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Cell cycle- and cell growth-regulated
proteolysis of mammalian CDC6 is
dependent on APC-CDHI1
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CDC6 is conserved during evolution and is essential and limiting for the initiation of eukaryotic DNA
replication. Human CDC6 activity is regulated by periodic transcription and CDK-regulated subcellular
localization. Here, we show that, in addition to being absent from nonproliferating cells, CDC6 is targeted for
ubiquitin-mediated proteolysis by the anaphase promoting complex (APC)/cyclosome in G,. A combination of
point mutations in the destruction box and KEN-box motifs in CDC6 stabilizes the protein in G, and in
quiescent cells. Furthermore, APC, in association with CDH1, ubiquitinates CDC6 in vitro, and both APC
and CDH]1 are required and limiting for CDC6 proteolysis in vivo. Although a stable mutant of CDC6 is
biologically active, overexpression of this mutant or wild-type CDC6 is not sufficient to induce multiple
rounds of DNA replication in the same cell cycle. The APC-CDH1-dependent proteolysis of CDC6 in eatly G,
and in quiescent cells suggests that this process is part of a mechanism that ensures the timely licensing of

replication origins during G,.
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Most of our knowledge concerning the molecular
mechanisms responsible for the initiation of DNA rep-
lication in eukaryotes is based on genetic and biochemi-
cal data obtained in Saccharomyces cerevisiae. Genomic
footprinting of S. cerevisiae autonomously replicating
sequences (ARSs) has suggested a model for the occupa-
tion of origins of replication by protein complexes during
the cell cycle (for review, see Diffley 1996; Stillman
1996; Dutta and Bell 1997). Prereplication complexes
(preRCs) assemble at the ARS during G, and render the
DNA competent for replication. PreRCs persist through-
out G, and are not observed on origins in S phase. The
firing of origins is most likely triggered by cyclin-depen-
dent kinases (CDKs) and Cdc7p/Dbf4p kinases that lead
to the conversion of preRCs to postRCs. The postRCs,
which are present in S, G,, and M phase, are not com-
petent for initiation of DNA replication. In vitro, the
postRC features of the footprints can be reconstituted by
a multisubunit complex termed the origin recognition
complex (ORC; Bell and Stillman 1992).
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ORC consists of six subunits (Orclp-Orc6p) that as-
sociate with ARSs throughout the cell cycle (Aparicio et
al. 1997; Liang and Stillman 1997). In addition to ORC,
Cdc6p and Mem proteins (Mcm2p-Mcm7p) are required
for the formation of the preRC. These and their orthologs
in Schizosaccharomyces pombe and Xenopus laevis are
required for the initiation of DNA replication (for re-
view, see Leatherwood 1998), suggesting a conserved
mechanism of regulating DNA replication. Biochemical
analyses of the ORC and the Mcms have shown that
they contain ATPase motifs and that the Mcms have
intrinsic DNA helicase activity (You et al. 1999).

CDC6 plays a key role in regulating the initiation of
DNA replication. It is indispensable for the formation
and maintenance of preRCs and for the association of
Mcms with origins of replication (Leatherwood 1998).
Cdc6p and its orthologs in S. pombe (Cdc18) and X. lae-
vis (XICDC6) are all essential for initiation of DNA rep-
lication (for review, see Diffley 1996; Dutta and Bell
1997). Cdc6p and Cdcl8 are both unstable proteins and
de novo synthesis of these two proteins in G, is required
for DNA replication (Diffley 1996). Like some Orc and
Mcm proteins, Cdc6p and its orthologs contain an
ATPase domain. Mutation of the ATPase domain indi-
cates that binding and hydrolysis of ATP are necessary
for the Cdc6 proteins to stimulate DNA replication (Per-
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kins and Diffley 1998; Herbig et al. 1999; Weinreich et al.
1999).

Both Cdc6p and Cdcl8 are CDK substrates, and phos-
phorylation at the G,/S boundary leads to ubiquitin-me-
diated proteolysis of the two proteins. The proteolysis is
regulated by an SCF (Skpl, Cdc53/Cullin, F-box prote-
in)-E3 ligase complex in both yeast species (Piatti et al.
1996; Drury et al. 1997; Jallepalli 1997; Kominami and
Toda 1997). Interestingly, overexpression of Cdcl8 is
sufficient to induce re-replication (Kelly et al. 1993). The
proteolysis of Cdc18 at the G,/S boundary appears to be
an important mechanism for restricting origin usage to
“once and only once” per cell cycle, as a stable mutant of
Cdc18 with mutations in all putative CDK phosphory-
lation sites is more efficient than wild-type Cdcl8 in
inducing re-replication upon overexpression (Jallepalli et
al. 1997). In contrast, wild-type Cdc6p or a stable Cdc6p
mutant is not sufficient to induce re-replication in S.
cerevisiae (Piatti et al. 1996; Drury et al. 1997). These
data suggest that some aspects of regulation of DNA rep-
lication in the two yeast species differ significantly and
that S. cerevisiae has developed other regulatory mecha-
nisms that restrict origin usage. In agreement with this
notion is the recent finding that overexpression of wild-
type S. cerevisiae Cdc6p in S. pombe can induce re-rep-
lication (Sanchez et al. 1999).

Human CDC6 also plays a critical role in regulating
DNA replication, as it is both limiting and essential for
S phase entry (Hateboer et al. 1998; Stoeber et al. 1998;
Yan et al. 1998). Because of its key role in regulating
DNA synthesis, it is expected that several control
mechanisms regulate the abundance and activity of
CDC6. In agreement with this concept is the fact that
CDC6 is absent from quiescent cells (Williams et al.
1997, 1998), and that its cell growth-dependent tran-
scription is strictly controlled by the E2F transcription
factors (Hateboer et al. 1998; Yan et al. 1998). Moreover,
phosphorylation of CDC6 by cyclin A-CDK2 leads to a
down-regulation of CDC6 activity during S phase by the
relocalization of the protein from the nucleus to the cy-
tosol (Saha et al. 1998; Jiang et al. 1999; Petersen et al.
1999). In contrast with its yeast orthologs, the level of
CDC6 has been reported to be uniform during the cell
cycle in proliferating cells (Saha et al. 1998; Jiang et al.
1999), and it is believed that the relocalization of the
protein in S is sufficient to control CDC6 activity after
origin firing. The recent findings that CDC6 is a very
sensitive marker for proliferation and that CDC6 immu-
nostaining of cervical smears can be used as an improved
marker for premalignant cells (Williams et al. 1998) dem-
onstrate that there is a very tight control on the abun-
dance of CDCG6 in the cell. These results may also indi-
cate that mechanisms other than transcriptional control
are involved in the regulation of CDC6 levels. Here, we
show that CDC6 is targeted for proteolysis in early G,
and in quiescent cells by the anaphase promoting com-
plex (APC) or cyclosome, (for review, see Zachariae and
Nasmyth 1999) and suggest that the degradation of
CDC6 is part of a mechanism that ensures correct tem-
poral usage of origins of replication.

APC mediated proteolysis of human CDC6

Results

Mammalian CDC6 is absent in early G,

To determine whether CDC6 is present in all phases of
the cell cycle, U20S cells were synchronized by centrifu-
gal elutriation, and protein extracts prepared from cells
with different cell cycle profiles were analyzed by West-
ern blotting. As shown in Figure 1A, very little CDC6 is
present in the sample containing mainly early G, cells
(F1), whereas the extracts prepared from cells in other
phases of the cell cycle contain an almost equal amount
of CDC6. The degree of synchronization was confirmed
by FACS analysis and by analysis of the expression of
cyclin B1, which is targeted for proteolysis by APC and is
absent in early G, (Brandeis and Hunt 1996). The cell
cycle-regulated expression of CDC6 also was observed
in chemically synchronized cells. HeLa cells were syn-
chronized with nocodazole. After release from the noco-
dazole block for various periods of time, samples were
prepared for Western blotting and FACS analysis. In
agreement with the data obtained by centrifugal elutria-
tion, CDC6 was dramatically down-regulated in G,
whereas high levels of CDC6 were present in the remain-
ing part of the cell cycle (Fig. 1B). These data show that
the protein level of CDC6 fluctuates dramatically in ev-
ery cell cycle in proliferating cells, not only when cells
exit or enter the cell cycle.

CDC6 mRNA is present in early G,

The absence of CDC6 in early G, could be explained by
a down-regulation of CDC6 transcription or a specific
degradation of CDC6 in this phase of the cell cycle. To
investigate whether CDC6 mRNA and protein levels
correlate in early G, of the cell cycle, HeLa cells were
synchronized by nocodazole treatment. Samples were
harvested for FACS analysis and Northern and Western
blotting at different times after the release. As shown in
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Figure 1. CDCG6 is absent in early G,;. (A) U20S cells were
fractionated by elutriation. The cell cycle profile of the different
fractions was determined by FACS analysis (percentage of cells
in G, and S phase indicated below). Cell extracts (50 pg) from
the indicated fractions were analyzed by Western blotting with
antibodies specific to CDC6, Cyclin B1, and Actin (as a loading
control). (as) Extracts from asynchronously proliferating cells.
(B) HeLa cells were synchronized in metaphase by nocodazole
treatment and released into the cell cycle by plating in noco-
dazole-free medium. Cells were harvested at the indicated num-
ber of hours after the release and analyzed as in A.
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Figure 2B, CDC6 mRNA is present throughout the cell
cycle. A two- to threefold increase of CDC6 mRNA was
observed in S phase cells when compared with asynchro-
nously growing cells or cells in G,. Importantly, how-
ever, although CDC6 mRNA was present throughout
G,, there was no correlation between CDC6 protein and
mRNA levels in this phase of the cell cycle (Fig. 2B; data
not shown). Moreover, these results show that CDC6 is
detectable 4-6 hr prior to the initiation of S phase (Fig. 1
and data not shown). CDC6 appeared at the same time as
cyclin E. However, complete expression of CDC6 was
not observed before cyclin A was expressed at high lev-
els. This pattern of CDC6 expression in proliferating
cells is similar to the timing of expression in cells enter-
ing the cell cycle from quiescence and is in agreement
with the requirement for CDC6 to initiate DNA repli-
cation (Stoeber et al. 1998; Yan et al. 1998; Petersen et al.
1999).

CDC6 is degraded by the proteasome

To test whether CDC6 can be stabilized by inhibition of
the proteasome, U20S and MRC5 cells were cultured in
the presence of MGI132, LLM, and lactacystein, potent
inhibitors of either the proteasome (MG132 and lacta-
cystein) or the calpain proteases (MG132 and LLM; Lee
and Goldberg 1998). The treatment with MG132 and lac-
tacystein led to a four- to fivefold increase in the level of
CDC6, whereas the addition of DMSO and LLM had no
effect (Fig. 3A). As a control for these experiments, the
expression pattern of p53 was analyzed in the absence or
presence of protease inhibitors. In agreement with pre-
viously published results (Maki et al. 1996), p53 was sta-
bilized specifically by inhibitors of the proteasome.
Thus, CDC6, like p53, is specifically targeted for degra-
dation by the proteasome.
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Figure 2. CDC6 mRNA is present in early G,. HeLa cells were
synchronized in metaphase as in Fig. 1. Cells were harvested for
FACS analyses and isolation of total RNA at the indicated num-
ber of hours after the release. (A) Cell cycle profiles as deter-
mined by flow cytometry. (B) Total RNA was analyzed by
Northern blotting. The blot was probed for expression of CDC6
and GAPDH.
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CDC6 is polyubiquitinated in vivo

To investigate whether CDC6 degradation is regulated
by ubiquitination, we tested whether CDC6 is polyubiq-
uitinated in vivo. HeLa cells were transfected with a
CDC6 expression vector, a HA-ubiquitin expression
vector, or with both. The transfections were performed
in duplicate; one plate was treated with MG132 and the
other with DMSO as a control. Cell extracts were pre-
pared and used for immunoprecipitations of CDC6. The
immunoprecipitations were analyzed by immunoblot-
ting with an antibody to CDC6 (Fig. 3B, lanes 1-8). En-
dogenous CDC6 was found to be ubiquitinated in
samples from cells treated with MG132. Ectopic expres-
sion of CDC6 further increased the amount of detected
polyubiquitinated CDC6. Ubiquitinated CDC6 was ob-
served as a ladder of immunoreactive proteins with
higher molecular weights than CDC6 itself. The ligation
of HA-tagged ubiquitin to CDC6 was evaluated by prob-
ing with an antibody to the HA tag, 12CAS5 (Fig. 3B, lanes
9-12). In agreement with the results obtained with the
anti-CDC6 antibody, the 12CA5 antibody recognized
slower-migrating polyubiquitinated forms of CDC6. In
summary, the stabilization of CDC6 by proteasome in-
hibitors and the identification of polyubiquitinated
CDC6 in vivo strongly suggest that the proteolysis of
mammalian CDC6 is controlled by ubiquitination.

Degradation of CDC6 is dependent on its amino
terminus, but independent of CDK phosphorylation
and subcellular localization

To understand which region of CDC6 targets it for deg-
radation, different CDC6 deletion mutants were ex-
pressed in HeLa cells. The cells were treated with cyclo-
heximide for 6 hr to block de novo protein synthesis and
to allow most of the endogenous CDC6 to be degraded.
As demonstrated in Figure 4A and summarized in Figure
4D, carboxy-terminal deletion mutants were as unstable
as endogenous CDC6. In contrast, deletion of the first
110 amino-terminal residues led to stabilization of
CDC6. This CDC6 mutant was expressed at almost the
same level in cells treated with cycloheximide as in un-
treated cells. Similarly, a mutant lacking the 185 amino-
terminal residues was also more stable than endogenous
wild-type CDC6.

The amino terminus of CDC6 contains three CDK
phosphorylation sites and a cyclin-binding motif (Pe-
tersen et al. 1999). The three amino-terminal phosphory-
lation sites appear to be the only functional CDK sites in
CDC6, as mutation of these abolishes phosphorylation
of CDC6 in vivo and in vitro (Jiang et al. 1999; Petersen
et al. 1999). The amino-terminal regions of Cdc6p and
Cdcl18 have also been shown to regulate their stability
(Drury et al. 1997; Kominami and Toda 1997). Phos-
phorylation of Cdc18 and Cdc6p by S and M phase CDKs
target the proteins for SCF-dependent ubiquitination and
subsequent degradation (Jallepalli 1997; Elsasser et al.
1999). Because this mechanism could also be implicated
in the degradation of CDC6, we examined the stability of
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two mutants in which the three amino-terminal CDC6
phosphorylation sites were changed to alanine (CDC6-
AAA) or aspartic acid residues (CDC6-DDD). If phos-
phorylation targets CDC6 for degradation, the CDC6-
AAA mutant should have been stabilized, whereas the
DDD mutants could have been destabilized. As shown
in Figure 4B, the mutations in the phosphorylation sites
had minimal effect on the stability of CDC6. Both mu-
tants were degraded in the presence of cycloheximide,
and, in addition, they were stabilized by inhibition of the
proteasome (data not shown). These experiments
showed that the degradation of CDC6 is independent of
its phosphorylation status and that other amino-termi-
nal sequences are involved in its degradation.

Recent experiments have demonstrated that the relo-
calization of p53 to the cytoplasm is part of the mecha-
nism that regulates p53 degradation (Freedman and
Levine 1998). Because CDC6 has been shown to relocal-
ize to the cytoplasm during S phase (Saha et al. 1998;
Stoeber et al. 1998; Petersen et al. 1999), we investigated
whether the subcellular localization of CDC6 is impor-
tant for its stability. As shown in Figure 4C and summa-
rized in Figure 4D, the stable CDC6 111-560 and 186~
560 deletion mutants are mainly cytoplasmic. To test
whether the stabilization of these mutants could be due
to their cytoplasmic localization, CDC6 111-560 fused
to the nuclear localization signal from SV40 large T (Kal-
deron et al. 1984) was expressed. As expected, the
NLSCDC6 111-560 mutant was shown to be nuclear,
however, the nuclear localization did not confer insta-
bility to the protein (data not shown). Moreover, because
the CDC6-DDD and CDC6-AAA mutants were shown
previously to be exclusively cytoplasmic and nuclear,
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Figure 3. Ubiquitin-mediated proteoly-
sis of CDC6. (A) Stabilization of CDC6 by
proteasome inhibitors. U20S and MRC5
cells were treated for 8 hr with the indi-
cated drugs. DMSO was used as a control.
CDC6, p53, and actin were evaluated by
Western blotting. (B) Identification of
polyubiquitinated CDC6 in vivo. HeLa

+ o+ cells were transfected with pPCMVCDC6
+ o+ (CDC6) and pMT123 (6 x HA-Ubq) as in-
dicated. Cell lysates were prepared with

-t (+) or without (-) an 8-hr prior incubation
with MG132. CDC6 was immunoprecipi-

oA tated by use of polyclonal anti-CDC6 an-

tibody (X27) and analyzed by Western
blotting with a monoclonal antibody to
CDC6 (DCS181; lanes 1-8) or an anti-HA
antibody (12CAS5; lanes 9-12). The pres-
ence of polyubiquitinated CDC6 is indi-
cated. The relative amount of CDC6 ex-
pressed in each extract (lower part of B)
was analyzed by Western blotting with
DCS181 .

-G

respectively (Jiang et al. 1999; Petersen et al. 1999), and
both mutants were as unstable as wild-type CDC6 (Fig.
4B), it is unlikely that the subcellular localization of
CDC6 is implicated in the regulation of its stability.

CDC6 degradation is dependent on amino-terminal
destruction motifs

The fact that expression of CDC6 parallels cyclin Bl in
synchronized U20S and HeLa cells (Figs. 1 and 2) sug-
gests that human CDC6, like cyclin B1, could be a target
of the APC. Ubiquitination and degradation of cyclin Bl
and other APC targets depend on a destruction box se-
quence frequently found in the amino terminus of the
protein (Glotzer et al. 1991). A comparison of the pri-
mary sequence of CDC6 with destruction box (D box)
sequences identified in cyclin Bl (Glotzer et al. 1991),
cyclin A (Glotzer et al. 1991), securin (Zou et al. 1999),
and geminin (McGarry and Kirschner 1998) revealed a
putative D-box sequence at amino acids 56-64 (Fig. 5B),
carboxy-terminal to the phosphorylated serine 54 (Pe-
tersen et al. 1999). This motif is highly conserved in
human, mouse, and Xenopus CDC6 (Fig. 5D), whereas
Cdc6p and Cdcl8 are not similar to the CDC6 proteins
from higher eukaryotes in this region. A deletion mutant
removing 4 amino acids (58-61) of the putative D box
was generated. As shown in Figure 5C, the putative D-
box mutant (CDC6 dl 58-61) was stabilized, when com-
pared with wild-type CDC6. Because we were concerned
that the deletion of four amino acids in the destruction
box would stabilize CDC6 because of changes in the
overall structure of the protein, we also generated a
CDC6 mutant in which two conserved residues in the
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Figure 4. Degradation of CDC6 is dependent on its amino ter-
minus, but independent of CDK phosphorylation and subcellu-
lar localization. (A) Different CDC6 deletion mutants were ex-
pressed at low levels in HeLa cells and treated with cyclohexi-
mide (CHX) for 6 hr. One transfection mix was prepared per
construct, and shared between three dishes to obtain equal
transfection efficiency. The Western blots were probed with
DCS 181. (B) The instability of CDC6 is independent on the
CDK phosphorylation sites. The stability of the phosphoryla-
tion mutants was assayed as in A. The CDC6 mutants were
identified with HA antibody to distinguish them from endog-
enous CDC6. (*) Cellular protein recognized by the HA anti-
body. (C) The indicated CDC6 deletion mutants were expressed
in U208 cells, and the subcellular localization was analyzed by
use of the HA antibody. (D) Summary of the localization and the
stability of the CDC6 mutants. The stability of the mutants was
determined as described above.

destruction box were changed to alanines. This CDC6
mutant (AKRA) was also stabilized when compared with
wild-type CDC6, however, the stabilization of the
AKRA mutant was not as complete as that of the amino-
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terminal deletion mutant (111-560), suggesting that se-
quences outside the D box in the amino terminus could
play a role in targeting CDC6 for degradation.

Recent results have suggested that a KEN-box motif
(composed of the amino acids K-E-N) could be an APC-
targeting motif distinct from the D box (Pfleger and
Kirschner 2000). CDC6 contains a KEN box in its amino
terminus (amino acids 81-83), which is conserved in
mouse CDC6, but not in Xenopus CDC6, where the as-
paragine is substituted for a threonine (Fig. 5D). To test
whether the KEN box could be involved in targeting hu-
man CDC6 for proteolysis, we mutated the three amino
acids to alanines. The mutation of the KEN box partially
stabilized CDC6 in vivo, suggesting that the KEN box in
CDC6 is also involved in CDC6 turnover (Fig. 5C). The
stability of double mutants containing mutations in the
KEN box (3A) and in the D box (either dl 58-61 or AKRA)
was then tested (Fig. 5C). The double mutants were as
stable as CDC6 (111-560) with a half-life of >8 hr. In
contrast, the half-life of wild-type ectopically expressed
CDC6 in asynchronously growing cells is ~2-3 hr. In
summary, our results suggest that the CDC6 is targeted
for proteolysis through the coordinated action of at least
two different motifs in its amino terminus.

APC-dependent degradation of CDC6
in quiescent cells

Previously, we have been unsuccessful in efficiently ex-
pressing CDC6 from a constitutive strong cytomegalo-
virus promoter in quiescent cells (Hateboer et al. 1998;
Petersen et al. 1999), suggesting that CDC6 levels are
controlled by not only transcription in nonproliferating
cells. To test whether the inability to express CDC6 in
quiescent cells is dependent on ubiquitin-mediated deg-
radation and the putative destruction motifs in CDC6,
expression vectors encoding wild-type and mutant
CDC6 were injected into serum-starved Ratl cells to-
gether with an enhanced version of the green fluorescent
protein (EGFP), which served as a injection marker. Four
hours after injection, CDC6 expression was evaluated by
immunofluorescence (Fig. 6A). Wild-type CDC6 was not
detected under these conditions. However, if the cells
were cultured in the presence of MG132, expression of
CDC6 was detected in 75% of the injected cells (Fig. 6).
These results suggest that the inefficient expression of
human CDC6 in quiescent cells is due to proteasome-
mediated degradation. To test whether degradation of
CDC6 in quiescent cells is dependent on the same re-
gions of CDC6 as in proliferating cells, the stability of
the different CDC6 mutants was tested by injection of
expression plasmids in quiescent cells. As shown in Fig-
ure 6, the mutations of the destruction motifs allowed
efficient expression of CDC6 (AKRA-3A) in quiescent
cells in the absence of proteasome inhibitors. Similar
data were obtained for the amino-terminal deletion mu-
tant (CDC6 111-560), but not for a mutant lacking the
Cy-motif (CDC6 dl 93-100; data not shown).

The role of the destruction motifs predicts that CDC6
is ubiquitinated by the APC. To obtain more direct evi-
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Figure 5. CDC6 degradation is dependent on amino-terminal destruction motifs. (A) Schematic drawing of CDC6 depicting features
such as the previously identified CDK phosphorylation sites (S54, S74, and S106), the Cy-box, a leucine zipper, and the ATPase/ORC
homology domain. Moreover, the presence of a putative destruction box and a KEN box is shown. (B) Alignment of CDC6 amino acids
56-64 with destruction box sequences identified in cyclin B1, securin, Pdslp, and geminin. Amino acid numbers from each protein are
shown in parentheses. (C) Plasmids expressing Myc-tagged versions of CDC6 were transfected into asynchronously growing HeLa cells
together with a plasmid expressing Myc-tagged EGFP as a control for transfection efficiency. Cells were treated for the indicated time
with cycloheximide or cycloheximide and the proteasome inhibitor MG132. At the indicated number of hours, cells were harvested
and the expression of CDC6 and GFP was evaluated by Western blotting with the Myc- antibody. (D) Clustal W alignment of
destruction box sequences in human (Williams et al. 1997), mouse (Hateboer et al. 1998), and Xenopus (Coleman et al. 1996) CDC6.
The putative destruction box and KEN-box motifs are underlined. (*) Conserved amino acids. Amino acid numbers from each protein
are indicated.
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dence for a role of the APC in the regulation of CDC6
proteolysis, an antibody to the APC subunit CDC27 was
injected into quiescent cells together with the CDC6
expression plasmid. As a control, purified rabbit immu-
noglobulin (data not shown) or an antibody to CDC20
was coinjected with the CDC6 expression plasmid. As
shown in Figure 6, the injection of the CDC27 antibody,
but not the antibody to CDC20 allowed efficient expres-
sion of CDC6 in quiescent cells, demonstrating that
APC activity is required for proteolysis of CDC6 in qui-
escent cells.

CDH1 is required and limiting for CDC6 proteolysis

Two WD40-containing proteins termed CDC20 and
CDH1/Hctl associate with the APC and regulate its ac-
tivity (for review, see Peters 1998; Zachariae and Nas-
myth 1999). CDHI, but not CDC20, is associated with
APC in G, and in differentiated cells (Fang et al. 1998;
Kramer et al. 1998; Gieffers et al. 1999), suggesting that
it could be required for the degradation of CDC6. To test
this hypothesis, an affinity-purified rabbit polyclonal an-
tibody to CDHI1, which neutralizes APC-CDHI1 in vitro
(E.R. Kramer and J.M. Peters, unpubl.), was injected to-
gether with the CDC6-expression plasmid. Consistent
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Figure 6. APC-CDHI- and destruction mo-
tif-dependent degradation of CDC6 in quies-
cent cells. (A) Ratl cells were synchronized
by serum deprivation and injected with dif-
ferent CDC6 expression plasmids together
with pPCMVMYEGFP. Where indicated, wild-
type (WT) CDC6 expression plasmids were
coinjected with affinity-purified antibodies
to CDC27, CDHI1, or CDC20. Treatment
with MG132 is indicated (+MG132). The
cover slips were fixed 4 hr after injection. The
antibody DCS181 was used for staining of
CDC6, and positively injected cells were
identified by the expression of GFP. Nuclei
were stained with DAPL (B) Quantification
of CDC6-positive cells compared with the
number of EGFP-positive cells. Results of
three independent experiments are shown.

with the finding that CDHI is the only known activator
of APC in quiescent cells (and in G,), injection of the
neutralizing CDH1 antibody led to efficient expression
of CDC6 in the majority of the injected cells.

To test whether CDHI is limiting for the degradation
of CDC6, we transfected asynchronously growing HeLa
cells with plasmids expressing wild-type CDC6, amino-
terminally deleted CDC6 (111-560), or the destruction
motif mutant (AKRA-3A) with or without an expression
plasmid for human CDHI (Fig. 7A). Overexpression of
CDHI1 resulted in the destruction of wild-type CDC6,
but only marginally affected the expression of the two
CDC6 mutants. The induced proteolysis of wild-type
CDC6 by CDHI1 was prevented by proteasome inhibi-
tors, and because the expression of CDHI1 in asynchro-
nously growing HeLa cells does not alter cell cycle pro-
gression (data not shown; Kramer et al. 2000), our results
show that CDHI1 is limiting for the degradation of
CDCe6.

CDC6 is ubiquitinated by APC-CDH1 in vitro

To test whether CDC6 can serve as a substrate for the
APC, in vitro ubiquitination assays with immunopuri-
fied APC from Xenopus and recombinant CDHI1 were
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Figure 7. CDCG6 is targeted for degradation by CDHI in vivo
and is ubiquitinated by APC-CDHI in vitro. (A) HeLa cells were
transfected with plasmids expressing either wild-type CDC6 or
stable mutants of CDC6 (AKRA-3A or 111-560) together with
Myc-tagged EGFP as a control for transfection efficiency and
with or without a plasmid encoding wild-type HA-tagged
CDHI1. Where indicated, cells were treated with MG132 for the
last 8 hr before harvesting. Twenty-four hours after transfec-
tion, lysates were prepared from the transfected cells, and ex-
pression of CDC6, CDHI, and GFP (as a loading control) was
evaluated by Western blotting. (B) APC-CDHI1 ubiquitination
of CDC6 in vitro. In vitro-translated wild-type CDC6, CDC6
111-560, and geminin were tested for APC-CDH1 ubiquitina-
tion in vitro. The reactions were performed in the presence of
immunopurified APC and purified CDH1 (APC/CDHI1), in the
absence of APC (-APC) or in the absence of E2 (APC/CDHI1
-E2). The absence of APC and E2 served as negative controls in
the assays; geminin served as a positive control. Reactions per-
formed for 0, 1, 2.5, 5, and 10 min were separated by SDS-PAGE.

performed. As shown in Figure 7B, CDC6 becomes
polyubiquitinated in vitro dependent on the presence of
APC and E2. Moreover, the presence of CDHI in the
reaction was also required for detecting ubiquitinated
forms of CDC6 (data not shown). CDC6 (111-560) was
not polyubiquitinated in these assays, showing that the
amino-terminal region of CDC6 is required for APC-
CDHI1 ubiquitination. However, CDC6 (AKRA-3A),
with specific mutations in the D box and the KEN box,
was still ubiquitinated in vitro, although to a lesser ex-
tent than wild-type CDC6 (data not shown). Although

APC mediated proteolysis of human CDC6

the AKRA-3A mutant is significantly stabilized in vivo,
these in vitro data indicate that there may be other re-
gions in the amino terminus of CDC6 that targets it for
degradation.

CDC6 has a short half-life in G,

So far, our results suggest that the destruction of CDC6
occurs through an APC-dependent mechanism in mito-
sis or during early G,. Because CDC6 mRNA is present
throughout the cell cycle (Fig. 2), our data suggest that
the degradation and, therefore, the half-life of CDC6 is
cell cycle dependent. As shown in Figure 8A, CDC6 is a
relatively short-lived protein with an estimated half-life
of 2 hr in both transformed and primary human cell
lines. To evaluate the half-life in specific phases of the
cell cycle, HeLa cells were synchronized at the G, /S bor-
der by a double thymidine block and released for 4 hr
into S phase, or for 11 and 12 hr into G,. Cycloheximide
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Figure 8. CDC6 has a short half-life in G,. (A) U20S and
MRCS5 cells were treated with cycloheximide for the indicated
times (in minutes). Cells were harvested and lysates prepared
for Western blotting with antibodies specific to CDC6, cyclin
Bl and Actin. (B) Asynchronously (As) growing HeLa cells, or
HeLa cells presynchronized by a double-thymidine block and
then plated in drug-free medium for 4 hr (4 h), 11 hr (11 h) or 12
hr (12 h) were treated with cycloheximide for the indicated time
(in minutes). Cells were harvested, and the expression of CDC6
and actin was determined as described above. (C) Proteasome
inhibitors stabilize CDC6 in G, but not in S phase. To obtain
an S phase population, HeLa cells were synchronized by a
double thymidine block and released for 2 hr in the presence or
absence of MG;32. To obtain a G, population, HeLa cells were
synchronized by a nocodazole block and then released for 45
min (time point 0), and incubated further for 2 hr in the presence
or absence of MG132. CDC6 expression was evaluated by West-
ern blotting with a monoclonal antibody to CDC6.
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was added at the indicated times, and CDC6 levels were
determined by Western blotting (Fig. 8B). No significant
degradation of CDC6 was observed in S phase, whereas a
very rapid turnover of CDC6 was evident in early G;.
The half-life of CDC6 in early G, is estimated to be
~15-30 min. CDC6 was absent in cells released from the
G, /S block for 12 hr. Moreover, the addition of protea-
some inhibitors in early G, stabilized the expression of
CDC6 in this phase of the cell cycle, whereas no signifi-
cant increase in CDC6 levels was observed with treat-
ment of S phase cells (Fig. 8C).

CDC6 is degraded in early G;, not in mitosis

Because our data suggest that CDC6 is degraded slightly
later than cyclin B1 (Fig. 1 and data not shown), which is
degraded after prometaphase (Clute and Pines 1999),
CDC6 is degraded in either late mitosis or early G;. A
more precise determination of the timing of CDC6 deg-
radation is essential for understanding its biological role.
To resolve this issue, we used time-lapse microscopy.
Accordingly, we constructed a plasmid expressing a
wild-type EGFP-CDC6 fusion that, in HeLa cells, pro-
duced a protein of the expected size and that was stabi-
lized in the presence of proteasome inhibitors (data not
shown). Furthermore, as shown in Figure 9, the fusion
protein was localized to the cytosol and the nucleus as
has been described for wild-type CDC6 (Saha et al. 1998;
Jiang et al. 1999; Petersen et al. 1999). To determine the
timing of degradation of CDC6, HeLa cells were syn-
chronized at the G,/S boundary and injected with the
EGFP-CDC6 plasmid. Cells were released from the
block and followed by time-lapse immunofluorescence
microscopy for 12 hr. In agreement with previously pub-
lished results, CDC6 is mainly cytoplasmic in S phase
cells and nuclear in G, (Fig. 9A,D). CDC6 was not de-
graded during mitosis (Fig. 9B,C), and it became an ex-
clusively nuclear protein after cytokinesis (Fig. 9D). The
degradation of CDC6 was initiated 2-3 hr after cytoki-
nesis, and by 4 hr, CDC6 fluorescence was close to back-
ground levels (Fig. 9E F).

Biological effects of expressing stable CDC6 mutants

Ectopic expression of CDC6 has been shown previously
to accelerate entry into S phase in mammalian cells
(Hateboer et al. 1998; Stoeber et al. 1998). To investigate
whether high levels of CDC6 in quiescent cells would
lead to further acceleration of entry into S phase, serum-
starved Ratl cells were injected with plasmids express-
ing wild-type or stable mutants of CDC6. Cells were
stimulated with serum in the presence of BrdU, and har-
vested 15 and 16.5 hr after serum addition (Fig. 10A). In
agreement with previously published results, the expres-
sion of wild-type CDC6 led to premature entry into S
phase. A similar acceleration of entry into S phase was
observed by expression of the destruction box mutant of
CDC6, demonstrating that the deletion of the four
amino acids in this mutant does not interfere with its
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Figure 9. In vivo analysis of CDC6 proteolysis. Phase contrast
microscopy (top), and GFP fluorescence (bottom) of HeLa cells
injected with a plasmid expressing EGFP-CDCG6 progressing
from S phase into G,. HeLa cells were synchronized by a double-
thymidine block, injected with 50 ng/ul of the expression plas-
mid, and released from the block. The protein expression was
measured by time-lapse microscopy starting from 3 hr (A) until
12 hr after release (F). All fluorescence images were taken with
the same exposure time with a cooled CCD camera during the
following time periods: (B) in mitosis at 6 hr; (C) in telophase at
6 hr 45 min; (D) in G, at 8 hr; (E) at 10 hr.

biological activity. However, these results also indicate
that other events in addition to CDC6 are limiting for
entry into S phase. For instance, both CDK activity and
the MCM proteins are required for DNA replication,
both of which are not present in quiescent cells and early
G,. Interestingly, the expression of the two amino-ter-
minally deleted mutants of CDC6 inhibited the initia-
tion of DNA replication (Fig. 10A). This result is consis-
tent with previous results showing that ectopic expres-
sion of nonphosphorylatable CDC6 leads to a delay in S
phase entry (Jiang et al. 1999).

Overexpression of Cdc18 leads to repeated rounds of
DNA synthesis in the absence of mitosis whereas high
levels Cdc6p do not induce re-replication. To test
whether stable mutants of CDC6 are sufficient to induce
re-replication, HeLa cells were transiently transfected
with wild-type or stable CDC6 mutants. HeLa cells were
used for these experiments as they do not contain func-
tional p53, and, therefore, are prone to re-replication if
incubated with nocodazole or colcemid (Cross et al.
1995; Lanni and Jacks 1998). Incubation of HeLa cells
with nocodazole for 48 hr led to accumulation of DNA
with >4N DNA content in 60% of the cells (Fig. 10B). In
contrast, the overexpression of wild-type or stable CDC6
mutants for 24, 48, or 72 hr did not lead to any signifi-
cant levels of re-replication (Fig. 10B, and data not
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Figure 10. Effects of CDC6 expression on DNA replication. (A)
Wild-type and D-box mutant of CDC6 induce premature entry
into S phase. Quiescent Ratl cells were injected with plasmids
expressing the indicated proteins. Three hours after injection,
serum was added to the cells, and entry into S was monitored by
BrdU incorporation 15 and 16.5 hr after addition of serum. A
GFP-expression plasmid was used as an injection marker in
combination with empty vector or expression plasmids encod-
ing wild-type (WT) CDC6, a D-box mutant (d158-61), or the two
amino-terminal deleted mutants (111-560 or NLS111-560). (B)
Overexpression of stable mutants or wild-type CDC6 does not
lead to re-replication. Asynchronously growing HeLa cell were
transfected with a CD20-expression plasmid as a transfection
marker with or without plasmids expressing wild-type, a D-box
mutant or an amino-terminal mutant of CDC6. Seventy-two hr
after transfection, cells were harvested and DNA profiles of
CD20-positive transfected cells were determined by FACS
analysis. In parallel, the DNA profiles of non-transfected asyn-
chronously growing cells and cells treated with nocodazole for
48 hr were determined. The numbers indicated in each profile
show the percentage of cells with DNA content >4N.

shown). Because the overexpression of CDC6 does not
lead to a block of mitosis, experiments were also per-
formed in which wild-type and mutant CDC6 were over-
expressed in the presence of nocodazole. In these experi-
ments, we did not see any evidence for a cooperative role
of CDC6 expression and loss of p53 in polyploidy (data
not shown).

Discussion
Mechanism and regulation of CDC6 degradation

Our results demonstrate that CDC6 is absent from the
mammalian cell cycle in early G,. This is not due to lack
of CDC6 mRNA, but is a result of ubiquitin-mediated
proteolysis of the protein. We have identified an amino
acid stretch near the amino terminus of CDC6 resem-
bling D box sequences found in cyclin Bl, securin, cyclin
A, and geminin (Glotzer et al. 1991; McGarry and Kir-
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schner 1998; Zou et al. 1999) and a KEN box sequence
found as in CDC20, Nek2, and B99 (Pfleger and Kirsch-
ner 2000). A CDC6 mutant in which the putative D box
and KEN box are mutated is significantly stabilized com-
pared with wild-type CDC6.

The yeast orthologs of CDC6 are targeted for proteoly-
sis in S phase by an SCF complex. In contrast, our data
show that degradation of mammalian CDC6 is regulated
by the APC. First, CDC6 is very unstable in early G, and
in quiescent cells, and the APC has been reported to be
active in these phases of the cell cycle (Peters 1998;
Zachariae and Nasmyth 1999). Second, CDC6 contains
functional amino-terminal D-box and KEN-box motifs
found in other substrates of the APC. Third, the overex-
pression of CDHI specifically leads to degradation of
wild-type CDC6. Fourth, antibodies to the APC subunit
CDC27 and to CDHI1 prevent the degradation in quies-
cent cells. Fifth, CDC6 is ubiquitinated in vitro by APC-
CDHI.

It was reported recently that APC, in association with
CDH]1, is expressed and presumably active in terminally
differentiated cells (Gieffers et al. 1999). No targets for
APC are known in differentiated cells. However, it is
conceivable that APC activity is part of a regulatory pro-
gram that maintains the differentiated state by degrading
proteins that could otherwise activate entry into the cell
cycle. For instance, deregulation of the pRB pathway
leads to the expression of a series of E2F-regulated genes,
whose products induce cell cycle progression and initia-
tion of DNA replication (Dyson 1998). Deregulation of
the pRB pathway would not be sufficient for the induc-
tion of S phase in differentiated cells if APC-CDHI were
actively preventing the accumulation of S phase factors,
such as CDC6, that are required for the initiation of
DNA replication. In agreement with such speculation is
the finding that deregulated E2F activity is not sufficient
to induce S phase in differentiated muscle cells (Pajal-
unga et al. 1999). Thus, the targeted proteolysis of CDC6
by APC in differentiated cells may be part of a mecha-
nism designed to restrict cell proliferation.

Functional role of CDC6 degradation

The finding that mammalian CDC6 is degraded in early
G, is unexpected for two reasons. First, the yeast CDC6
orthologs are degraded as cells enter S phase, which is
consistent with the role of CDC6 proteins in regulating
initiation of DNA replication. Because the CDC6 pro-
teins are required for the initiation of DNA replication,
the degradation of the proteins as cells enter S restricts
origin activation to once per cell cycle. However, mam-
malian CDC6 is present throughout S, G,, and M phase
(Williams et al. 1997; Saha et al. 1998; Jiang et al. 1999;
Petersen et al. 1999), and it is not degraded before enter-
ing of the next cell cycle. These results suggest that
mammalian CDC6 may have additional functions in S,
G,, or M phase. Because the degradation of several APC
substrates is required for the exiting of distinct stages of
mitosis (Glotzer et al. 1991; McGarry and Kirschner
1998), it is conceivable that high levels of CDC6 could
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prevent the exiting of mitosis. However, overexpression
of wild-type or stable CDC6 mutants does not affect the
progression through mitosis (M. Melixetian, B.O. Pe-
tersen, and K. Helin, unpubl.). These results are also in
agreement with the observation that endogenous CDC6
is stable in mitosis. Alternatively, the presence of CDC6
during S, G,, and M phase may be implicated in regulat-
ing the timing of mitosis. In agreement with such a no-
tion are results obtained in S. pombe and S. cerevisiae
demonstrating that inactivation of c¢dc18 + and CDC6
results in mitosis in the absence of DNA replication
(Kelly et al. 1993; Piatti et al. 1995). Future studies will
be aimed at understanding whether CDC6 has a role in
regulating mitosis in mammalian cells.

Second, why degrade CDC6 in early G, when cells
should start preparing for DNA replication? One answer
to this question could be that degradation of CDC6 is
important for regulating the timing of initiation of DNA
replication. However, our data suggest that ectopic ex-
pression of CDC6 only leads to a marginal shortening of
G, (around 1 hr, see Fig. 10A; data not shown), and de-
spite the fact that CDC6 is expressed in a stable form
very early in the cell cycle that it is not sufficient to
induce DNA replication. Therefore, these data are con-
sistent with the existence of a window of opportunity in
which the expression of CDC6 can induce DNA replica-
tion, and that other factors, such as the ORCs, the
MCMs and/or CDK activity, are limiting for the induc-
tion of DNA replication. Therefore, our data may be
more consistent with a two-step model, in which the
availability of CDC6 is essential for the licensing of an
origin, and that CDKs and CDC7/DBF4 primarily regu-
late the timing of DNA replication. Although very few
data are available on the regulation of preRCs in mam-
malian cells, it is compelling that the specification of an
origin decision point (ODP) for the DHFR origin in
CHOC400 cells ~3-4 hr after mitosis (Wu and Gilbert
1996) coincides with the timing of degradation of CDC6.
This observation raises the question: Why do cells de-
grade CDC6 and then resynthesize the protein later in
G,? Two models can be envisioned. In one model, the
origins are licensed in mitosis or very early G,, and the
resynthesis of CDC6 later in G, is not required for origin
licensing. In this model, the resynthesis of CDC6 is re-
quired only for cells that have been out of the cell cycle
for a prolonged period of time. In the second model, some
origins are licensed for replication in mitosis or very
early G,, and the resynthesis of CDC6 later in G, is
required for the licensing of other origins. In this model,
early firing origins may be licensed in mitosis and late
origins in late G,. In support of the second model is the
demonstration that injection of antibodies to CDC6 or
dominant-negative CDC6 proteins in late G, delays en-
try into S phase (Hateboer et al. 1998; Herbig et al. 1999).
These experiments suggest that CDC6 resynthesis is re-
quired for the entry into S phase. In contrast with the
second model is that in vitro replication assays using
CHOC400 cells and Xenopus egg extracts suggest that
the spatial position and the replication timing of chro-
mosomal domains are established in early G,. These ex-
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periments indicate that CDC6 resynthesis is not re-
quired for the proper initiation of DNA replication
(Dimitrova and Gilbert 1999). At this point, it is clear
that further experiments are required to distinguish
which of the two models is correct, in particular, the
identification of an origin of replication to which the
ORCs, CDC6, and the MCMs bind.

Our data also show that the overexpression of a stable
mutant or wild-type CDC6 is not sufficient to induce
re-replication. These results are consistent with data ob-
tained in S. cerevisiae, in which Cdc6p synthesis can
only promote DNA replication in a restricted window of
the cell cycle, between the destruction of the Clbs after
anaphase and activation of Clb5p and Clb6p/Cdklp in
late G, (Piatti et al. 1996). Cdc6p can accumulate within
nuclei of G, and M phase cells without induction of
re-replication. Therefore, it seems that control of Cdc6p
degradation is not the only mechanism that prevents re-
firing of origins. In fact, it is known that CDK activity is
essential for preventing re-replication, since the loss of
CDK activity in yeast, Drosophila, and human cells re-
sults in DNA re-replication in the absence of mitosis,
(Hayles et al. 1994; Sauer et al. 1995; Itzhaki et al. 1997).
Central for this discussion is that CDK activity is
thought to restrict DNA replication by phosphorylating
(among other targets) the MCMs and CDC6, leading to
their functional inactivation (e.g., see Labib et al. 1999).
At the same time, CDK activity is required for mitosis.
Thus, cells without CDXK activity are unable to divide. It
has been suggested that loss of CDK1 activity is essential
for allowing preRCs to form and, therefore, for the in-
duction of re-replication. Because the overexpression of
CDC6 does not lead to a block in mitosis or a down-
regulation of CDKI1 activity, we also performed experi-
ments in which cells were blocked in mitosis by noco-
dazole treatment. Prolonged treatment of p53-negative
cells has been shown previously to lead to re-replication
and loss of CDKI activity (e.g., see Lanni and Jacks
1998). However, consistent with the observation that
CDC6 is stable in cells blocked in metaphase, we did not
observe any cooperation between loss of functional p53
and CDC6 overexpression in inducing re-replication. On
the basis of these data, we conclude that CDC6 is not
limiting for re-replication. However, it is most likely es-
sential for re-replication as has been shown recently in S.
cerevisiae (Noton and Diffley 2000).

Regulation of CDCé6 activity in mammalian cells

In yeast, Cdc6p is essential for the binding and subse-
quent loading of other proteins (like the Mcms) to origins
of replication (Aparicio et al. 1997; Tanaka et al. 1997).
The binding of Cdcép to origins occurs during G, and is
dependent on its nucleotide-binding motif (Perkins and
Diffley 1998; Weinreich et al. 1999). Because the proteins
involved in regulation of DNA replication are conserved
during evolution, it is assumed that regulation of initia-
tion of DNA replication is conserved as well. Mamma-
lian CDC6, like Cdc6p, is required for entry into S (Hate-
boer et al. 1998; Yan et al. 1998), and nucleotide-binding
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mutants of CDC6 block entry into S phase as do their
yeast counterparts (Herbig et al. 1999). Despite this con-
servation, the mechanisms regulating CDC6 activity in
mammalian cells and in yeast are substantially different.
First, CDC6 is not degraded in S phase, but rather, in
early G;. Second, phosphorylation does not target CDC6
for degradation. Third, the E3 ligase involved in CDC6
degradation is APC and not SCF. However, both the
yeast and mammalian CDC6 proteins appear active at
similar stages of the cell cycle. The expression of the
CDC6 genes is cell cycle-dependent, and the proteins are
present in the nucleus during mid-to-late G,, at which
time they are required to form preRCs. Although mam-
malian CDC6 is not degraded in S phase, it is relocaliz-
ing to the cytosol, rendering it unable to induce DNA
replication.

In summary, periodic transcription, CDK-regulated
subcellular localization, and proteolysis in early G, regu-
late CDC6 activity. These regulatory mechanisms con-
fine CDC6 activity to the G, phase of the cell cycle,
which contributes to ensuring the timely licensing of
origins of replication. Interestingly, however, our data
also suggest that CDC6 could play a role during S, G,,
and M phase that is not related to initiation of DNA
replication. Future studies are required to investigate
this possibility.

Materials and methods

Cell culture

HeLa, U20S, Rat-1, and MRC-5 cells were grown in DMEM
(Euroclone) supplemented with 10% BCS (Hyclone) and 2 mM
L-glutamine (Euroclone). Cells were synchronized in early S
phase by a double thymidine block or in metaphase by a thy-
midine-nocodazole block (Petersen et al. 1999). To obtain qui-
escent Rat-1 cells, the cells were cultured in DMEM without
serum for 48 hr and induced to enter the cell cycle by addition
of fresh medium containing 10% BCS. Synchronization of
U20S cells by elutriation was performed as described previ-
ously (Mdller et al. 1997). Entry into S phase was monitored by
cell cycle profiles and FACS analysis and/or incorporation of
BrdU.

To inhibit protein synthesis, cells were cultured in the pres-
ence of 10 pg/ml cycloheximide. Inhibition of the proteasome
and other proteases was performed by culturing cells for up to 8
hr in the presence of 5 nM MG132 (Biomol), 10 uM LLM (Bio-
mol), or 10 uM lactacystein (Biomol). Stock solutions of MG132
and lactacystein were made in DMSO and used in a 1:1000
dilution. The 1000x stock solution of LLM was made in ethanol.
For analysis of potential effects of CDC6 or mutants on DNA
replication, cells were transfected with 10 pg of the CDCé6-
expression plasmids together with 1 pg of pPCMVCD20 plasmid
as a transfection marker (van den Heuvel and Harlow 1993).
Seventy-two hr after transfection, the cells were harvested with
PBS containing 5 mM EDTA and incubated with a FITC-
coupled anti-CD20 antibody (Becton Dickinson) for 30 min on
ice. Then cells were fixed and the cell cycle profile was exam-
ined by FACS analysis.

Antibodies and Western blotting

Polyclonal (X27) and monoclonal antisera (DCS 181) raised
against CDC6 were described previously (Petersen et al. 1999).

APC mediated proteolysis of human CDC6

The M20 antiserum was raised against a carboxy-terminal
CDC6 peptide (KIEEKEIEHAL). Cdc27 antibodies were raised
against a peptide encoding the last 17 carboxy-terminal amino
acids of human Cdc27. Immunsera were subsequently affinity
purified by use of a peptide column and the specificity of the
purified antibodies was tested by immunoprecipitation and
Western blotting. Affinity-purified rabbit polyclonal antibodies
against CDC20 (Sat107) and CDH1 (Sat105) were described pre-
viously (Gieffers et al. 1999; Kramer et al. 2000). The 12CA5
antibody was used for the HA tag, and the 9E10 antibody was
used for the MYC tag. The monoclonal antibody HE12 to cyclin
E and the polyclonal antibody H432 to cyclin A were obtained
from Santa Cruz. The monoclonal antibody to cyclin B1 (GNS 5)
was a kind gift of S. Shiff (Rockefeller University, NY). The
anti-actin antibody AC-40 was obtained from Sigma. Western
blotting was performed as described previously (Petersen et al.
1999).

Ubiquitination assays

Asynchronously growing HeLa cells were transfected with 10
pg of pPCMVCDC6 and 2 pg of pMT123 (HA-ubiquitin; Treier et
al. 1994). Cells were lysed in RIPA buffer containing 5 mM
N-ethyl-maleimide (NEM; Sigma). CDC6 was immunoprecipi-
tated with polyclonal anti-CDC6 antibody (X27) and analyzed
by Western blotting using a monoclonal anti-CDC6 (DCS 181)
or monoclonal anti-HA (12CAS5) antibody.

In vitro ubiquitination assay

[2°S]Methionine and [*°S]cysteine-labeled human CDC6 and
Xenopus geminin proteins were prepared by coupled transcrip-
tion-translation reactions in rabbit reticulocyte lysate (Pro-
mega). To obtain pure CDHI-activated APC, APC was im-
munopurified from interphase Xenopus egg extracts and acti-
vated by baculovirus-expressed human CDHI. The in vitro
ubiquitination reaction was performed essentially as described
previously (Kramer et al. 2000).

Plasmids

pCMVHACDCSG6 dl 58-61 was generated by ligation of two PCR
fragments into the BamHI site of pPCMVHA introducing a Clal
site into CDC6. The resulting cDNA was also cloned into pC-
MVMY. pCMVMYCDC6 (AKRAJ, pPCMVMYCDC6 (3A), pC-
MVMYCDC6 (AKRA-3A), and pCMVMYCDC6 (d158-61-3A)
were generated by site-directed mutagenesis using the
QuikChange site-directed mutagenesis kit (Stratagene). pC-
MVNLSCDC6 and pCMVNLS 111-560 were constructed by
cloning of full-length CDC6 and CDC6 111-560 as BamHI frag-
ments from pCMVHACDC6 and pPCMVHACDC6 111-560 into
pCMVHANLS (K. Helin, unpubl.). pPCMVMYEGFP-CDC6 was
generated by insertion of a BamHI fragment containing the full
open reading frame of CDC6 into pPCMVMYEGFP (K. Helin and
K. Holm, unpubl.). All other CDC6 constructs were described
previously (Petersen et al. 1999). pPCMVHACDHI was con-
structed by PCR amplification of the full-length open reading
frame of CDHI1, and the PCR product was subsequently cloned
into the BamHI site of pPCMVHA. All PCR reactions were per-
formed with Pful proofreading polymerase (Stratagene), and se-
quences were verified by sequencing.

RNA isolation and Northern blot analysis

RNA extraction and Northern blot analysis were performed as
described previously (Hateboer et al. 1998).
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Microinjection, immunofluorescence, and time-lapse imaging

For microinjection, Ratl cells were grown on glass coverslips in
serum-free medium for 48 hr. For assessing the synthesis of
CDC6 in serum-starved cells, the cells were injected with 20
ng/ul of the CDC6-expression plasmids together with 10 ng/ul
of EGFP plasmid directly into cell nuclei using a Zeiss auto-
matic injection system. Where indicated, affinity-purified anti-
bodies at 1 ng/ul were coinjected. Three to four hours after
injection, the cells were fixed and CDC6 expression was evalu-
ated by use of a monoclonal antibody to CDC6, DCS181. For
measuring entry into the cell cycle, the serum-starved Ratl
cells were injected with various amounts of CDC6-expression
plasmid together with 10 ng/ul EGFP expression plasmid. For
the experiments shown in Figure 10A, 100 ng/ul CDC6 expres-
sion plasmid was used. Cells were stimulated with serum 3-4 hr
after injection, BrdU was added, and DNA synthesis was evalu-
ated at the indicated number of hours after addition of serum.

Immunofluorescence was performed as described previously
(Petersen et al. 1999). For time-lapse imaging, cells were plated
and synchronized in 6-well plates. After injection, the plates
were kept at 37°C in an incubator chamber with a CO, supply
mounted on an Olympus inverted microscope. Analysis of mul-
tiple wells was performed with an X-Y motorized stage and
autofocus control (PRIOR). Images were captured with a coded
CCD camera (Hamamatsu). GFP was detected with a FITC filter
set (Chromo Technology).
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