Chk1 and Pds1. Y300 (WT, open square), Y801 e

(chk1-A, open diamond), Y815 (pds7-A, open circle), Y816 (cdc73-1, triangle), Y817 S
(cdc13-1pdsT-A, filled circle), and Y818 (cdc13-Tchk1-A, filled square), and Y859
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Cells were released from HU at 32°C. The a-factor was added to these cultures after the Jyeld
HU release to prevent cell cycle reentry following mitosis. Samples were taken at the  cdc13

indicated timepoints and processed to evaluate spindle morphology and budding. (D)  chkl A
Accumulation of Pds1 in response to DNA damage dependent on Mec1 and Chk1, but

not Rad53. YBO8 (WT), Y809 (cdc73-7), Y812 (cdc3-TmecT-A), Y811 (cdc13-Tchk1-A), el
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visualized by protein immunoblotting (29). Gel lanes marked with “-" indicate samples ~ ¢d¢13

taken from an asynchronous culture of a control strain (Y300) lacking tagged PDST. :::;3’_&2}
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tive to that of cdcl3rad53 or cdc5-1 strains
(Fig. 5, A and B). This result suggested that
Rad53 might inhibit Cdc5 function to control
both anaphase entry and mitotic exit. Consis-
tent with this idea, overproduction of CDC5
forced cdci3cdcl4RADS3 cells through the
metaphase-anaphase transition (Fig. 5C). Over-
production of Cdc5 can also force cdcl3
mutants through anaphase and mitotic exit at
34°C (4). Thus, Cdc5 activity is rate-limiting
for both anaphase entry and mitotic exit in the
presence of DNA damage.

The phenotype of chkl mutants is unique
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Fig. 4. Controls of sister chromatid separation by Chk1 and mitotic exit by Rad53. (A)
Restoration of checkpoint arrest in chk7 mutants by an indestructible Pds1. The following
strains contained either vector alone (pRS416, CEN URA3) or pOC58 (CEN URA3 GAL-
dbmAPDS1) (15): WT (Y823 and Y826), cdc13-1 (Y827 and Y830), cdc13-Trad53-21 (Y832
and Y835), and cdc13-1chk1-A (Y837 and Y840). Strains were grown in SC-Ura raffinose and
arrested in G, with a-factor. Cultures were shifted to 32°C for 1 hour before release from the
block at 32°C. Galactose was added to the culture when most of the cells had entered S phase,
as evidenced by budding, and galactose-induced transcription was shut down with glucose 70
min after induction. Aliquots of cells were removed to examine DNA content by FACS analysis
(26). (B) Cells were treated as in {A), except were released from a-factor at 32°C into YP with
2% galactose. At the indicated times, aliquots were removed and processed for DAPI staining
and cytological analysis. Squares, budded cells; diamonds, rebudded cells; circles, chromosome
segregation. (C) Failure of rad53 mutants to maintain Clb2/Cdk1 activity after DNA damage.
Y300 (WT), Y816 (cdc73-7), Y831 (cdc73-7rad53-21), and Y836 (cdc13-1chki-A) cells
containing pMT812 (Clb2-HA) were synchronized in SC-Ura at room temperature and released
at 37°C. The a-factor was added back after 80% of cells had budded to all strains except Y860
to prevent subsequent cycles. Portions were removed at the indicated times to examine
Clb2/Cdk1 histone H1 kinase activity from Clb2-HA precipitated with HA antibodies as
described (30).

among checkpoint mutants because they are
only mildly sensitive to DNA damage. Thus,
failure to arrest the cell cycle with DNA

damage may not be the sole cause for lethal-
ity seen in other DNA damage checkpoint
mutants (5). It is likely that the DNA damage

response includes DNA repair processes that
are not related to cell cycle arrest but are
possibly more relevant to the survival of
damaged cells. The mecl, rad9, and rad53
mutants are also defective for these non-
checkpoint pathways, whereas chkl mutants
specifically influence cell cycle arrest.

This study reveals an additional function
for Chkl distinct from Cdk inhibition (21).
Our results are consistent with a model (Fig.
5D) in which MEC! and RAD9 cooperate to
activate Rad53 and Chk1 after DNA damage.
These kinases control distinct but mutually
reinforcing pathways required to prevent cell
cycle progression. The Chk1 branch controls
phosphorylation and abundance of Pdsl to
prevent anaphase entry. It is possible that
phosphorylation of Pdsl prevents its degra-
dation, but proof of this model will require
identification and mutation of the sites phos-
phorylated in response to DNA damage. The
Chk1 branch also helps prevent mitotic exit.
This function probably also operates by pre-
venting degradation of Pdsl, since nonde-
gradable Pds! rescues both the anaphase en-
try and mitotic exit defect in cdcl3chkl
strains. The Rad53 branch also functions to
prevent Pds1 degradation and to prevent ac-
tivation of the mitotic exit pathway. Howev-
er, control of the amount of Pds] cannot be
the only function of Rad53 in delaying an-
aphase because pdslchkl mutants show a
considerable anaphase delay in response to
DNA damage (Fig. 3C), whereas rad53chkl
mutants have virtually no cell cycle delay.
Other evidence also indicates Rad53 and
Pds1 function in separate pathways (22).

The Rad53 branch of the DNA damage

. checkpoint pathway may function through

CdcS. Cdcs5 is phosphorylated in response to
DNA damage in a R4D53-dependent manner
(23). Furthermore, we show that cdc5 mu-
tants suppress the checkpoint deficiency of
rad53 mutants and CDC5 overproduction can
override checkpoint arrest. The simplest
model to explain our observations is that
RadS3 inhibits the Cdc5 pathway, perhaps
Cdc5 function itself. This model requires that
Cdc5 normally has a role in promoting an-
aphase which must be inhibited in response to
DNA damage. Although CdcS is not required
for degradation of Pdsl (19), its homologs
have been implicated in APC activation in
other organisms (24) and could thus conceiv-
ably influence Pdsl stability. CdcS is re-
quired for cyclin degradation and mitotic
exit, and a role for Rad53 in inhibiting Cdc5
could also explain the requirement for Rad53
in maintaining C1b2/Cdk1 activity. However,
the mitotic exit aspect of Rad53 function is
separable from regulation of anaphase entry
because cdcl4 mutants block mitotic exit but
have no effect on anaphase.

CDCS has been implicated in checkpoint
control in the adaptation pathway (25). The
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Fig. 5. Inactivation of
Cdc5, but not Cdc14, can
restore anaphase delay
in rad53 mutants. (A)
Strains Y849 (cdc14-1),
Y850 (cdc5-7), Y851
(cdc13-1cdc14-1), Y852
(cdc13-Tcdc5-1), Y853
and Y854 (cdc13-Tedc14-
Trad53-21), and Y855
and Y856 (cdc13-Tcdc5-
Trad53-21) were arrested
in a-factor and released
into fresh media at 34°C.
At the indicated time
points, samples were re-
moved and processed for
DNA staining by DAPI
and anti-tubulin immu-
nofluorescence to eval-
uate mitotic spindles.
(B) The percentage of
Y851 (cdc13-1cdc14-
7), Y852 (cdc3-Tcdc5-
1), Y854 (cdc13-1cdc14-
Trad53-21) and Y855
and Y856 (cdc13-Tcdc5-
Trad53-21) cells with seg-
regated chromosomes was
calculated from three sep-
arate experiments, as in
(A). Error bars represent
one standard deviation.
To compare these results

with chromosome segregation in cdc73rad53 mutants (which complete mitosis and undergo cytokinesis), strain Y831 was
released from an a-factor block at 34°C; a-factor was added back to the culture after the majority of cells had initiated budding.
Cells were processed as in (A). (C) cdc73cdc14 mutants (Y851) harboring either vector (squares) or pGAL-CDC5 (circles) were l
released from an a-factor block at 34°C into YP-galactose. Cells were fixed at 1-hour intervals, and the percentage of cells that
- had elongated their spindles (filled symbols) was determined following anti-tubulin immunoflucrescent staining. (D) Model for
regulation of anaphase entry and mitotic exit by the RAD53 and CHKT branches of the DNA damage checkpoint in 5. cerevisiae.

See text for details.

cdc 14 2hrs

cdc13cdc14RADS3 4hrs

DAPI

cdcl3-1 mutants maintain cell cycle arrest
for approximately 24 hours, then reenter
the cell cycle with unrepaired DNA dam-
age. An allele of CDCS5, cdc54”, blocked
this adaptation and allowed the cdc/3 mu-
tant to remain arrested for more than 24
hours. One interpretation of our results is
that the adaptation response may be due to
a gradual weakening of the RADS53-branch
of the checkpoint pathway. cdc54P could
represent a hypomorphic allele of CDC5
capable of re-enforcing the RADS53 branch

of the checkpoint.
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