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Ultraviolet irradiation of fission yeast cells in G1 phase
induced a delay in chromatin binding of replication ini-
tiation factors and, consistently, a transient delay in S-
phase entry. The cell cycle delay was totally dependent
on the Gcn2 kinase, a sensor of the nutritional status,
and was accompanied by phosphorylation of the transla-
tion initiation factor eIF2� and by a general depression of
translation. However, the G1-specific synthesis of fac-
tors required for DNA replication was not reduced by
ultraviolet radiation. The cell cycle delay represents a
novel checkpoint with a novel mechanism of action that
is not activated by ionizing radiation.

Supplemental material is available at http://www.genesdev.org.
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In order to proliferate, all types of cells pass through a
series of distinct stages called the cell cycle, consisting of
periods for chromosome replication (S phase) and for
chromosome segregation and nuclear division (mitosis),
followed by cytokinesis. Before DNA duplication, in G1
phase, the decision is taken whether to enter the mitotic
cell cycle or, alternatively, to enter a quiescent, nonpro-
liferating state. This decision is of crucial importance
since dysregulation of the control mechanisms at the
G1/S transition may lead to mutations, chromosomal
fragmentation, and genetic instability, which are events
known to promote cancer development. Therefore, most
types of cells contain sophisticated mechanisms to regu-
late the transition from G1 to S phase.

In the presence of DNA damage, the cell cycle is tem-
porarily halted by mechanisms termed checkpoints
(Hartwell and Weinert 1989). The signal from damaged
DNA is transmitted via an array of proteins, mostly by
phosphorylation events. The checkpoint mechanisms
are similar in all eukaryotic cells, and the proteins in-
volved are highly conserved through evolution. In the
fission yeast Schizosaccharomyces pombe, the DNA

damage checkpoints (intra-S and G2/M) have in common
their final target, the cell cycle kinase Cdc2, which is
phosphorylated and thereby inhibited upon checkpoint
activation (Caspari and Carr 1999). Phosphorylation of
Cdc2 is totally dependent on the involvement of the so-
called checkpoint Rad proteins and the downstream ki-
nases Chk1 and Cds1.

We have turned our interest to regulation of the G1/S
transition in response to ultraviolet (UV) light. As S.
pombe cells exit from mitosis, a Cdc10-dependent tran-
scription program is initiated to produce two proteins
essential for initiation of chromosome replication,
namely, Cdc18 and Cdt1. These two proteins bind to the
Origin Recognition Complex (ORC), which is located at
future chromosomal origins of replication. The six Mcm
proteins constitute the replicative helicase, and they are
loaded onto the origins in a Cdc18- and Cdt1-dependent
process (for reviews, see Kearsey and Labib 1998; Tye
1999), thereby forming the prereplicative complex (pre-
RC). Formation of the pre-RC is a prerequisite for the
initiation of chromosome replication.

We have shown earlier that fission yeast, like other
eukaryotes, delays entry into S phase after exposure to
UV (Nilssen et al. 2003). The exit from G1 phase is de-
layed by UV irradiation in a process that does not target
Cdc2. Here we investigate and further characterize the
mechanism of this delay and demonstrate that it fills all
the requirements of a checkpoint. We show that the
checkpoint delays the formation of pre-RCs by a novel
mechanism involving the Gcn2 kinase, which is known
to regulate translation according to the nutrient supply.

Results and Discussion

UV delays Mcm binding in G1 phase

cdc10ts cells were synchronized in G1 phase, exposed to
UV light (254 nm), and released into the cell cycle. The
DNA histograms (Supplementary Fig. 1) show that most
of the control cells had entered S phase by 60 min,
whereas there is little sign of an increase in DNA con-
tent in the irradiated cells until 120 min, in agreement
with our earlier data (Nilssen et al. 2003). The flow cy-
tometry data cannot tell us whether the irradiated cells
were arrested in G1 or in early S phase, so we employed
molecular markers to make this distinction. The pre-
RCs must be formed before any chromosome replication
can take place, and pre-RC formation is therefore a con-
venient marker upstream of S phase. To monitor the
kinetics of pre-RC formation, we used a strain expressing
a GFP-tagged Mcm6 under its own promoter, allowing
detection of chromatin-bound Mcm6 after extraction
with detergent, as described previously (Kearsey et al.
2000). Nuclei that contained bound Mcm6-GFP after ex-
traction could readily be distinguished from GFP-nega-
tive cells (Fig. 1A,B). We found that almost no cells, ir-
radiated or not, had formed pre-RCs at the time of release
from the temperature block. Sixty minutes after release,
about half of the nonirradiated control cells were posi-
tive for Mcm6 after extraction (Fig. 1C). In contrast, very
few irradiated cells contained pre-RCs at this time. Simi-
lar results were obtained by GFP-tagging Mcm2 (data not
shown).

These data strongly argue that the UV-induced delay
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occurs in G1 and not in S phase, which is further sup-
ported by the following: The Cdc2 inhibitor Rum1,
which is only expressed in G1 (Benito et al. 1998), was
strongly expressed during the delay period (Fig. 1D).
Moreover, the activity of the S-phase-specific checkpoint
kinase Cds1 was not activated in UV-irradiated cells un-
til long after the time when nonirradiated control cells
had entered S phase (Nilssen et al. 2003). Furthermore,
we measured the loading of the YFP-labeled Sna41/
Cdc45 protein onto chromatin, forming the preinitiation
complex (pre-IC). This step occurs after formation of the
pre-RC and after the requirements for Cdk activity and
for Cdc7 are fulfilled (Zou and Stillman 2000; Gregan et
al. 2003), but before any DNA replication can occur. In
agreement with the data for pre-RC formation, we also
found that the pre-IC formation, measured as chromatin
binding of Cdc45, was delayed by UV (Fig. 1E). We con-
clude that UV light delays the onset of DNA replication.

Our results do not demonstrate whether UV irradia-
tion delays the loading of the Mcm proteins or stimu-
lates their unloading. In the latter scenario, the pre-RCs
may be formed with normal kinetics after UV exposure,
but the Mcms are removed as they are loaded onto chro-
matin, for a limited period of time. It should be noted
that the Mcm proteins are known to be present also at or
near progressing replication forks, so the presence of
chromatin-bound Mcm6 only reflects that the pre-RCs

have been formed and not necessarily that Mcm6 at that
particular time is part of a pre-RC.

The components of the pre-RC are produced on time
after UV

The delayed appearance of pre-RCs could be due to lack
of one of its components. The known components are
the six ORC proteins bound to chromatin together with
Cdc18, Cdt1, and the Mcm proteins. The ORC and Mcm
proteins are present throughout the cell cycle (Okishio et
al. 1996; Lygerou and Nurse 1999; Pasion and Forsburg
1999; Kearsey et al. 2000), but both Cdc18 and Cdt1 have
to be synthesized de novo before every S phase, in a
Cdc10-dependent process (Kelly et al. 1993; Hofmann
and Beach 1994; Nishitani et al. 2000). Immunoblotting
showed that the production of Cdc18 (Fig. 2A) and Cdt1
(Fig. 2B) was not significantly delayed or reduced by UV
irradiation. In fact, the level of Cdc18 was strongly in-
creased after the UV irradiation, possibly because Cdc18
is not normally degraded until the end of S phase. We
conclude that reduced expression of these critical pro-
teins is not the reason for the observed cell cycle delay.
These findings are in contrast to the situation when cells
are arrested with high levels of Cdt1 (e.g., in mitosis), in
which case Cdt1 is proteolyzed after UV irradiation
(Ralph et al. 2006). Sporulating S. pombe cells also delay
the accumulation of Cdt1 after UV irradiation (Nilssen
et al. 2004). It appears that after UV irradiation, different
regulatory mechanisms are used in different parts of the
cell cycle.

Inhibition of translation and phosphorylation of eIF2�
after UV

We noticed that cell growth was markedly slower after
UV exposure. In vivo, incorporation of exogenously
added amino acids into TCA-precipitable material was
dramatically reduced by UV light (Supplementary Fig. 2),
suggesting that UV irradiation down-regulated transla-
tion. To eliminate the possibility that this decrease was

Figure 1. UV irradiation inhibits pre-RC formation and arrests the
cells in G1. The cdc10ts Mcm6-GFP cells were synchronized, UV-
irradiated, and released into the cell cycle. Examples of fluorescence
micrographs demonstrating the identification of GFP-positive and
GFP-negative cells after extraction of control (A) and irradiated (B)
cells taken 60 min after release. (Top) GFP. (Bottom) DAPI and phase
contrast. (C) Percentage of cells that contained chromatin-bound
Mcm6-GFP (pre-RC) at different time points after release into the
cell cycle. (C) Control cells; (UV) irradiated cells. Standard devia-
tions of three independent experiments are shown. (D) Immunoblot
with Rum1-specific antibody (top row) and antibody against Cdc2 as
a loading control (bottom row). Time after release is given in min-
utes. (E) Percentage of cells that contained chromatin-bound Cdc45-
YFP (pre-IC) at different times after release; otherwise as in C.

Figure 2. The replication initiation factors are present on time af-
ter UV irradiation. The intracellular levels of Cdt1 (A) and Cdc18 (B)
were measured by immunoblotting of total cell extracts taken at
different times (in minutes) after synchronization and release into
the cell cycle, as described. The amount of Cdc2 serves as a loading
control.
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caused by a reduced cellular import of the tracer amino
acid, we employed an established in vitro assay for trans-
lation and found an equally strong reduction in transla-
tion after UV light (Fig. 3A).

A standard pathway for regulation of translation—e.g.,
when cells are exposed to nutritional shifts—goes via
phosphorylation of the initiation factor eIF2� (Hin-
nebusch 2000; Kaufman 2004). By using an antibody spe-
cific for the phosphorylated form of eIF2�, we showed
that UV irradiation induced eIF2� phosphorylation (Fig.
3B, left panel). The response was rapid, since phosphory-
lation was at its maximum immediately after irradiation
(the exposure time was ∼4 min). Control experiments
with an antibody recognizing total eIF2� showed that
the intracellular level was not changed after UV irradia-
tion (data not shown). Importantly, the level of eIF2�
phosphorylation after UV was as high as that found after
starvation for an essential amino acid and stronger than
that found after starvation for nitrogen (data not shown),
emphasizing that this is a significant biological response.

UV activates the Gcn2 kinase

Several protein kinases could be responsible for the phos-
phorylation of eIF2�. In a database search for eIF2�-ki-
nases in S. pombe, we found three primary candidates:
Hri1 and Hri2, which are similar to the HRI kinase of
mammalian cells (Zhan et al. 2002), and Gcn2, which is
involved in a multitude of responses, mainly after amino
acid starvation and environmental insults (for a review,
see Hinnebusch 2000). Deletion of the hri genes did not
reduce the phosphorylation of eIF2� or the delay of the
cell cycle progression after UV irradiation (data not
shown). In contrast, we found little UV-induced phos-
phorylation of eIF2� in the gcn2 deletion mutant (Fig.
3B, right). We conclude that the UV-induced phosphory-
lation of eIF2� is dependent on Gcn2.

The mitogen-activated protein (MAP) kinase pathway
is activated in a variety of stress conditions in eukary-
otes. However, the general stress response kinase in S.
pombe, Sty1 (Degols et al. 1996), is not involved in the
present response, since the level of eIF2� phosphoryla-
tion after irradiation of a sty1 mutant was similar to that
found in wild-type cells (Fig. 3B, right). This is in con-
trast to the eIF2� phosphorylation observed after oxida-
tive stress, which is partly Sty1 dependent (Dunand-Sau-
thier et al. 2005).

In accordance with the role of Gcn2 in eIF2� phos-
phorylation, we found that translation was not reduced
after UV irradiation of a gcn2 mutant (Fig. 3C), in con-
trast to the findings for wild-type cells (Fig. 3A). This
shows that Gcn2 regulates translation in response to UV,
most likely by phosphorylating eIF2�. Furthermore,
these data exclude the possibility that the cell cycle de-
lay in wild-type cells was caused by excessive radiation
damage to the translation machinery. We also found that
the UV-induced delay in pre-RC formation was abol-
ished in a gcn2 deletion mutant (Fig. 3D), demonstrating
that Gcn2 activity is required for the UV-induced delay
in G1 phase. These data confirm and extend our earlier
observations (Nilssen et al. 2003) and establish the UV-
induced delay as a bona fide checkpoint: It is totally abol-
ished by a mutation (gcn2) and inhibited by caffeine
(Nilssen et al. 2003).

Nonphosphorylatable eIF2�

To investigate the role of eIF2� phosphorylation in
checkpoint activation, we mutated the gene so that Ser
52 of the encoded protein (Ser 51 in most other species),
which is the target of phosphorylation, was exchanged
for the nonphosphorylatable alanine. UV irradiation of
the eIF2�S52A mutant did not cause a significant delay
of the pre-RC formation (Fig. 4A). Surprisingly, transla-
tion was depressed by UV light also in the mutant (Fig.
4B), although not to the same extent as in wild-type cells
(Fig. 3A). Therefore, phosphorylation of Ser 52 of eIF2� is
only partly required for UV-induced inhibition of trans-
lation and Gcn2 is absolutely required (Fig. 3C). It is
possible that there are other sites on eIF2� that are phos-
phorylated by Gcn2 or that Gcn2 targets other proteins
that affect translation. The lack of a UV-induced delay in
the eIF2�S52A mutant suggests that phosphorylation of
eIF2� per se is required for the cell cycle delay. However,
it is also possible that a stronger depression of protein
synthesis is required to affect pre-RC formation. Also,
note that the measured level of translation is much
higher in the mutant (Fig. 4B) than in wild-type cells (Fig.
3A), a phenotype expected from a cell where a negative
regulator of translation has been removed.

A novel signal mechanism after UV irradiation

We have shown that the Gcn2 kinase is involved in a cell
cycle checkpoint. The fact that a kinase normally dedi-
cated to sensing the nutritional status of the cell can also
regulate the cell cycle, suggests a possible mechanism of
coupling between general cell growth and cell cycle pro-
gression. We have shown that UV light leads to activa-
tion of the Gcn2 kinase, which in turn mediates a cell
cycle delay. Activation of Gcn2 results in phosphoryla-
tion of eIF2�, but it is not clear whether this is required
for the checkpoint.

Figure 3. The Gcn2 kinase is required for the UV-inducible re-
sponse. (A) Incorporation of 3H-leucine into TCA-precipitable ma-
terial was measured in extracts of wild-type cells prepared at differ-
ent times (in minutes) after release. (B) Immunoblot of total proteins
from synchronized cells probed with antibodies against phosphory-
lated eIF2� and Cdc2 (loading control). (Left panel) Nonirradiated
and irradiated wild-type cells. (Right panel) UV-irradiated sty1 and
gcn2 mutants, with wild-type cells for comparison. (C) As in A,
except performed with the gcn2 strain. (D) Percentage of gcn2 mu-
tant cells that contained chromatin-bound Mcm6-GFP (pre-RC) at
different times (in minutes) after release; otherwise as in Figure 1C.

A novel G1/S checkpoint
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The mechanism whereby Gcn2 activation and eIF2�
phosphorylation affect pre-RC formation appears not to
be via an effect on translation of a known factor required
for pre-RC formation, since Cdt1 and Cdc18 levels are
not altered (Fig. 2) and the Mcms and ORC are stable
during the mitotic cycle (see above). It has been shown
that the ORC, Cdc18, and Cdt1 are sufficient for loading
the Mcm proteins onto chromatin both in fission yeast
(C. Houchens and T. Kelly, pers. comm.) and in budding
yeast (Kawasaki et al. 2006). Therefore, all the proteins
required for pre-RC formation appear to be present in the
cell at the normal time also in UV-irradiated cells.

The checkpoint Rad proteins are absolutely required
for the DNA damage checkpoints in S. pombe. We are
currently investigating whether one or more of the
checkpoint Rad proteins are involved in the present
checkpoint. But in any case, the pathway presented here
is clearly distinct from the previously described DNA
damage checkpoints.

The translation of G1 cyclin genes has been shown to
be repressed under certain stress conditions in budding
yeast (Gallego et al. 1997; Polymenis and Schmidt 1997;
Philpott et al. 1998), fission yeast (Grallert et al. 2000),
and human cells (Hamanaka et al. 2005), thereby linking
translation to regulation of progression through G1
phase. However, in the pathway presented here, the cell
cycle delay occurs before any cyclin is required.

Ionizing radiation does not induce the checkpoint
or eIF2� phosphorylation

Synchronized cells exposed to relatively high doses of
ionizing radiation (cell survival <5%) did not exhibit any
detectable increase in the phosphorylation of eIF2� (Fig.
5A), nor did it induce any cell cycle delay, as measured

by flow cytometry (Fig. 5B). Similar results were found
when exposing the cells to psoralen + near-UV light. Pso-
ralen intercalates into double-stranded DNA and forms
cross-links upon exposure to near-UV light. After this
DNA-specific insult, we could detect no delay in S-phase
entry and no phosphorylation of eIF2� (data not shown).
We conclude that the Gcn2-dependent checkpoint is not
responding to DNA damage in general but appears to be
at least partly specific for UV light. Therefore, our data
argue that there is no general DNA damage checkpoint
operating in G1 phase in S. pombe cells.

The rationale of the G1 checkpoint

It is presumed that the main purpose of cell cycle check-
points is to delay cell cycle progression to allow certain
processes to finish before the next step in the cell cycle
is initiated, thereby increasing cell survival and genetic
stability. To gain some insight into the biological pur-
pose of the present checkpoint, we irradiated wild-type
and gcn2 mutant cells (lacking the checkpoint) in G1
phase and in S phase. Whereas wild-type cells are signifi-
cantly less sensitive to UV irradiation in G1 than in S
phase, the opposite is true for gcn2 mutant cells (Fig. 5C),
indicating that cells with the G1 checkpoint intact have
a specific advantage after UV irradiation in G1 phase.

It is interesting that phosphorylation of eIF2� was also
observed after UV irradiation of budding yeast cells in
G1 (our unpublished data) and of human cells (Deng et
al. 2002; Wu et al. 2002), making it likely that this bio-
logical response is operating in these organisms and sug-
gesting that it might be conserved through evolution.

Figure 5. Characterization of the G1 checkpoint. (A) Immunoblot
of total cell extracts after different doses of ionizing radiation (Gy)
was probed with antiserum against phosphorylated eIF2� (top) and
Cdc2 (loading control; bottom). (B) Flow cytometry histograms of
cdc10ts cells that were synchronized, exposed to 80 Gy of ionizing
radiation, released into the cell cycle, and incubated for the times
indicated (in minutes). Two DNA histograms are shown in each
panel: one for nonirradiated control cells (filled) and one for irradi-
ated cells (no fill). (C) Survival (with standard errors from five ex-
periments shown) of wild-type and gcn2 mutant cells after UV irra-
diation in G1 or in S phase.

Figure 4. Protein synthesis and pre-RC formation in the eIF2�S52A
mutant. The cells were synchronized and UV-irradiated as described
before measurement of pre-RC formation (A) and protein synthesis
(B), both as a function of time (in minutes) after release into the cell
cycle. (C) A model of the molecular interactions occurring after UV
irradiation to produce a depression of translation and a cell cycle
delay. The question mark represents an unidentified factor. The
dotted T-shape represents a hypothetical inhibitory activity.
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Materials and methods

Yeast strains and cell handling
The basic growth media were as described before (Moreno et al. 1991). All
our S. pombe strains are derived from the 972h− strain and are given in
the Supplemental Material. Cultures growing exponentially in liquid
EMM (supplied with amino acids as required) at a cell concentration of
2 × 106/mL to 4 × 106/mL (OD600 of 0.1–0.2) were used for experiments.
The temperature-sensitive cdc10-M17 cells were synchronized and irra-
diated with UV light (254 nm) as described before (Nilssen et al. 2003).
Extraction of unbound MCM (pre-RC) or Cdc45 (pre-IC) proteins was
performed as described (Kearsey et al. 2000; Gregan et al. 2003). For
ionizing radiation, the cells were exposed to 4 MeV electrons from a
linear accelerator (Varian Clinac 2100 CD) at a dose rate of ∼80 Gy/min.

Immunoblots
Cell extracts were made either by the TCA protein extraction method
(Caspari et al. 2000) or by the RIPA method. For the latter, cells were
harvested by centrifugation (3000g) for 5 min at 4°C and washed with
STOP buffer (150 mM NaCl, 50 mM NaF, 1 mM NaN3, 10 mM EDTA at
pH 8.0). The pellet was resuspended in 20 µL of RIPA buffer (150 mM
NaCl, 1% Trition X-100, 0.1% SDS, 50 mM TRIS at pH 8.0) and boiled
for 5 min, followed by freezing in liquid nitrogen. Glass beads (300 µL)
were added, and the cells were broken using Fast Prep (Thermo Electron
Corporation) for 3 × 20 sec at a speed of 6.5. Sample buffer (400 µL) was
added to each sample and boiled for 5 min before the debris was spun
down and the supernatant was loaded on an SDS-PAGE gel.

The following antibodies were used: antiserum against phosphorylated
eIF2-� (Biosource no. 44-7282) at a dilution of 1:2000; anti-peroxidase,
PAP1, against the TAP tag (Sigma; P1291), diluted 1:1000; antiserum
against Rum1 at a dilution of 1:200 (a kind gift from S. Moreno); and
antibody against Cdks with the PSTAIRE motif, recognizing Cdc2 (Santa
Cruz Biotechnology; sc-53), diluted 1:2000. In addition, antiserum
against total eIF2� (a kind gift from S.R. Kimball) was used as a standard
in the quantification of the level of phosphorylated eIF2-�. This loading
control gave essentially the same results as those found with the anti-
body against PSTAIRE, but with somewhat lower quality, and the latter
was routinely used. Detection was performed using standard ECL or ECF
kits (Amersham Biosciences) and quantified with a PhosphorImager and
the ImageQuant software.

Strain expressing nonphosphorylatable eIF2� protein
eIF2� is encoded by the tif211 gene (cosmid SPAC3G9.09c). Plasmid
pJAS022 containing tif211 with flanking regions was used to make a
strain expressing a nonphosphorylatable eIF2� protein. Site-directed mu-
tagenesis (Stratagene, QuickChange XL) was used to exchange the Ser 52
codon (TCC) for an alanine codon (GCG, see below). Thereby a unique
Esp31 restriction site was introduced, serving as a diagnostic marker for
the tif211 mutation. The 1.8-kb HindIII fragment of ura4 was given blunt
ends by treatment with Klenow enzyme and inserted into the EcoRV site
∼130 nucleotides downstream from tif211. A PCR product containing the
mutated tif211 gene and the ura4 marker was transformed into ura4-
deficient strains. The presence of the tif211 mutation in the chromosome
was confirmed by PCR analysis, by Southern blot analysis, and by se-
quencing of relevant regions. In addition, no phosphorylation of tif211
mutant transformants was detected in immunoblots using antibody
against phosphorylated eIF2�.

tif211 mutagenesis steps were as follows: pJAS022 with tif211, Ser 52:
GCTCTCTGAGCTTTCCAGACGTCGTATTCG; serine to alanine:
GCTCTCTGAGCTTGCCAGACGTCGTATTCG; alanine to alanine,
Esp31 site: GCTCTCTGAGCTTGCGAGACGTCGTATTCG.

Translation assays
For the in vivo translation assay, the cdc10ts cells were arrested in G1,
UV-irradiated, and released into the cell cycle as described in the text.
Three replicate samples of irradiated and nonirradiated cells were col-
lected at the times indicated. To 980 µL of cell culture we added 20 µL of
growth medium containing a mix of 35S-labeled methionine/cysteine (0.2
µL; GE Healthcare AGQ0080, 530 MBq/mL) and 1 mM unlabeled me-
thionine and cysteine, and the samples were incubated for 10 min at
25°C. Thereafter, 250 µL of ice-cold 10% PCA containing 10 mM unla-
beled Met and Cyt were added, and the samples were left on ice for >10
min. The precipitates were collected by filtration on Whatman GF/C
glass fiber discs that were washed twice with 5 mL of cold 10% PCA, four

times with 5 mL of 0.1 N HCl, and once with 3 mL of ice-cold 96% EtOH
before liquid scintillation counting of the dried filters. The in vitro assay
was performed as described (Abou et al. 1994), with some modifications:
To the reaction buffer (125 mM NH4Cl, 3 mM/mg acetate, 0.5 mM ATP,
0.1 mM GTP, 25 mM creatine phosphate, 100 µg/mL creatine phospho-
kinase, 10% glycerol, 20 mM HEPES/KOH at pH 7.4), a mixture of all
amino acids except leucine (Formedium) was added to an average final
concentration of 40 µM. Tritiated leucine (GE Healthcare TRK170; 2.3
TBq/mmol) was mixed with the cell extracts on ice and transferred to
25°C, and aliquots were removed after different times of incubation. The
reaction was stopped by addition of TCA, the precipitated material was
collected on glass fiber filters and washed with ethanol, and 3H-activity
was measured by liquid scintillation counting.

Cell survival assay
The cdc10 mutant cells were synchronized in G1 and UV-irradiated im-
mediately, as described. Alternatively, the synchronized cells were incu-
bated for 60 min at the permissive temperature before irradiation, at
which time the DNA histogram showed that the vast majority of cells
were in S phase. Cell survival was assayed after plating on YE agar.
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