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Is the yeast Anaphase Promoting Complex needed
to prevent re-replication during G2 and M phases?

plexes (pre-RCs) (Diffleyet al., 1994), and the second ofSilke Pichler1, Simonetta Piatti2 and
which is the activation of S phase-promoting cyclin-Kim Nasmyth3

dependent protein kinases, known as S-CDKs (Epstein
Research Institute of Molecular Pathology, Dr Bohr Gasse 7, and Cross, 1992; Schwob and Nasmyth, 1993; Jackson
A-1030 Vienna, Austria and2Dipartimento di Genetica e di Biologia et al., 1995; Ohtsuboet al., 1995; Strausfeldet al., 1996;
dei Microrganismi, Via Celoria 26, I-20133 Milano, Italy

Krude et al., 1997). A related set of CDKs that are
1Present address: European Molecular Biology Laboratory, activated later during the cell cycle, known as M-CDKs,
Meyerhofstrasse 1, D-69117 Heidelberg, Germany promote the formation of the mitotic spindle and the
3Corresponding author separation of sister chromatids (Booheret al., 1989;

Moreno et al., 1989; Suranaet al., 1991; Fitchet al.,
The Anaphase Promoting Complex (APC) is required 1992; Basi and Draetta, 1995). In both budding and fission
for anaphase progression and B-type cyclin proteolysis. yeast, M-CDKs can also promote the initiation of DNA
The recent finding that inactivation of the APC allows replication when S-CDKs are inactivated by mutation
‘over-replication’ of DNA has led to the proposal (Schwob and Nasmyth, 1993; Fisher and Nurse, 1996;
that the APC might also be required for preventing Mondesertet al., 1996). S- and/or M-CDKs are active
reduplication of chromosomes during G2 and M phases. from the beginning of S phase through to the separation
In this report we re-investigate the phenotype ofapc of sister chromatids at anaphase (for reviews see Nasmyth,
mutant cells and find that they do not re-replicate their 1993; Nurse, 1994).
DNA during the period taken for wild-type cells to It has been proposed that S- and M-CDKs not only
traverse G2 and M phases.apc mutants do, however, promote origin firing in cells that have previously formed
gradually increase their DNA content after long periods pre-RCs but also prevent theirde novoassembly (Dahmann
of cell cycle arrest. Such DNA synthesis occurs almost et al., 1995). Thus, CDKs have opposing effects on the
exclusively in the cytoplasm and neither occurs in cells two steps of the initiation process, inhibiting the first step
lacking mitochondrial DNA nor depends on Cdc6, a but activating the second. By this means, cells avoid
protein which is essential for the initiation of chromo- entering a state in which they can both form pre-RCs and
somal but not mitochondrial DNA replication. ARS1, trigger origins that have formed them to initiate DNA
a chromosomal replication origin, is not re-fired in replication. According to this hypothesis, each new round
cells deprived of APC function, confirming that the of origin firing depends on a cycle of CDK activity: a
‘over-replicated’ DNA in apc mutant cells is of period of low activity that permits the assembly of pre-
mitochondrial origin. Furthermore, we find that APC RCs followed by a period of high activity that permits
function is required to promote but not to prevent re- origin firing. Re-firing of origins during S, G2 and M
replication in ndc10mutant cells. We therefore propose phases is therefore prevented by S- and M-CDK activity
that the APC is not involved in preventing re-duplic- present during these phases of the cell cycle. A new round
ation of chromosomes during G2 and M phases. of replication depends on the inactivation of S- and
Keywords: APC/cyclin B-Cdk1/DNA replication/mitosis/ MCDKs at anaphase.
pre-replication complex Budding yeast cells utilize two mechanisms to inactivate

S- and M-CDKs during anaphase. First, they initiate
ubiquitin-mediated proteolysis of B-type M-phase cyclins
(Amon et al., 1994; Zachariae and Nasmyth, 1996) and

Introduction second they turn off ubiquitin-mediated proteolysis of a
potent CDK inhibitor called Sic1p (Schwobet al., 1994).Cells synthesize most of their constituents from instruc-
Ubiquitination of B-type cyclins is mediated by antions that reside within the DNA sequences of their
N-terminal destruction box (Glotzeret al., 1991) andchromosomes. They must therefore take inordinate care
depends on a large multisubunit complex called thein duplicating this information and in segregating the two
Anaphase Promoting Complex (APC) or cyclosomecopies known as sister chromatids to opposite poles of
(Irniger et al., 1995; King et al., 1995; Sudakinet al.,the cell during mitosis. To maintain a stable karyotype,
1995). The APC is involved in mediating the destruction,cells never—or only rarely—fire replication origins more
at anaphase, of many proteins besides cyclins, some ofthan once between successive rounds of sister chromatid
whose destruction may be necessary for the separation ofseparation. It is not fully understood how they achieve
sister chromatids (Cohen-Fixet al., 1996; Funabikiet al.,this delicate feat.
1996). Mutations in APC subunits prevent cyclin ubiquitin-Recent work suggests that the initiation of DNA replic-
ation and degradation (Zachariae and Nasmyth, 1996). Ination in eukaryotic cells is a two-step process, the first of
several cases, such mutations also prevent the separationwhich is the assembly of a large complex of ‘initiator’

proteins at future origins, known as pre-replication com- of sister chromatids at anaphase (Hiranoet al., 1988;
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Irniger et al., 1995; Yamashitaet al., 1996). The budding
yeast APC has at least 10 subunits: Apc1p, Cdc16p,
Cdc23p, Cdc26p, Cdc27p in addition to unidentified 150,
100, 80, 79 and 78 kDa proteins (Irnigeret al., 1995;
Zachariaeet al., 1996; W.Zachariae, personal communic-
ation), homologues of which have been found in fission
yeast (Hiranoet al., 1990; Samejima and Yanagida, 1994;
Yamashitaet al., 1996),Aspergillus nidulans(Engleet al.,
1990; O’Donnell et al., 1991), Xenopus laevis(King
et al., 1995; Peterset al., 1996) and humans (Starborg
et al., 1994; Tugendreichet al., 1995).

It has recently been reported that mutations which
inactivate the yeast APC and prevent both cyclin degrad-
ation and anaphase surprisingly do not prevent re-replic-
ation (Heichman and Roberts, 1996) as had previously
been thought. This suggests that the APC, in addition to
promoting anaphase, may be required to prevent re-
initiation of DNA replication during G2 and M phases
(Juang et al., 1997; for reviews see Heichman, 1996;
Wuarin and Nurse, 1996). This hypothesis is interesting
for at least two reasons. First, it implies that cells can
after all assemble pre-RCs in the presence of high
M-CDKs. Second, it implies that the APC has an as yet
undefined role during G2 and M phases in preventing the
accumulation of factors that promote origin firing. The
degradation of such factors by the APC might normally
depend on S- and M-CDKs, which would explain how
these kinases also prevent re-replication during G2 and M
phases. Alternatively, the hypothesis that CDKs inhibit
assembly of pre-RCs might simply be wrong.

Because this new finding about the APC promises to
shed important new insight into the mechanism of re-
replication control, we have re-investigated the phenotype
of yeastapc mutants. We find that such mutants, upon
being shifted to the restrictive temperature, do indeed
eventually accumulate DNA. However, this DNA synthesis
occurs largely if not exclusively in the cytoplasm, it fails
to occur in rho0 strains lacking mitochondrial DNA, and
it does not depend on the Cdc6 replication initiation
protein. Furthermore, using a 5-bromodeoxyuridine
(BrdU) incorporation assay capable of detecting replication
of specific DNA sequences, we failed to detect DNA
replication of even a small region surrounding the ARS1
origin of DNA replication. Our data suggest that the APC
is not required to prevent re-replication of the nuclear
genome during the G2 and M phases of wild-type cells.

Results

Cells deprived of APC function do not re-replicate Fig. 1. cdc16-123andcdc26∆ mutant cells do not re-replicate DNA
during the period taken by wild-type cells to during the interval taken by wild-type cells to traverse G2 and M

phases. Small daughter cells ofcdc16-123(K4103) (A) and ofcdc26∆traverse G2 and M phases
(K7013) (B and C) were isolated by centrifugal elutriation (Time5 0)In previously published work characterizing DNA replic-
and incubated at 37°C in YEPD medium. (A andB) Budding index

ation in a cdc23-1 apcmutant (Irniger et al., 1995), and DNA content were determined at the indicated time points.
we isolated, by centrifugal elutriation, small unbudded (C) Viability of cdc26∆ cells after incubation at the restrictive

temperature for the indicated time periods.daughter cells from a culture growing at 23°C and incub-
ated them at 37°C. Using FACs analysis to measure
cellular DNA content, we found that the mutant cells 40 min after the completion of DNA replication. The

DNA content ofcdc23-1mutant cells remained constantunderwent a complete round of DNA replication at 37°C
with kinetics that were similar if not identical to that of (at 2C) for 120 min after completion of S phase but

thereafter gradually increased. We obtained very similarwild-type cells. They subsequently formed mitotic spindles
but failed to separate sister chromatids. Under similar data withcdc16-123mutant cells (Figure 1A; for wild-

type data see Zachariaeet al., 1996, Figure 5) and inconditions, wild-type cells separated sister chromatids 30–
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mutants lackingCDC26 (Figure 1B), which encodes a
component of the APC that is essential only at 37°C and
is required to prevent the dissociation of Cdc16p and
Cdc27p from the rest of the complex (Zachariaeet al.,
1996; W.Zachariae, personal communication). Further-
more, allcdc26deletion mutant cells (cdc26∆) remained
viable (that is, capable of giving rise to colonies of haploid
cells) for 4 h after completion of DNA replication at 37°C
(Figure 1C). In the case ofcdc23-1andcdc26∆ mutants,
which clearly arrest at metaphase of the first cell cycle,
few if any cells managed to separate sister chromatids
during this period (Irnigeret al., 1995; also data not
shown). The key point is that we detected little if any
DNA accumulation in cdc16-123, cdc23-1 or cdc26∆
mutants during the first 40 min after their completion of
S phase; that is, during the interval taken by wild-type
cells to traverse G2 and M phases. The gradual increase
in the apparent DNA content ofapc mutant cells after
prolonged incubation could be due to mitochondrial DNA
replication or indeed to an increase in non-DNA back-
ground fluorescence (both of which only become appre-
ciable when cells become very large) or to re-initiation of
rare origins. Heichman and Roberts (1996) observed more
extensive DNA accumulation incdc16andcdc27mutants
released from a pheromone-induced G1 arrest at the

Fig. 2. Cells lacking APC function accumulate excess DNA after longrestrictive temperature and proposed that it correspondsperiods of incubation at the restrictive temperature but fail to do so
to re-replication of the nuclear genome. It is possible that when mitochondria deficient. Rho1 and rho0 versions ofcdc16-1

(KHY201, K6114) andcdc16-123(K5600, K6823) strains were grownthe lesser DNA accumulation in our experiments (Figure
to logarithmic phase in YEPD medium at 23°C (cyc) and subsequently1A and B) is due to our having started with small cells
shifted to 37°C. After 3 and 6 h incubation at 37°C, the cultures werethat had not previously been cell cycle arrested.
diluted 1:2 with prewarmed YEPD medium (37°C). At the indicated
time points, samples were withdrawn for FACs analysis.

apc mutant cells gradually increase their DNA Bg, background.
content after long periods of incubation at the

restrictive temperature

To investigate further whetherapcmutant cells re-replicate (it is not possible to localize BrdU incorporation and the
position of nuclei in the same cells because the acidtheir nuclear genome while arrested in metaphase at 37°C,

we analysed the DNA content of cells after shifting treatment needed to detect BrdU incorporation depurinates
the DNA such that it can no longer be stained by DAPI).asynchronous cultures from 23°C to 37°C. We found that

cdc16-1and cdc16-123mutant cells accumulated with a All wild-type cells contained staining consistent with
replication of their nuclear DNA (Figure 3A–C). No2C DNA content within 60 to 120 min but started to

accumulate greater than 2C DNA contents after 180 min staining was detected in control strains lackingGPD-Tk
or when antibody against BrdU was omitted (data not(Figure 2). This phenomenon occurred in both the strain

background used by Heichman and Roberts (A364a) and shown). In contrast, the BrdU incorporation ofcdc13-1
mutant cells, which are thought to arrest in M phase withour strain background (W303). We obtained similar results

with cdc16-264andcdc27-22mutants (data not shown). a 2C DNA content, was distributed in small patches
throughout the cell’s cytoplasm and at the cell’s periphery
(Figure 3A). These patches presumably belong to mito-The accumulation of excess DNA in cdc16 mutant

cells occurs mainly in the cytoplasm chondria (see below). The pattern of BrdU incorporation
of cdc16-123and cdc16-264mutants resembled that ofTo address whether the increasing DNA content ofcdc16

mutants was due to re-replication of the nuclear genome,cdc13-1 mutants (Figure 3A). Very few, if any,cdc16
mutant cells had nuclear staining similar to that of wild-we monitored DNA synthesis within individual cells by

immunodetection of BrdU incorporation (Neff and Burke, type cells. The lack of nuclear staining was not due to
dissolution of nuclei in the mutants because their nuclei1991). Thymidine kinase activity, which is required for

BrdU labelling, was provided to the cells by introducing were readily detected by DAPI staining of cells not treated
with acid (Figure 3B).five copies of the thymidine kinase gene from herpes

simplex virus under the control of the yeastGPDpromoter To confirm that we were in fact capable of detecting
re-replication using our BrdU incorporation assay, we[GPD-Tk construct; as described by Dahmann (1995)].

Asynchronous cultures of diploid wild-type and three performed the same experiment with anesp1-1mutant,
which is known to re-replicate the entire nuclear genomedifferent mutant strains were shifted from 23°C to 37°C

for 2.5 h, after which they were incubated for a further despite failing to undergo nuclear division (Baumet al.,
1988). One-quarter or less of theesp1-1nuclei accumu-2.5 h at 37°C in the presence of BrdU. Most of the BrdU

incorporation of wild-type cells was confined to regions lated with a 4C DNA content during the 5 h incubation
at the restrictive temperature (Figure 3C) and a similarof the cell that resemble the size and position of nuclei
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Fig. 3. cdc16-123andcdc16-264mutant cells accumulate DNA
mainly in the cytoplasm. Diploid wild-type cells carrying five copies
of GPD-Tk (K6369) and congeniccdc16-123(K6370),cdc16-264
(K6660),cdc13-1(K6368) andesp1-1(K6385) cells were grown to
logarithmic phase in YEPD medium at 23°C (cyc) and subsequently
incubated for 2.5 h at 37°C. The cultures were diluted 1:2 with
prewarmed YEPD (37°C) and BrdU was added to a final concentration
of 200 µg/ml. Cells were incubated in the dark for another 2.5 h at
37°C. (A) Cells were fixed after 2.5 h of BrdU labelling. Incorporated
BrdU was visualized by indirect immunofluorescence using a
monoclonal antibody specific for BrdU. (B) Cells were fixed and
spheroplasted as for BrdU staining. DNA was visualized by indirect
immunofluorescence using DAPI. (C) Samples for FACs analysis were
taken at the indicated time points. DIC, differential interference
contrast.
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number of nuclei had nuclear BrdU staining (Figure 3A Cdc6 is not required for the continuous DNA

synthesis in cdc16 mutant cellsand B). Our assay is therefore clearly capable of detecting
genuine re-replication. We conclude that very little nuclear Yet another way of addressing whether the increased DNA

content of cells lacking APC function is due to nuclearDNA is replicated between 2.5 and 5 h after shifting
cdc16 mutants to 37°C. The bulk of DNA synthesized DNA replication is to determine whether it depends on

proteins, like Cdc6p, which are known to be required forduring this period has a cellular distribution characteristic
of mitochondrial DNA. chromosome duplication (Bueno and Russel, 1992; Kelly

et al., 1993; Piattiet al., 1995). We therefore constructed
wild-type andcdc16-123strains, which were deleted for

apc mutant cells do not ‘over-replicate’ their DNA CDC6 and kept alive by an HA3-tagged version of the
when mitochondria-deficient

CDC6 gene driven by theGAL1,10promoter (cdc6::hisGTo investigate whether the DNA synthesized by cells
GAL-CDC6strains). These strains proliferate normally inlacking Cdc16 function belongs to mitochondria, we medium containing galactose, because the HA3-taggedcompared by FACs analysis the DNA accumulation of Cdc6 protein is fully functional, but they fail to replicate

apcmutants containing mitochondrial DNA with congenic their genomes and undergo a ‘reductional’ anaphase whenrho0 strains lacking it. We found that rho0 strains arrested shifted to medium containing glucose and lacking galac-permanently with a 2C DNA content. This result was tose, which represses transcription from theGAL1,10obtained with cdc16-1, cdc16-123, cdc23-1, cdc27-22, promoter (Figure 5B; as described in Piattiet al., 1995).
cdc27-1andapc1-1mutants and, in the case ofcdc16-1, Wild-type andcdc16-123mutant cells containing either ain both the W303 and the A364a backgrounds (Figure 2 wild-type CDC6gene or an HA-tagged version expressedand data not shown).cdc27-22was found to be a leaky from the GAL1,10promoter (growing in the presence ofmutation capable of going through multiple cell cycles galactose) were shifted to 37°C for 2.5 h and thenbefore finally arresting in mitosis. Similar results were transferred (still at 37°C) to a glucose-containing mediumobtained when we repeated this experiment using mediumlacking galactose. Western blotting showed that the HA3-containing 4% glucose (instead of the customary 2%); tagged Cdc6 protein disappeared within 30 min in boththis was to test whether the failure of rho0 strains to wild-type andcdc16-123mutant cells (Figure 5A). FACssynthesize excess DNA might be due to their less efficient analysis, on the other hand, showed that the DNA contentutilization of glucose (data not shown). These data, like of cdc16-123mutant cells gradually increased from 90 tothose obtained using BrdU staining, suggest that the bulk 240 min after transfer to glucose medium, whether or notof the DNA synthesized byapc mutants shifted to the the cells contained Cdc6 protein (Figure 5B); that is, therestrictive temperature is due to mitochondrial DNA. gradual increase in the DNA content was similar if not

identical in theCDC6andcdc6::hisG GAL-CDC6strains.
Furthermore, the accumulation of DNA incdc16-123The chromosomal replication origin ARS1 does

not re-fire in cdc16 mutant cells cdc6::hisG GAL-CDC6 cells transferred to glucose was
similar to that of the same cells kept in galactose mediumOur failure to detect appreciable BrdU incorporation

within the nuclei of rho1 cells does not exclude the (Figure 5B). These data suggest that the accumulation of
DNA in cdc16-123 cells incubated at the restrictivepossibility that small but appreciable regions of the

genome, for example those surrounding replication origins, temperature is not dependent on the presence of Cdc6
protein. The Western data also suggest that proteolysis ofmight in fact be re-replicated inapcmutants. Our technique

would probably not be sensitive enough to detect such Cdc6p is not mediated by the APC. This is an equally
important point, because it has been suggested that thesmall amounts of re-replicated DNA (10% of the genome

or less). To investigate the possible re-replication of ‘over-replication’ ofcdc16 mutants might arise due to
their failure to degrade Cdc6p (Heichman and Roberts,specific origin sequences, we used antibodies directed

against BrdU to immunoprecipitate DNA containing BrdU 1996). Other data (Piattiet al., 1996) in fact suggest that
Cdc6p proteolysis is mediated instead by the Cdc4/Cdc34/and measured the quantity of specific DNA sequences in

such immunoprecipitates using PCR (see Materials and Cdc53/Skp1 ubiquitination system (known as the S phase
Promoting Complex; for review see Kinget al., 1996).methods). We used four sets of primers that amplified

four different intervals in the region surrounding ARS1
(one of which contained ARS1 itself). Diploidcdc13-1, The re-replication of ndc10 mutant cells depends

on APC functioncdc16-123, cdc16-264, esp1-1and wild-type (wild-type
1Tk) cells containingGPD-Tk and wild-type cells lacking Ndc10p is a component of a kinetochore binding complex

needed for the attachment of microtubules to chromosomesGPD-Tk (wild-type –Tk) were shifted to 37°C for 3 h
and then incubated in the presence of BrdU for a further (Dohenyet al., 1993; Gohet al., 1993; Jianget al., 1993).

Like esp1-1mutants,ndc10-1mutants fail to move sister2.5 h. All four fragments including ARS1 and its surround-
ings were amplified from the immunoprecipitates derived chromatids to opposite poles of the cell during mitosis

but nevertheless proceed to re-replicate their nuclearfrom wild-type andesp1-1mutant cells expressing thymid-
ine kinase from theGPD promoter but not from immuno- genome. If the APC had an important role in preventing

re-replication during G2 and M phases, then one mightprecipitates derived from wild-type cells lackingGPD-Tk
(Figure 4). Using this technique, we failed to detect any expect that it would not be required for the re-replication

of mutants that fail to undergo mitosis, such asndc10-1incorporation of BrdU into ARS1 region sequences of
cdc13-1, cdc16-123and cdc16-264mutants cells. These andesp1-1. If on the other hand, the APC were important

for inactivating M-CDKs and thereby for generating adata suggest that ARS1, at least, does not re-fire incdc16
mutant cells. state of low CDK activity necessary for forming pre-
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Fig. 4. ARS1 is not re-fired incdc16mutant cells. Congenic diploidcdc16-123(K6370),cdc16-264(K6660),cdc13-1(K6368),esp1-1(K6385) and
wild-type (wild-type1Tk) (K6369) cells containingGPD-Tk and wild-type cells lackingGPD-Tk (wild-type –Tk) (K6380) were grown to
logarithmic phase in YEPD medium at 23°C (cyc) followed by 3 h of incubation at 37°C. The cultures were diluted 1:2 with prewarmed YEPD
medium (37°C), 200µg/ml BrdU were added and cultures were incubated at 37°C for another 2.5 h (in the dark). (A) DNA was isolated and
immunoprecipitated with antibody specific for BrdU. DNAs of immunoprecipitates (IP) and of whole cell extracts prior to immunoprecipitation
(WCE) were subjected to PCR using four primer pairs to amplify ARS1 and three different surrounding sequences. The PCR products were
separated by agarose gel electrophoresis. (B) At the indicated time points the cellular DNA contents were determined by FACs analysis.

replication complexes, then one might expect that the re- mutant. The gradual accumulation of DNA incdc16-1
ndc10-1double mutants was in fact somewhat more rapidreplication of ndc10-1 mutants would be abolished by

mutating CDC16. According to the first hypothesis, than that seen incdc16-1single mutants, which could be
due to the greater cell size of the double mutant cells andcdc16-1 ndc10-1double mutants should accumulate DNA

in a pattern resemblingndc10-1single mutants, whereas their greater number of mitochondrial DNAs. Very similar
results were obtained when we compared accumulationaccording to the second hypothesis, the double mutant

should resemblecdc16-1mutants in its pattern of DNA of DNA inesp1-1andcdc16-1 esp1-1mutants (data not
shown). These data demonstrate that the re-replication ofaccumulation. We therefore compared, by FACs analysis,

the pattern of DNA accumulation ofcdc16-1, ndc10-1 ndc10-1 and esp1-1mutants depends on APC function.
and cdc16-1 ndc10-1double mutants following their
release (at 37°C) from a G1 arrest induced by mating Discussion
pheromone (Figure 6). All mutants underwent a complete
round of DNA replication within 80 min. About 50% of APC function is needed for anaphase progression

and cyclin destructionndc10-1cells underwent a second complete round between
120 and 200 min. Most if not allcdc16-1mutant cells The Anaphase Promoting Complex (APC) is required for

ubiquitin-mediated destruction of a number of proteinsarrested initially with a 2C DNA content but thereafter
gradually accumulated DNA, presumably of mitochondrial during mitosis. Its substrates in yeast include: B-type

cyclins (Irniger et al., 1995); Pds1p and Cut2, that areorigin. The key point is that the pattern of DNA accumula-
tion in thecdc16-1 ndc10-1double mutant resembled that inhibitors of sister chromatid separation (Cohen-Fixet al.,

1996; Funabikiet al., 1996); Ase1p, a protein that isof thecdc16-1single mutant. DNA accumulation occurred
only gradually as in thecdc16-1single mutant and not as important for and associates with mitotic spindles (Juang

et al., 1997); and Cdc5p, a protein kinase of the Poloa discrete doubling from 2C to 4C as in thendc10-1
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Fig. 5. The continuous DNA synthesis incdc16-123mutant cells is not dependent on Cdc6p. Wild-typecdc6::hisG GAL-CDC6(K6428),cdc16-123
CDC6 (K5600) andcdc16-123 cdc6::hisG GAL-CDC6(K6433) strains were grown to logarithmic phase in YEPRafGal medium at 25°C (cyc) and
subsequently shifted to 37°C for 2.5 h. Cells were harvested by filtration (Time5 0), resuspended in either YEPRafGal (Gal) or YEPD (Glc)
medium (37°C) and incubated at 37°C for another 4 h. At the indicated time points, samples were collected for (A) Western blot and (B) FACs
analysis. In (A) Swi6 was used as an internal loading control. Cdc6 was detected using the 12CA5 antibody. K699 (WT) was used as negative
control for the 12CA5 antibody.

family (M.Shirayama and K.Nasmyth, in preparation). A role for the APC in re-replication control?

It has been recently proposed, however, that certainapcThe APC is composed of at least 10 different subunits
(Engleet al., 1990; Hiranoet al., 1990; O’Donnellet al., mutants accumulate large amounts of nuclear DNA during

their cell cycle arrest with high M-CDK, which suggests1991; Samejima and Yanagida, 1994; Kinget al., 1995;
Tugendreichet al., 1995; Peterset al., 1996; Yamashita that the APC might be required to prevent re-firing of

origins during G2 and M phases (Heichman and Roberts,et al., 1996; Zachariaeet al., 1996; W.Zachariae, personal
communication). Cells carrying temperature-sensitive 1996). This proposal is of considerable interest, first,

because it suggests that cells might after all be able to re-mutations in APC subunits fail to destroy B-type cyclins,
Pds1p, Ase1p and Cdc5p when shifted to the restrictive initiate DNA replication in the presence of high M-CDK

activity and, second, because it suggests that the APC hastemperature. They also fail to separate sister chromatids
and arrest in a metaphase-like state with intact mitotic an important cell cycle function not only during G1 and

anaphase but also during G2. In this paper, we have re-spindles and high cyclin B/Cdk1 kinase activity (Irniger
et al., 1995; Yamashitaet al., 1996). Early work suggested investigated the phenotype of severalapc mutants and

found no evidence that a significant fraction of theirthat apc mutants also failed to enter a new cell cycle and
to re-duplicate their chromosomes (Irnigeret al., 1995), nuclear genome is re-duplicated during their cell cycle

arrest. We confirmed thatapcmutants do indeed accumu-which fits with the current notion that M phase CDKs
must be inactivated for chromosomes to be prepared for late DNA after long periods of cell cycle arrest but showed

that this corresponds to duplication of their mitochondrialthe next round of DNA replication (Broeket al., 1991;
Hayleset al., 1994; Dahmannet al., 1995). genomes. Using an assay capable of measuring BrdU
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Materials and methods

Strains and media
All strains were isogenic or at least backcrossed three times to W303
(K699) (MATa ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100
ssd1-d) except for KHY201 (MATa cdc16-1) and K6114 (MATa cdc16-1
rho0) which were isogenic to strain A364a (Heichman and Roberts,
1996). All strains were haploid unless otherwise indicated.

Standard techniques were used for genetic crosses (Mortimer and
Hawthorne, 1969) and DNA manipulations (Maniatiset al., 1982). In
strain K7013 (MATa cdc26∆), CDC26was replaced by theKlyveromyces
lactis URA3 gene (Zachariaeet al., 1996). All strains carrying five
copies ofGPD-Tk (K6369, K6370, K6660, K6368, K6385) were derived
from K5601 (MATa GPD-Tk, five copies, described by Dahmann, 1995).
K6428 (MATa cdc6::hisG ura3::URA3-GAL-HA3CDC6, abbreviated by
cdc6::hisG GAL-CDC6) and K6433 (MATα cdc16-123 cdc6::hisG
ura::URA-GAL-HA3CDC6, abbreviated bycdc16-123 cdc6::hisG GAL-
CDC6) were derived from K5763 (MATa cdc15-2 cdc6::hisG
ura3::URA3-GAL-HA3CDC6, described in Piattiet al., 1996). SP365
(MATa ndc10-1 cdc16-1) was derived from parental strains K4610
(ndc10-1) and K2529 (cdc16-1).

Rho0 strains K6114 and K6823 were generated by growing KHY201
(MATa cdc16-1) and K5600 (MATα cdc16-123), respectively, on YEPD
plates supplemented with ethidium bromide. The loss of mitochondria
was checked by DAPI staining and death on YEP plates supplemented
with 3% glycerol as carbon source.

Cells were grown in YEP medium (1% yeast extract, 2% bactopeptone,
50 mg/l adenine) supplemented with either 2% glucose (YEPD), 2%
raffinose (YEPRaf) or 2% galactose and 2% raffinose (YEPRafGal).

Growth conditions, cell cycle arrests and cell
synchronization techniques
Prior to each arrest, cells were grown to logarithmic phase (OD600 0.3–
1.0) at the permissive temperature (20–25°C) and then diluted toFig. 6. Cdc16 function is needed for re-replication inndc10-1mutant
OD600 0.2.cells. Wild-type (K699),ndc10-1(K4610),cdc16-1(K2529) and

In the experiment described in Figure 2, cycling cultures were shiftedndc10-1 cdc16-1(SP365) cells were arrested byα-factor for 2.5 h at
to 37°C for 8 h. After 3 and 6 h incubations at 37°C, the cultures were25°C (Time5 0), collected by centrifugation, washed with YEPD
diluted 1:2 with prewarmed (37°C) YEPD medium to prevent cellsmedium (37°C) and then released into YEPD at 37°C. Samples for
from starvation.FACs analysis were taken every 30 min.

In the experiments described in Figures 3 and 4, cultures of cells were
diluted 1:2 with prewarmed YEPD medium (37°C) before addition of
BrdU to provide fresh nutrients to the cells. Cells were labelled with
BrdU (200µg/ml) for 2.5 h in the dark at 37°C.

Cells in which Cdc6 synthesis was controlled by theGAL1,10promoterincorporation into specific DNA sequences, we showed
(K6428 and K6433, Figure 5), were grown to log phase in YEPRafGalthat even small regions of the genome in the vicinity of medium at 25°C and then incubated for 2.5 h at 37°C. Cultures were

replication origins are not re-replicated inapc mutants. divided, cells harvested by filtration and then resuspended in either
YEPD or YEPRafGal medium (prewarmed at 37°C).Our data are inconsistent with the conclusion that the

α-factor was used to prepare synchronous cultures by growing cellsAPC is required to prevent origin re-firing during G2 and
to logarithmic phase at 25°C in YEPD medium and arresting them withM phases. The discrepancy between our conclusion andpheromone (2µg/ml) for 2.5 h. Uniformly arrested, cells were collected

that of Heichman and Roberts (1996) is unlikely to be by centrifugation, washed with 3 vol. of YEPD and resuspended in fresh
YEPD medium lackingα-factor and prewarmed at 37°C.due to our use of different APC alleles or due to different

To isolate small, unbudded daughter cells, strains were grown at 23°Cstrain backgrounds, because we have obtained similar
in YEPRaf medium and subsequently subjected to centrifugal elutriationresults with several different mutant alleles in two different as described previously (Schwob and Nasmyth, 1993).

strain backgrounds, including those used by Heichman
Determination of viabilityand Roberts. In some cases, we have performed somewhat
The concentration of cells was determined using a cell counter devicedifferent experiments to come to our conclusions. Instead
(Casy 1, Scha¨rfe System). Then 104, 103 and 33102 cells of each timeof using density shift experiments to analyse incorporation point were plated in duplicates on YEPD medium and incubated at 25°C

of nucleotide tracers into DNA, we usedin situ immuno- for 3 days.
detection of BrdU incorporation to monitor DNA replic-

Detection of BrdU by indirect immunofluorescenceation in individual cells and into specific regions of the
Incorporation and detection of BrdU was performed as described by

genome. Our data do not exclude the possibility that, Neff and Burke (1991). Incorporated BrdU (Sigma) was detected by a
under very particular conditions that we have clearly been monoclonal anti-BrdU antibody (Becton-Dickinson, #7580) at a 1:50

dilution, and the signal was visualized by indirect immunofluorescenceunable to reproduce, certainapc mutants do indeed re-
with CY3-conjugated anti-mouse antibody (1:400). Pictures were takenduplicate their nuclear genomes. Our data do however
with a charge-coupled device camera mounted on a Zeiss Axiophot

cast severe doubt on the robustness of this phenomenon.epifluorescence microscope equipped with a 100 W mercury lamp.
Our results suggest instead that APC activity is necessary

Detection of re-replication of specific chromosomefor re-replication of the yeast genome. Whether this is
sequencesbecause re-replication depends on ubiquitination of cyclins
The procedures are based on the methods described elsewhere (Vassilev

or that of some yet to be discovered inhibitor of re- and Russev, 1988; Anachkova and Hamlin, 1989; Vassilev and Johnson,
1989, 1990).replication is not yet certain.

5995



S.Pichler, S.Piatti and K.Nasmyth

Two hundred ml of cells (0.3–0.43107 cells/ml) were labelled with References
200 µg/ml BrdU (Sigma) for 2.5 h in the dark. All subsequent steps

Amon,A., Irniger,S. and Nasmyth,K. (1994) Closing the cell cycle circlewere either performed in the dark or by the use of light safety tubes to
in yeast: G2 cyclin proteolysis initiated at mitosis persists until theprevent light-induced damage to nascent BrdU–DNA strands. Cells were
activation of G1 cyclins in the next cell cycle.Cell, 77, 1037–1050.harvested by centrifugation and washed with PBS (0.14 M NaCl; 10 mM

Anachkova,B. and Hamlin,J.L. (1989) Replication in the amplifiedphosphate, pH 7.2). Cell breakage was performed in lysis buffer 1 (0.2%
Dihydrofolate Reductase domain in CHO cells may initiate at twosodium dodecyl sulfate, 1 M NaCl, 10 mM EDTA, 50 mM Tris–HCl,
distinct sites, one of which is a repetitive sequence element.Mol. CellpH 8.0) by the use of glass beads (1.5–23108 cells/300µl lysis buffer
Biol., 9, 532–540.1). Cell extracts were sonicated five times for 15 s each using a micro-

Basi,G. and Draetta,G. (1995) p13suc1 of Schizosaccharomyces pombeultrasonic cell disrupter (Kontes) to shear DNA to an average size of
regulates two distinct forms of the mitotic cdc2 kinase.Mol. Cell.500 bp. After 2 h of incubation with 0.2 mg/ml proteinase K (Merck)
Biol., 15, 2028–2036.and 0.1–0.2µg/ml RNase A (Boehringer-Mannheim) at 37°C, DNA was

Baum,P., Yip,C., Goetsch,L. and Byers,B. (1988) A yeast gene essentialisolated by phenol/chloroform extraction and ethanol precipitation,
for regulation of spindle pole duplication.Mol. Cell. Biol., 8, 5386–denatured in 0.2 M NaOH, neutralized with HCl in the presence of
5397.0.1 M Tris–HCl, pH 8.0, precipitated with ethanol and dissolved in 30µl

Booher,R.N., Alfa,C.E., Hyams,J.S. and Beach,D.H. (1989) The fissionTE (10 mM Tris–HCl, pH 8.0, 1 mM EDTA).
yeast cdc2/cdc13/suc1 protein kinase: regulation of catalytic activityMagnetic beads coated with rat monoclonal anti-mouse immuno-

globulin (Dynabeads M-450, Dynal) were incubated with anti-BrdU and nuclear localization.Cell, 58, 485–497.
antibody (Becton-Dickinson, #7580) for 6–12 h at 4°C (1µg antibody/ Broek,D., Bartlett,R., Crawford,K. and Nurse,P. (1991) Involvement of
83106 beads). Oneµg DNA and 250µg salmon sperm DNA (sonicated p34cdc2 in establishing the dependency of S phase on mitosis.Nature,
as described above) were dissolved in 300µl of PBS containing 349, 388–393.
0.1% Triton X-100, incubated for 5 min at 95°C and subjected to Bueno,A. and Russel,P. (1992) Dual function ofCDC6: a yeast protein
immunoprecipitation with 0.9µg anti-BrdU antibody for 1 h at room required for DNA replication also inhibits nuclear division.EMBO J.,
temperature with gentle agitation. Precipitates were washed twice with 11, 2167–2176.
TBSE (10 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.1 mM EDTA), four Cohen-Fix,O., Peters,J.M., Kirschner,M.W. and Koshland,D. (1996)
times with TBSE containing 1% Triton X-100, and once with TE. Anaphase initiation inS. cerevisiaeis controlled by the APC-
Specifically bound DNA was eluted from the beads by incubation of dependent degradation of the anaphase inhibitor Pds1p. Genes Dev.,
beads in 50µl of elution buffer (50 mM Tris–HCl, pH 8.0, 10 mM 10, 3081–3093.
EDTA, 1% sodium dodecyl sulfate) for 10 min at 65°C with agitation. Dahmann,C. (1995)Mechanisms that restrict DNA replication to once
Eluted DNA was deproteinized by 2 h incubation (37°C) in 200µl lysis per cell cycle in the budding yeastSaccharomyces cerevisiae. PhD
buffer 2 (50 mM Tris–HCl, 10 mM EDTA, pH 8.0, 0.5% sodium dodecyl Thesis, University of Vienna, Austria.
sulfate) containing 0.2 mg/ml proteinase K. After phenol/chloroform Dahmann,C., Diffley,J.F.X. and Nasmyth,K. (1995) S-phase promoting
extraction, DNA was precipitated with ethanol using glycogen cyclin dependent kinases prevent re-replication by inhibiting the
(Boehringer-Mannheim) as carrier and dissolved in TE. transition of replication origins to a pre-replicative state.Curr. Biol.,

PCRs were carried out in 50µl total volume with one-quarter of the 5, 1257–1269.
material immunoprecipitated by the magnetic bead-coupled anti-BrdU Diffley,J.F.X., Cocker,J.H., Dowell,S.J. and Rowley,A. (1994) Two steps
antibody (this amount was optimized to amplify PCR products without in the assembly of complexes at yeast replication originsin vivo. Cell,
reaching a plateau phase in the PCR cycles used) and 0.1µg of whole 78, 303–316.
cell extract DNA prior to immunoprecipitation, respectively (when 10 ng Doheny,K.F., Sorger,P., Hyman,A.A., Tugendreich,F.S. and Hieter,P.
of whole cell extract DNA were used for PCR a similar result was

(1993) Identification of essential components of theSaccharomyces
obtained). Primers were used to amplify the genome sequences located

cerevisiaekinetochore.Cell, 73, 761–774.454.5 bp, 458.5 bp, 462.5 bp (containing ARS1) and 466.5 kb from the
Engle,D.B., Osmani,S.A., Osmani,A.H., Rosborough,S., Xiang,X. andleft telomere of chromosome IV with the sizes of 350 bp, 310 bp, 270 bp

Morris,N.R. (1990) A negative regulator of mitosis inAspergillusand 228 bp, respectively. The four pairs of primers were used together
is a putative membrane spanning protein.J. Biol. Chem., 265,in each PCR as described by Tanakaet al. (1997).
16132–16137.Thirty per cent of PCR products were separated in 2.3% agarose gels

Epstein,C.B. and Cross,F.R. (1992)CLB5: a novel B cyclin from buddingand visualized with 0.2µg/ml ethidium bromide. Pictures were taken
yeast with a role in S-phase.Genes Dev., 6, 1695–1706.using Gel Print 2000i (Biophotics).

Fisher,D.L. and Nurse,P. (1996) A single fission yeast mitotic cyclin B
p34cdc2 kinase promotes both S-phase and mitosis in the absence of

Western blot analysis G1 cyclins.EMBO J., 15, 850–860.
Western blot analysis was performed as described by Suranaet al. Fitch,I., Dahmann,C., Surana,U., Amon,A., Nasmyth,K., Goetsch,L.,
(1993) with the exception that the enhanced chemiluminescence detection Byers,B. and Futcher,B. (1992) Characterization of four B-type cyclin
system (ECL, Amersham) was used instead of labelled iodide. One genes of the budding yeastSaccharomyces cerevisiae. Mol. Biol. Cell,
hundredµg of total protein was transferred to Immobilon P membranes 3, 805–818.
(Millipore). HA-tagged Cdc6 was detected with 12CA5 monoclonal Funabiki,H., Yamano,H., Kumada,K., Nagao,K., Hunt,T. and
antibody at a 1:100 dilution. Anti-Swi6 antibody was used at 1:100 00 Yanagida,M. (1996) Cut2 proteolysis required for sister-chromatid
dilution. Secondary antibodies were purchased from Amersham. separation in fission yeast.Nature, 381, 438–441.

Glotzer,M., Murray,A.W. and Kirschner,M.W. (1991) Cyclin is degraded
by the ubiquitin pathway.Nature, 349, 132–138.Other techniques

Goh,P.-Y. and Kilmartin,J.V. (1993)NDC10: a gene involved inFlow-cytometric DNA quantitation was determined according to Epstein
chromosome segregation inS. cerevisiae. J. Cell Biol., 121, 503–512.and Cross (1992) on a Becton-Dickinson FACscan using CellQuest

software. Hayles,J., Fisher,D., Woollard,A. and Nurse,P. (1994) Temporal order of
S phase and mitosis in fission yeast is determined by the state of the
p34cdc2–mitotic B cyclin complex.Cell, 78, 813–822.

Heichman,K. (1996) Cdc6 and DNA replication: limited to humble
Acknowledgements origins.BioEssays, 18, 859–862.

Heichman,K.A. and Roberts,J.M. (1996) The yeastCDC16andCDC27We thank all the members of the Kim Nasmyth laboratory for helpful
genes restrict DNA replication to once per cell cycle.Cell, 85, 39–48.discussions; Masaki Shirayama for invaluable help with experiments

Hirano,T., Hiraoka,Y. and Yanagida,M. (1988) A temperature-sensitiveand encouragement; Tomoyuki Tanaka for primers and help with the
mutation of theSchizosaccharomyces pombegene nuc2 that encodesestablishment of the BrdU-immunoprecipitation and PCR procedures
a nuclear scaffold-like protein blocks spindle elongation in mitoticand Wolfgang Zachariae for providing thecdc26deletion strain. We are
anaphase.J. Cell Biol., 106, 1171–1183.grateful to Fred Cross for critical reading of the manuscript and to the

Hirano,T., Kinoshita,N., Morikawa,K. and Yanagida,M. (1990) SnapRoberts laboratory for strains and stimulating conversation. Special
helix with knob and hole: essential repeats inS. pombenuclear proteinthanks to Le´on Dirick who contributed valuable insight into the yeast

cell cycle and into yeast genetics. nuc21. Cell, 60, 319–328.

5996



Is the APC needed to prevent re-replication?

Irniger,S., Piatti,S., Michaelis,C. and Nasmyth,K. (1995) Genes involved Sudakin,V., Ganoth,D., Daha,A., Heller,H., Herschko,J., Luca,F.C.,
Ruderman,J.V. and Herschko,A. (1995) The cyclosome, a largein sister chromatid separation are needed for B-type cyclin proteolysis
complex containing cyclin-selective ubiquitin ligase activity, targetsin budding yeast.Cell, 81, 269–277.
cyclins for destruction at the end of mitosis.Mol. Biol. Cell, 6, 185–198.Jackson,P.K., Chevalier,S., Philippe,M. and Kirschner,M.W. (1995) Early

Surana,U., Robitsch,H., Price,C., Fitch,I., Futcher,A.B. and Nasmyth,K.events in DNA replication require cyclin E and are blocked by p21CIP.
(1991) The role of Cdc28 and cyclins during mitosis in the buddingJ. Cell Biol., 130, 755–769.
yeastS. cerevisiae. Cell, 65, 145–161.Jiang,W., Lechner,J. and Carbon,J. (1993) Isolation and characterization

Surana,U., Amon,A., Dowzer,C., McGrew,J., Byers,B. and Nasmyth,K.of a gene (CBF2) specifying an essential protein component of the
(1993) Destruction of the Cdc28/Clb kinase is not required forbudding yeast kinetochore. J. Cell Biol., 121, 513–519.
metaphase/anaphase transition in yeast.EMBO J., 12, 1969–1978.Juang,Y.-L., Huang,J., Peters,J.M., McLaughlin,M.E., Tai,C.-Y. and

Tanaka,T., Knapp,D. and Nasmyth,K. (1997) Loading of an Mcm proteinPellman,D. (1997) APC-mediated proteolysis of Ase1 and the
onto DNA replication origins is regulated by Cdcbp and CDks.Cell,morphogenesis of the mitotic spindle.Science, 275, 1311–1314.
in press.Kelly,T.J., Martin,G.S., Forsburg,S.L., Stephen,R.J., Russo,A. and

Tugendreich,S., Tomkiel,J., Earnshaw,W. and Hieter,P. (1995) CDC27HsNurse,P. (1993) The fission yeast cdc181 gene product couples S
colocalizes with CDC16Hs to the centrosome and mitotic spindle andphase to START and mitosis.Cell, 74, 371–382.
is essential for the metaphase to anaphase transition.Cell, 81, 261–268.King,R.W., Peters,J.-M., Tugendreich,S., Rolfe,M., Hieter,P. and

Vassilev,L. and Johnson,E.M. (1989) Mapping initiation sites of DNAKirschner,M.W. (1995) A 20 S complex containingCDC27 and
replication in vivo using polymerase chain reaction amplification ofCDC16 catalyzes the mitosis-specific conjugation of ubiquitin to
nascent strand segments.Nucleic Acids Res., 17, 7693–7705.cyclin B. Cell, 81, 279–288.

Vassilev,L. and Johnson,E.M. (1990) An initiation zone of chromosomalKing,R.W., Deshaies,R.J., Peters,J.-M. and Kirschner,M.W. (1996) How
DNA replication located upstream of thec-mycgene in proliferatingproteolysis drives the cell cycle.Science, 274, 1652–1658.
HeLa cells.Mol. Cell. Biol., 10, 4899–4904.Krude,T., Jackman,M., Pines,J. and Laskey,R.A. (1997) Cyclin/Cdk-

Vassilev,L. and Russev,G. (1988) Purification of nascent DNA chainsdependent initiation of DNA replication in a human cell-free system.
by immunoprecipitation with anti-BrdU antibodies. Nucleic AcidsCell, 88, 109–119.
Res., 16, 10397.Maniatis,T., Fritsch,E.F. and Sambrook,J. (1982)Molecular Cloning: A

Wuarin,J. and Nurse,P. (1996) Regulating S phase: CDKs, licensing andLaboratory Manual. Cold Spring Harbor Laboratory Press, Cold
proteolysis.Cell, 85, 785–787.Spring Harbor, NY.

Yamashita,Y.M., Nakaseko,Y., Samejima,I., Kumada,K., Yamada,H.,Mondesert,O., McGowan,C.H. and Russel,P. (1996) Cig2, a B-type
Michaelson,D. and Yanagida,M. (1996) 20S cyclosome complexcyclin, promotes the onset of S inSchizosaccharomyces pombe. Mol.
formation and proteolytic activity inhibited by the cAMP/PKACell. Biol., 16, 1527–1533.
pathway.Nature, 384, 276–279.Moreno,S., Hayles,J. and Nurse,P. (1989) Regulation of p34cdc2 protein

Zachariae,W. and Nasmyth,K. (1996) TPR proteins required for anaphasekinase during mitosis.Cell, 58, 361–372.
progression mediate ubiquitination of the Clb2 B-type cyclin in yeast.Mortimer,R.K. and Hawthorne,D.C. (1969) Yeast genetics. In Rose,A.M.
Mol. Biol. Cell, 7, 791–801.and Harrison,J.S. (eds),The Yeasts.Academic Press, New York, Vol.

Zachariae,W., Shin,T.H., Galova,M., Obermaier,B. and Nasmyth,K.1, pp. 385–460.
(1996) Identification of subunits of the anaphase-promoting complexNasmyth,K. (1993) Control of the yeast cell cycle by the Cdc28 protein
of Saccharomyces cerevisiae. Science, 274, 1201–1204.kinase.Curr. Opin. Cell Biol., 5, 166–179.

Neff,M.W. and Burke,D.J. (1991) Random segregation of chromatids at
Received on May 29, 1997; revised on June 30, 1997mitosis inSaccharomyces cerevisiae. Genetics, 127, 463–473.

Nurse,P. (1994) Ordering S phase and M phase in the cell cycle.Cell,
79, 547–550.

O’Donnell,K.L., Osmani,A.H., Osmani,S.A. and Morris,N.R. (1991)
bimA encodes a member of the tetratricopeptide repeat family of
proteins and is required for the completion of mitosis inAspergillus
nidulans. J. Cell Sci., 99, 711–719.

Ohtsubo,M., Theodoras,A.M., Schumacher,J., Roberts,J.M. and
Pagano,M. (1995) Human cyclin E, a nuclear protein essential for the
G1-to-S phase transition.Mol. Cell. Biol., 15, 2612–2624.

Peters,J.M., King,R.W., Hooeg,C. and Kirschner,M.W. (1996)
Identification of BIME as a subunit of the anaphase-promoting
complex.Science, 274, 1199–1201.

Piatti,S., Lengauer,C. and Nasmyth,K. (1995) Cdc6 is an unstable protein
whosede novosynthesis in G1 is important for the onset of S phase
and for preventing a ‘reductional’ anaphase in the budding yeast
Saccharomyces cerevisiae. EMBO J., 14, 3788–3799.

Piatti,S., Böhm,T., Cocker,J.H., Diffley,J.F.X. and Nasmyth,K. (1996)
Activation of S- phase promoting CDKs in late G1 defines a ‘point
of no return’ after which Cdc6 cannot promote DNA replication in
yeast.Genes Dev., 10, 1516–1531.

Samejima,I. and Yanagida,M. (1994) Bypassing anaphase by fission
yeast cut9 mutation: requirement of Cut9 to initiate anaphase. J. Cell
Biol., 127, 1655–1670.

Schwob,E. and Nasmyth,K. (1993)CLB5 and CLB6, a new pair of B-
type cyclins involved in S phase and mitotic spindle formation inS.
cerevisiae. Genes Dev., 7, 1160–1175.

Schwob,E., Boehm,T., Mendenhall,M.D. and Nasmyth,K. (1994) The
B-type cyclin kinase inhibitor p40SICI controls the G1 to S transition
in S. cerevisiae. Cell, 79, 233–244.

Starborg,M., Brundell,E., Gell,K. and Hooeg,C. (1994) A novel murine
gene encoding a 216-kDa protein is related to a mitotic checkpoint
regulator previously identified inAspergillus nidulans. J. Biol. Chem.,
269, 24133–24137.

Strausfeld,U.P., Howell,M., Descombes,P., Chevalier,S., Rempel,R.E.,
Adamczewski,J., Maller,J.L., Hunt,T. and Blow,J.J. (1996) Both cyclin
A and cyclin E have S-phase promoting (SPF) activity inXenopus
egg extracts.J. Cell Sci., 109, 1555–1563.

5997


