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Exit from mitosis requires the inactivation of mitotic cyclin-
dependent kinases (CDKs). In the budding yeast, Saccharomyces
cerevisiae, inactivation of CDKs during late mitosis involves
degradation of B-type cyclins as well as direct inhibition of
cyclin±CDK complexes by the CDK-inhibitor protein Sic1 (refs
1±3). Several striking similarities exist between Sic1 and Cdc6, a
DNA replication factor essential for the formation of pre-repli-
cative complexes at origins of DNA replication4±9. Transcription of
both genes is activated during late mitosis by a process dependent
on Swi5 (ref. 10). Like Sic1, Cdc6 binds CDK complexes in vivo11,12

and downregulates them in vitro11. Here we show that Cdc6, like
Sic1, also contributes to inactivation of CDKs during late mitosis
in S. cerevisiae. Deletion of the CDK-interacting domain of Cdc6
does not inhibit the function of origins of DNA replication during
S phase, but instead causes a delay in mitotic exit; this delay is
accentuated in the absence of Sic1 or of cyclin degradation. By
contributing to mitotic exit and inactivation of CDKs, Cdc6 helps
to create the conditions that are required for its subsequent role in
the formation of pre-replicative complexes at origins of DNA
replication.

We ®rst examined whether Cdc6 acts as a CDK inhibitor when
overexpressed in vivo. We constructed S. cerevisiae strains in which
expression of CDC6, or a mutated version lacking the amino-
terminal 47 amino acids (¢47cdc6)13, were regulated by the galac-
tose-inducible GAL1-10 promoter. Exponential cultures were
grown in the absence of galactose, and cells were then arrested in
G2/M with the microtubule-depolymerizing drug nocodazole.
Expression of CDC6 or ¢47cdc6 was then induced by adding
galactose to the medium. Samples were taken at regular intervals
and processed for CDK kinase assays. Overexpression of wild-
type Cdc6 inhibited the activity of the cyclin B±CDK complex
Clb2±Cdc28, whereas the induction of ¢47cdc6 did not affect
Clb2±Cdc28 activity, as expected (Fig. 1a). Cdc6-mediated inacti-
vation was independent of Sic1-mediated Clb2±Cdc28 inhibition

(Fig. 1b). Similarly, inhibition of Cdc28 activity by Cdc6 did not
require Hct1 (ref. 2), an activator of cyclin B degradation by means
of the anaphase promoting complex (APC; Fig. 1c). Together with
the in vitro ability of Cdc6 to inhibit Cdc28 (ref. 11), these results
indicate that Cdc6 can function as a CDK inhibitor, and that this
function is exerted through the Cdc28-interacting domain present
in the ®rst 47 amino acids of the Cdc6 protein.

Null mutants of HCT1 (¢hct1) are viable and their exit from
mitosis is only moderately delayed compared with wild-type cells2.
This is probably because defects in cyclin proteolysis are compen-
sated by direct CDK inhibition2. If Cdc6, together with Sic1, inhibits
CDKs as cells exit mitosis it would be expected that cdc6 mutant cells
would show defects in exiting this stage of the cell cycle. We ®rst
con®rmed that the ¢47cdc6 strain did not exhibit any defects in
DNA replication. Rates of plasmid loss are very similar between
¢47cdc6 and ¢47cdc6 ¢hct1 strains and appropriate wild-type or
¢hct1 controls (per cent of loss rates, mean 6 s.d: wild type, 1.81 6
0.16; ¢47cdc6, 1.51 6 0.23; ¢hct1, 2.72 6 0.31; ¢47cdc6 ¢hct1, 2.28
6 0.18. Second, we used two-dimensional gel analyses to show that
D47cdc6 cells ®re replication origins as ef®ciently as wild-type cells
(as shown for ARS1 in Supplementary Information Fig. 1).

To study whether ¢47cdc6 mutant cells were defective in their exit
from mitosis, we ®rst used nocodazole block-and-release experi-
ments, because this allowed us to analyse fully all the events from
mitosis until entry into G1 phase. In keeping with defects in the exit
from mitosis, the decline of cells with mitotic spindles was delayed
in ¢47cdc6 and ¢hct1 cells compared with CDC6 wild-type cells.
Also, Clb2-associated kinase activity and Clb2 protein levels
declined slightly more rapidly in the wild-type control than in
mutant cells (see Supplementary Information Fig. 2). We then
analysed exit from mitosis in cells synchronized in telophase, by
arresting a cdc15 mutant at the restrictive temperature of 37 8C (ref.
14). Thus, exponential cultures of cdc15-2 and isogenic cdc15-2
¢47cdc6 and cdc15-2 ¢hct1 strains were blocked at 37 8C for 4 h.
Cells were then released from the block and further incubated at
20 8C; samples were taken at regular intervals and processed for
immuno¯uorescence, analysed by western blot and assayed for
kinase activity (Fig. 2). In both cdc15-2 ¢47cdc6 and cdc15-2
¢hct1 mutants, the rate of disappearance of elongated spindles
was delayed compared with the control (Fig. 2b). Consistent with
this delay, on release from the telophase arrest, activity of Clb2-
associated H1 kinase declined faster in the cdc15-2 control than in
cdc15-2 ¢47cdc6 or cdc15-2 ¢hct1 (Fig. 2b). Levels of Clb2 protein
declined both in the cdc15-2 control and in cdc15-2 ¢47cdc6 mutant
cells. In keeping with previous observations2, Clb2 was stable in the
strain with HCT1 deleted.

We also found that the ¢47cdc6 mutant is synthetically lethal
when combined with mutations in the CDC23 gene, which encodes
a component of the APC15±17, just as observed previously for ¢sic1
(ref. 2). Several ¢47cdc6 cdc23-1 haploid strains were selected at
25 8C and found to be inviable above 28 8C, a temperature at which
¢47cdc6 and cdc23-1 single mutants grow at a similar rate as the wild
type (see Supplementary Information Fig. 3). Synthetic lethality of
¢47cdc6 with an APC mutant suggests either that the APC is
involved in the regulation of Cdc6 protein stability, or that Cdc6
cooperates with the APC in promoting progression through mito-
sis, in which APC also participates2,15±17. As proteolysis of Cdc6 is
not regulated by the APC18, our data, together with the synthetic
lethality described for cdc6-1 cdc14-1 mutants19, suggest a scheme in
which Cdc6 cooperates with Sic1 in CDK inhibition. We also found
that ¢47cdc6 is synthetically lethal at intermediate temperatures
when combined with other mutants defective in mitotic exit, such as
cdc14-1. Several haploid ¢47cdc6 cdc14-1 strains were selected and
found to be inviable at 31 8C (see Supplementary Information Fig.
3). This synthetic lethality was comparable to the genetic interac-
tions observed in cdc14-1 ¢sic1 and cdc14-1 ¢hct1 double
mutants19,20. ¢47cdc6 cdc14-1 double mutants arrested at 31 8C as

© 2001 Macmillan Magazines Ltd



letters to nature

356 NATURE | VOL 412 | 19 JULY 2001 | www.nature.com

GAL1-10:CDC6 GAL1-10:  47cdc6∆ GAL1-10:CDC6   sic1∆
NZ (min) NZ (min) NZ (min) NZ (min)

As       0       30      60       C As       0       30      60       C As     0      30    60    90 As     0      30    60    90     C

Non-induced Induced

GAL1-10:CDC6   hct1∆
NZ (min)

As   0   30   60  90   

NZ (min)

As   0   30   60  90  C

Non-induced Induced

GAL1-10:SIC1   hct1∆
NZ (min)

As   0   30   60  90  

NZ (min)

As   0   30   60  90  C

Non-induced Induced

H1

CIb2

Pgk

H1

CIb2

Pgk

100

60

20

As            0            30           60           90

C
lb

2 
ki

na
se

 a
ct

iv
ity

 (%
)

Sample (min)

a

H1

CIb2

Pgk

b

c

Figure 1 Cdc6 promotes Clb2-associated kinase inhibition by a mechanism independent

of Clb2 degradation. Cultures of congenic wild type (a), ¢sic1 (b) and ¢hct1 (c) cells

expressing CDC6, ¢47cdc6 or SIC1 under the control of the galactose-inducible

promoter GAL1-10 were arrested in mitosis with nocodazole (NZ) before the addition of

galactose. Samples were taken at regular intervals and processed for Clb2-associated H1

kinase activity assays and western analysis (Pgk as a loading control). Asynchronous (As)

and untagged Clb2 (C) controls are shown for reference. In c, circles indicate GAL1-

10:CDC6, squares GAL1-10:SIC1, open symbols non-induced and closed symbols

induced samples.
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Figure 2 Exit from mitosis is delayed in ¢47cdc6 mutant cells compared with CDC6 wild-

type cells. Cultures of cdc15-2 (control), cdc15-2 ¢47cdc6 (¢47cdc6) and cdc15-2

¢hct1 (¢hct1) strains were synchronized in telophase by incubating them at 37 8C for

4 h. Cultures were then released at 20 8C and samples taken at indicated intervals and

processed for Clb2-associated H1 kinase activity assays (a, top panels), Clb2 and Pgk

western analysis (a, middle and lower panels) and tubulin staining (b, lower plot) to

measure the exit from mitosis. Plots of the relative H1 kinase activity and Clb2 protein

abundance (normalized to Pgk levels) are shown in b.

© 2001 Macmillan Magazines Ltd



letters to nature

NATURE | VOL 412 | 19 JULY 2001 | www.nature.com 357

single, elongated budded cells with two distinct nuclei (not shown),
similar to cdc14-1 mutant cells at 37 8C (ref. 21) and consistent with
a block late in mitosis. These genetic interactions suggest that the
Cdc28-interaction domain at CDC6 participates in mitotic exit.

If Cdc6 cooperates with Hct1 and Sic1 to promote mitotic exit,
the role of Cdc6 in this process might be easier to observe in cells
lacking Hct1 or Sic1. We also characterized, therefore, the pheno-
type of the double mutant ¢47cdc6 ¢hct1. These mutant cells,
although viable, were larger (Fig. 3b) and grew slower than wild-
type or single-mutant controls, showing a signi®cant lag in late
mitosis (Fig. 3). Consistent with this lag, asynchronously growing
cells showed a marked increase in 2C DNA cell contents as
compared with wild-type cells (Fig. 3a) and had approximately
50% of the levels of Clb2±Cdc28 kinase activity to nocodazole-
arrested cells (Fig. 3d). Furthermore, tubulin staining revealed that
80.1 6 2.71% (mean 6 s.d.) of these cells had an extended mitotic
spindle reminiscent of defects late in mitosis (Fig. 3c), a percentage
signi®cantly higher than those observed in wild-type (14.1 6
0.76%), ¢47cdc6 (16.3 6 0.97%) and ¢hct1 (26.5 6 1.32%) con-
trols (this defect is rescued by SIC1; see Supplementary Information
Fig. 4). A telophase block-and-release experiment was then per-
formed to compare the Clb2-associated kinase activity, and also to
measure the extended spindle index in cdc15-2 ¢hct1 and cdc15-2
¢47cdc6 ¢hct1 strains (Fig. 3e). After a 4-h block at 37 8C, cells were
released and further incubated at 25 8C, taking samples at regular
intervals. Consistent with a role for Cdc6 in the exit from mitosis, in

cdc15-2 ¢47cdc6 ¢hct1 cells both the rate of disappearance of
telophase spindles and the drop in Clb2±Cdc28 kinase activity
was signi®cantly delayed compared with the cdc15-2 ¢hct1 control
(Fig. 3e).

In a similar manner, we examined the effects of combining
¢47cdc6 with deletion of the SIC1 gene. We found that the
double mutant ¢47cdc6 ¢sic1 is inviable at all temperatures. To
study the double-mutant phenotype, a conditional ¢47cdc6 ¢sic1
GAL1-10:cdc6-1 haploid strain was constructed. This strain grew in
galactose-based medium at 25 8C. Nevertheless, repression of the
GAL1-10 promoter at 37 8C induced the appearance of large budded
cells with replicated DNA, two nuclei and extended mitotic spindles
(Fig. 4), consistent with a defect in late anaphase. This result
provides further evidence supporting a role for Cdc6 in the exit
from mitosis, in combination with Sic1.

CDC6 is essential in the formation of pre-replicative complexes at
origins of DNA replication5,22. It is known that the periodic
transcription of the CDC6 gene in rapidly proliferating cells starts
late in mitosis23,24 and this is correlated with the appearance of the
Cdc6 initiation protein7. We have discovered a major reason
explaining why Cdc6 is synthesized at this stage of the cell cycle:
namely, that it contributes to the inactivation of CDK at the end of
mitosis, cooperating with Sic1 in the direct inhibition of cyclin B±
CDK complexes (Fig. 4c).

Our ®ndings show that in budding yeast Cdc6 has a dual role, in
both chromosome replication and in mitosis, and it will be of
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considerable interest to see whether the same is true for homologues
of Cdc6 in other species of eukaryote. M

Methods
Strains and cell cycle control

All strains used in this work were backcrossed three times with a 15Dau strain12. All of
them carried a CLB2HA allele2. They were constructed by tetrad analysis, checking
appropriate segregation of markers after each cross genetically, by Southern blot and/or
polymerase chain reaction (PCR) and segregation of CLB2HA by western blot. To
construct the ¢47cdc6 strain that carries this allele as the only copy of the CDC6 allele, two
PCRs were performed. We generated a fragment with 596 base pairs (bp) (¯anked by
EcoRI±NdeI sites) containing the 59-¯anking sequence upstream from the CDC6 ATG
(oligonucleotides 59-TAGAATTCGAGGCTTTCTCGAGG-39 and 39-CATGGTATATGC
AAGGTATACAT-59) and a 633-bp fragment (¯anked by NdeI and XbaI sites) from the
145±778 bp of the CDC6 open reading frame (oligonucleotides 59-TACATATGTTTGGC
TCACAGTCT-39 and 39-CCATACCGATTATCAGATCTATAC-59). The two fragments
were ligated using the NdeI sites and cloned into a pGEM-T vector. The internal
MluI±XbaI fragment was fully sequenced and used to replace the wild-type MluI±XbaI
fragment contained in the genomic BamHI±HindIII 5.5-kilobase (kb) fragment. A URA3
gene was introduced as marker into the CDC6 downstream from the EcoRI site and the
resulting BamHI±HindIII fragment was used to transform 15Dau cells. The resulting
genomic constructions were tested by PCR and sequencing.

Yeast strains were grown in rich YEP medium (1% yeast extract, 2% peptone)
containing 2% glucose. For block-and-release experiments, cells were grown in YEP with
2% glucose at 28 8C and synchronized by adding 15 mg ml-1 nocodazole for 150 min,
except where indicated. Cells were collected by centrifugation and released in nocodazole-
free medium for 90 min at 28 8C. Overexpression experiments were done with cells
growing in YEP medium with 2% raf®nose at 32 8C; after 120 min of nocodazole blocking,
2.5% galactose was added to induce (or 2% glucose to repress) expression from the GAL1
promoter. The cell cycle position was monitored by standard FACS analysis. Analysis of
plasmid loss rate was performed as described25.

Kinase analysis and western blot

Cell extracts were prepared as described12 and protein concentrations were determined
using BCA Protein Assay Kit (Pierce). Immunoprecipitation and immunoblotting were
carried out with anti-haemagglutinin (HA) (12CA5, Roche) and anti-Pgk (mouse
monoclonal, Molecular Probes) antibodies. Kinase assays were performed with H1 histone

(Calbiochem) as substrate on immunoprecipitates at 25 8C as described12, and quanti®ed
with a phosphorimager. H1 histone signals were normalized to the nocodazole-arrest level.

Microscopy

To evaluate exit from mitosis, elongated spindles were counted and plotted. Staining of
microtubules was performed as described26 using anti-tubulin antibody TAT-1, and DNA
was visualized after staining with 4,6-diamidino-2-phenylindole (DAPI). Fluorescence
images were collected using a Leica Q550CW microscope with a ´ 63 objective and a
Sensys CCD (charge-coupled device) camera (Photometrics). More that 300 cells were
examined for each time point, and the experiment was repeated three times, to gain an
estimate of error.
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Figure 4 ¢sic1 ¢47cdc6 double-mutant cells are defective in the exit from mitosis.

Asynchronously growing cultures of ¢47cdc6 ¢sic1 GAL1-10:cdc6-1 and Dsic1 GAL1-

10:cdc6-1 strains were repressed and shifted to 37 8C to analyse DNA content (a) and

extended spindle morphology (b) during a time-course experiment. ¢47cdc6 ¢sic1 cells

from the last time point (a) were co-stained with anti-tubulin antibodies and DAPI to show

spindle and nuclear morphology, respectively. c, A model for the relative importance of

Cdc6, Sic1 and Hct1 in CDK inactivation at the exit from mitosis.
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