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Evidencethatafree-runningoscillator
drives G1 events in the budding yeast
cell cycle

Steven B. Haase & Steven I. Reed

Department of Molecular Biology, The Scripps Research Institute,
10550 North Torrey Pines Road, La Jolla, California 94303, USA

Inyeast and somatic cells, mechanisms ensure cell-cycle events are
initiated only when preceding events have been completed'. In
contrast, interruption of specific cell-cycle processes in early
embryonic cells of many organisms does not affect the timing of
subsequent events’, indicating that cell-cycle events are triggered
by a free-running cell-cycle oscillator. Here we present evidence
for an independent cell-cycle oscillator in the budding yeast
Saccharomyces cerevisine. We observed periodic activation of
events normally restricted to the G1 phase of the cell cycle, in
cells lacking mitotic cyclin-dependent kinase activities that are
essential for cell-cycle progression. As in embryonic cells, G1
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events cycled on schedule, in the absence of S phase or mitosis,
with a period similar to the cell-cycle time of wild-type cells.
Oscillations of similar periodicity were observed in cells respond-
ing to mating pheromone in the absence of G1 cyclin (Cln)- and
mitotic cyclin (Clb)-associated kinase activity, indicating that the
oscillator may function independently of cyclin-dependent kinase
dynamics. We also show that Clb-associated kinase activity is
essential for ensuring dependencies by preventing the initiation
of new G1 events when cell-cycle progression is delayed.

In wild-type budding yeast, completion of cell-cycle events in one
cell-cycle phase is essential for the transition to the next phase',
although mutants have been identified that can initiate synchro-
nous, periodic rounds of budding in the absence of DNA replication
and mitosis’. Strains bearing temperature-sensitive mutations in
genes involved in protein degradation, cdc4, cdc34 or cdc53, cannot
enter S phase or mitosis but do initiate synchronous rounds of
budding at the restrictive temperature®. The molecular basis for the
inability of these mutants to replicate DNA or complete mitosis is
related to the stabilization of the Clb/Cdc28-specific inhibitor,
Siclp, and the consequent loss of Clb-kinase activity’. That cdc4,
cdc34 and cdc53 cells produce multiple buds indicates that the
initiation of G1 events may be uncoupled from the completion of S
phase or mitosis by the loss of Clb-associated kinase activity.

To investigate this idea, we analysed events normally restricted to
Gl in synchronous populations of cells bearing the temperature-
sensitive mutation cdc4-3, or cells disrupted for all six B-type cyclin
genes. Synchronous populations of Gl cells were collected by
centrifugal elutriation, and then shifted to the restrictive tempera-
ture (36 °C). Budding and transcript levels were analysed at 10-min
intervals. Synchronous oscillations of CLN2 transcript levels were
reproducibly observed with periods coinciding with the budding
cycles (Fig. 1d—f, g—i). The cycling of Gl events indicates the
existence of an oscillator that cycles independently of B-type
cyclin activity and the completion of S phase or mitosis. The
period of budding and transcription cycles in cells lacking B-type
cyclin activity is very similar to the period observed in normally
dividing wild-type cells (Fig. la—c), indicating that G1 events in
normally dividing cells may be entrained to the same independent
oscillator.

Activation of Cln/Cdc28 kinase is a critical G1 event that is
required for the initiation of budding and the transition from G1 to
S phase®. Therefore, we investigated whether the oscillations in
CLN2 transcript levels in cells lacking CIb activity led to functional
oscillations in Cln2-associated kinase. Indeed, Cln2-associated
kinase did oscillate synchronously with the appearance of new
buds in cdc4-3 cells (Fig. 1j, k). However, it is likely that the
oscillation of Cln2-associated kinase activity is not essential for
driving budding cycles, as constitutive expression of Cln2 from the
GALI promoter did not prevent rebudding in cdc4-3 cells (data not
shown). Other events essential for rebudding cycles may be
entrained to the oscillator independently of Cln2-associated
kinase activity (see below).

As Clns can auto-activate their own transcription”® and also
appear to stimulate their own proteolysis®'’, they could conceivably
define an oscillator that drives G1 events in the absence of cell-cycle
progression. Our finding that cdc4-3 cdc28-4 double mutant cells do
not exhibit budding or Gl-specific transcription cycles indicates
that Cln/Cdc28 kinase activity may be essential for these events
(data not shown). However, our experiments do not distinguish
whether Clns are components of an oscillator or are simply
entrained to a Cln-independent oscillator, as the outputs we
measured (budding and transcription) are themselves dependent
on Cln/Cdc28-kinase activity.

Previous observations indicate that measurable oscillations may
occur independent of Cln/Clb-associated kinase activity. In
response to mating pheromone, budding yeast adopt a unique
morphology, termed ‘shmoo), by polarizing growth to form a
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mating projection. Cells that do not conjugate with a partner of the
opposite mating type can initiate multiple projections over time''.
The formation of mating projections is similar to budding, requir-
ing many of the same genes'” and involving the polarization of
cortical F-actin to the projection site'’. However, projection forma-
tion does not require Cdc28-kinase activity. To determine whether
mating-projection formation occurs with a periodicity character-
istic of budding cycles, we examined the formation of projections in
a synchronous population of G1 cells deleted for all three cln genes.

We treated an elutriated G1 population of ¢/nl1,2,3 mutant cells
with the yeast mating pheromone, a-factor, and found that cells
initiated multiple synchronous rounds of projection formation
(Fig. 2a, c). The appearance of the second projection depends on
the continued presence of a-factor (data not shown), indicating
that the second projection may be a normal response to mating
pheromone. As Cln activity is required for Clb expression', cIn1,2,3
cells lack both CIn- and Clb-associated kinase activity. Thus the
synchronous rounds of mating projection formation are triggered
independently of Cln- and Clb-associated Cdc28-kinase activity.
The kinetics of mating projection formation mirrored the kinetics
of multiple bud formation in synchronized ¢lb1,2,3,4,5,6 mutant
cells (Fig. 2a—c). Additionally, analysis of actin polarization by
rhodamine—phalloidin staining showed that polarized actin is re-
localized in cells immediately preceding the appearance of both new
buds and new mating projections (Fig. 2b, c). Collectively, these
data indicate that the relocalization of polarized growth machinery
during mating projection cycles or budding cycles is entrained to
the activity of a Cln/Clb-independent oscillator.

It is likely that the extended period of oscillations in these
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Figure 1 G1-specific transcription, budding cycles and CIn2-associated kinase activity in
wild-type cells and cells lacking Clb activity. a—i, Time course following elutriation of G1
cells for wild-type cells (a, €), cdc4-3 (d—f) and clb1,2,3,4,5,6 cells (g—i). Analyses of
CLNZ transcripts (a, b, d, e, g, h) and budding indices (¢, f, i) are shown. As the
normalization transcript PRT7 exhibits weak oscillations with the same periodicity as CLN2
(ref. 30), the oscillation of CLNZ s likely to be underestimated. Wild-type cells divided, so
only single buds were scored. j, k, Synchronous oscillations of CIn2-associated kinase
activity in cdc4-3 CLN2-HA; cells. Time course following elutriation is shown. j, H1-kinase
activity of anti-HA precipitates. k, Quantification of H1-kinase activity (solid bars) and
budding index (filled symbols, 1 bud; open symbols, 2 buds). All results shown are
representative of multiple experiments.
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experiments (~100 min) relative to those presented in Fig. 1 (70—
80 min) reflects the lower temperature (30°C) at which these
experiments were performed. The period of budding cycles and
mating-projecting cycles is similar to the cell-cycle time of wild-type
cells growing at 30 °C (ref. 19), indicating that the same Cln/Clb-
independent oscillator may also direct the polarized growth
machinery as well as the initiation of other G1 events in normally
dividing cells.

That G1 events may be triggered by the activity of an independent
oscillator in normal cycling cells is not irreconcilable with pre-
viously established dependencies observed in the yeast cell cycle.
When cell-cycle progression is perturbed, checkpoint signals delay
progression into the next phase and may also directly or indirectly
attenuate the activity of the oscillator. As we have shown that the
loss of Clb-associated kinase activity uncouples the initiation of G1
functions from the completion of S phase or mitosis, we considered
that Clb-associated kinase activity may be involved in preventing
the activation of G1 events during a checkpoint arrest.

In budding yeast, cells arrest in mitosis with elevated Clb/Cdc28
kinase activity in response to incomplete DNA replication or
spindle dysfunction'®’. We investigated whether CIb/Cdc28-
kinase activity is required to prevent G1-specific transcription and
budding during spindle and DNA-replication checkpoint arrests. To
eliminate CIb activity under checkpoint arrest conditions, we
constructed strains that expressed a hyperstabilized allele of the
CIb/Cdc28 inhibitor, SICI-A3P', from the inducible GALI pro-
moter in wild-type cells and in a strain bearing a temperature-
sensitive mutation in the thymidylate kinase gene', cdc8.

In separate experiments, spindle integrity and DNA-replication
checkpoint arrests were induced in the absence of Sic1-A3P expres-
sion by the addition of the microtubule-destablizing drug nocoda-
zole (Fig. 3a—c), or by shifting cdc8-1 cells to the restrictive
temperature (Fig. 3d—f), respectively. When ~90% of the cells
arrested with large buds, Sic1-A3P expression was induced at 0 min
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Figure 2 Synchronous mating projection cycles in a ¢in1,2,3-null mutant cells have
similar kinetics to budding cycles in ¢lb1,2,3,4,5,6 mutant cells. Time course of
synchronous G1 cells collected by elutriation. a—c¢, Mating projections were scored for
cin1,2,3cells (a, open symbols; ¢) and buds were scored for ¢ib1,2,3,4,5,6 cells (a, filled
symbols; b). Arrows indicate some sites of initial buds or mating projections (b and ¢,
respectively). Phalloidin staining indicates presence of cortical F-actin.
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while maintaining the checkpoint-arrest conditions. Upon induc-
tion of Sic1-A3P, new buds emerged from the large budded cells in
both the spindle and DNA-replication checkpoint-arrested cells
expressing Sic1-A3P, but not in control cells lacking Sic1-A3P (Fig.
3¢, f). Also, CLN2 transcription was activated coincidentally with
the appearance of new buds in cells expressing Sic1-A3P, but not in
control cells (Fig. 3a, b, d, e). DNA staining confirmed that
rebudded cells had a single nucleus, indicating that mitosis had
not occurred in response to the shift to galactose medium (data not
shown). Similar results have been observed for cells in which Clb-
associated kinase activity was eliminated in cells arrested during a
spindle-checkpoint arrest***'.

These results indicate a role for B-type cyclin-associated kinase in
preventing the initiation of new Gl events during checkpoint
arrests, possibly by downregulating CLN2 transcription® or by
directly attenuating the activity of the independent oscillator.

Our data support a model for the budding yeast cell cycle in
which G1 events are triggered by a Cln/Clb-independent cell-cycle
oscillator in normal cycling cells. That an independent oscillator
may regulate some aspects of the yeast cell cycle indicates that cell-
cycle regulation in embryonic cells and somatic cells may be
fundamentally similar except that checkpoint mechanisms, absent
in embryonic cells, exert an additional level of control in somatic
cells. Our data also indicate that, in yeast, the activity of B-type
cyclin-associated kinase attenuates the activity or outputs of the
independent oscillator when cell-cycle progression is blocked and
checkpoints are activated.

Previous findings have indicated that a cdc2-independent bio-
chemical oscillator may control CO, production in the yeast
Schizosaccharomyces pombe*. The mechanism for generating peri-
odic oscillations in yeast remains to be determined. Other known
Saccharomyces cerevisiae cyclin/cdk systems could theoretically
define an oscillator. Three members of the PCL family of cyclin-
like genes can activate the cyclin-dependent kinase Pho85 and
exhibit cell-cycle-regulated gene expression. However, as the expres-
sion of these genes is downregulated in response to a-factor®, it is
unlikely that they define the oscillator described in Fig. 2. Simple
single-enzyme biochemical systems can generate sustained
oscillations™. The free-running oscillator described here, therefore,
could reflect the self-generated fluctuations of an enzyme. Alter-
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Figure 3 Clb activity is required to prevent the activation of G1 transcription. a—c, Time
course of GAL-SICT-A 3P and wild-type (WT) cells arrested at the spindle checkpoint by
nocodazole treatment. Cells were shifted to galactose medium containing nocodazole at
t = 0min toinduce Sic1-A3P expression. d—f, Time course of cac8 GAL-SIC1-A 3Pand
cdc8 control cells arrested at the DNA-replication checkpoint by shifting to restrictive
temperature (36 °C). Cells were shifted to galactose medium at ¢ = 0 min to induce
Sic1-A3P expression and maintained at 36 °C. RNA analyses (a, b, d, e) and budding
indices (e, f) are shown. Large budded cells with new buds emerging were scored as
rebudded.
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natively, as Ca** oscillations have been associated with cell-cycle
functions in many systems®, self-limiting ion-channel-regulated
Ca®" fluctuations might provide the basis for a cell-cycle regulatory
oscillator.

Methods
Strains, cell synchronization and checkpoint arrests

All strains are derivatives of BF264-15Dau, and were constructed by standard yeast
methods. Yeast strains were grown in rich YEP medium (1% yeast extract, 2% peptone,
0.012% adenine, 0.012% uracil) containing 2% dextrose for all strains except for the
galactose-dependent strains, clb1,2,3,4,5,6 GALI-CLBI and cInl1,2,3 GALI-CLN3, which
were grown in YEP medium with 2% galactose. For synchrony experiments, temperature-
sensitive strains were grown at 25 °C before elutriation. All other strains were grown at
30°C. For clbl1,2,3,4,5,6 GAL-CLBI and cIn1,2,3 GALI-CLN3 cells, dextrose was added to
YEP + 2% galactose medium 45 min before elutriation to terminate CLBI and CLN3
expression from the GALI promoter. After elutriation, cb1,2,3,4,5,6 GALI-CLBI cells
(Fig. 1) were maintained in G1 for 80 min by treatment with 60 ng ml™" a-factor to ensure
complete destruction of Clb1 and then released at 0 min. After elutriation all strains in Fig.
1 were grown in rich YEP + 2% dextrose + 1M sorbitol at 36 °C at a density of ~10” per
ml. Sorbitol was added to stabilize cells with elongated buds. Elutriated cells in Fig. 2 were
grown in YEP dextrose medium without sorbitol at 30 °C. After elutriation, cln1,2,3 GALI-
CLN3 were treated with 60 ngml™ a-factor.

For arrest with nocodazole, cells were pre-synchronized in S phase by being grown for
2hin YEP + 4% raffinose medium containing 5 mg ml™ sulphanilamide and 200 p.g ml™
amethopterin (Sigma). At this time most cells were arrested in S phase with large buds.
Cells were collected by centrifugation and released into YEP + 2% rafinnose medium
containing 15 g ml™" nocodazole for 2 h. cdc8 strains were arrested in YEP 4 2% sucrose
medium for 2 h.

RNA analysis, kinase assays and quantification

We used standard yeast RNA methods”. Kinase assays were performed on immunopre-
cipitates at 25°C, as described'”. Hybridizations and H1 kinase assays were quantified
using a Phosphorimager (Molecular Dynamics). Transcript signals were normalized to the
levels of the constitutive PRT1 transcript® as indicated.

Microscopy

Cells were stained for actin using rhodamine-conjugated phalloidon as described”.
Differential interference (DIC) and fluorescence images were collected using a Nikon
Eclipse E800 microscope with a 60x objective, and a Quantix CCD camera (Photometrics).
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The repair of DNA double-strand breaks is essential for cells to
maintain their genomic integrity. Two major mechanisms are
responsible for repairing these breaks in mammalian cells, non-
homologous end-joining (NHE]) and homologous recombination
(HR)"* the importance of the former in mammalian cells is well
established’, whereas the role of the latter is just emerging.
Homologous recombination is presumably promoted by an evolu-
tionarily conserved group of genes termed the Rad52 epistasis
group*!. An essential component of the HR pathway is the
strand-exchange protein, known as RecA in bacteria® or Rad51
in yeast®. Several mammalian genes have been implicated in repair
by homologous recombination on the basis of their sequence
homology to yeast Rad51 (ref. 11): one of these is human XRCC2
(refs 12, 13). Here we show that XRCC2 is essential for the efficient
repair of DNA double-strand breaks by homologous recombina-
tion between sister chromatids. We find that hamster cells defi-
cient in XRCC2 show more than a 100-fold decrease in HR
induced by double-strand breaks compared with the parental
cell line. This defect is corrected to almost wild-type levels by
transient transfection with a plasmid expressing XRCC2. The
repair defect in XRCC2 mutant cells appears to be restricted to
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recombinational repair because NHE]J is normal. We conclude
that XRCC2 is involved in the repair of DNA double-strand breaks
by homologous recombination.

Similar to yeast mutants that affect DNA double-strand break
(DSB) repair by HR®, hamster cells that lack XRCC2 are hypersen-
sitive to ionizing radiation (about 2-fold) and crosslinking agents
(60- to 100-fold), and show an increase in chromosome
instability'™". In contrast to yeast, all characterized mammalian
DSB-repair mutants have been found to be defective in NHE]. Thus,
the role of XRCC2 in DNA repair is unclear. To determine whether
the hamster cell line irs1, which is deficient in XRCC2 (refs 12, 13),
can repair DSBs by HR, we used a novel recombination reporter
substrate SCneo (Fig. 1a). SCneo contains two nonfunctional copies
of the neomycin phosphotransferase (ne0) gene. One copy, desig-
nated 3’ neo, is a 5" truncation of the neo gene". The second copy,
designated S2neo, is mutated at an Ncol site by deletion of 4 base
pairs (bp) of neo gene coding sequence and insertion of the 18-bp
site for the rare-cutting I-Scel endonuclease'®. The two neo genes are
in direct orientation and are separated by a functional hygromycin
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Figure 1 Recombination reporter substrate SCneo. a, Structure of SCneo and predicted
HR products. The neo probe is indicated. X/H, Xhal/Hindlll; X/H/N, Xhol/Hindlll/ Nedl; X/H/
B/I, Xhol/Hindlll/BamHI/1-Scel. b, Southern blot analysis of SCneo cell lines. Each cell line
contains a single copy of SCneo, except the parental cell line 4-13 which contains two
copies. ¢, Southern blot analysis of cell lines 4-18 (V79) and 8-3 (irs1) and G418"
recombinants derived from them. Genomic DNA was digested with Xhol/Hindlll to
distinguish STGC (4.0 kb) and LTGC/SCE (7.3 kb). Recombinants with both fragments
probably underwent two recombination events.
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