
using a C18 column and detection at 254 nm, after pre-column derivitization with
phenylisothiocyanate30.

36Cl2 fluxes in eriC-reconstituted liposomes
We carried out overexpression, purification and reconstitution of eriC as described4.
Influx of 36Cl2 into liposomes comprising E. coli polar lipids (Avanti, 25 mg ml21) and
eriC (1.5 mg mg21 lipid) was carried out under concentrative uptake conditions4, except
that solutions were buffered with 25 mM citrate/phosphate and were adjusted to the
desired pH with NaOH.
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Meiotic maturation, the final step of oogenesis, is a crucial stage
of development in which an immature oocyte becomes a fertiliz-
able egg1. In Xenopus, the ability to replicate DNA is acquired
during maturation at breakdown of the nuclear envelope2 by
translation of a DNA synthesis inducer that is not present in the
oocyte2,3. Here we identify Cdc6, which is essential for recruiting
the minichromosome maintenance (MCM) helicase to the pre-
replication complex, as this inducer of DNA synthesis. We show
that maternal cdc6 mRNA but not protein is stored in the oocyte.
Cdc6 protein is synthesized during maturation, but this process
can be blocked by degrading the maternal cdc6 mRNA by
oligonucleotide antisense injections or by translation inhibition.
Rescue experiments using recombinant Cdc6 protein show that
Cdc6 is the only missing replication factor whose translation is
necessary and sufficient to confer DNA replication competence to
the egg before fertilization. The licence to replicate is given by
Cdc6 at the end of meiosis I, but the cytostatic factor (CSF)
pathway, which maintains large amounts of active Cdc2/Cyclin
B2, prevents the entry into S phase until fertilization.

In most species, oocytes arrest at the prophase stage of the first
meiotic division and are not fertilizable. Hormone stimuli induce
the resumption of meiosis, with completion of meiosis I and arrest
in meiosis II at the metaphase stage in vertebrates. At this stage, the
mature oocyte can be fertilized and embryonic development
initiated. Analysis of replication initiation factors present in the
oocyte showed that Cdc6, an essential factor involved in the
assembly of the MCM helicase complex at DNA replication ori-
gins4,5, was undetectable in fully grown oocytes but present in
mature oocytes and activated eggs (Fig. 1a). By contrast, other
initiation proteins analysed were present in the oocyte (Fig. 1b),
either nearly exclusively in the nucleus (MCM subunits, RPA70 and
RPA34), or also in the cytoplasm (Geminin, Cdt1, Cdc7, ORC and
Cdc45; see Supplementary Information Fig. 1). The electrophoretic
migration of Cdc6 shifts downwards in interphasic egg extracts
(Fig. 1a), in agreement with previous observations6–8.

Although Cdc6 was absent in the oocyte, we detected a relatively
large amount of the protein, about 5 ng, in each unfertilized egg,
which is comparable to the value of 3 ng reported previously6. As
Cdc6 is an essential factor for replication licensing, we next
determined at what point in maturation it was accumulated. In
maturation induced by progesterone (Fig. 1c, d), Cdc6 protein
became detectable soon after germinal vesicle breakdown (GVBD;
3 h after progesterone addition), when MCM4 is phosphorylated by
maturation-promoting factor (MPF) or cdc2/cyclin B9,10. Inhibition
of protein synthesis by cycloheximide added before GVBD, but not
1 h afterwards, resulted in the absence of Cdc6 in the egg (Fig. 1d).
These data show that Cdc6 protein is missing in the oocyte (Fig. 1b)
and starts to accumulate during maturation.

Although Cdc6 protein was absent in the oocyte, northern blots
showed that cdc6 mRNA was stored as a maternal mRNA during
oogenesis (Fig. 2a). In addition, we detected a shift in electrophor-
etic mobility of the cdc6 mRNA soon after GVBD (Fig. 2a),
consistent with a polyadenylation process occurring during matu-
ration. This shift was still detected if cycloheximide was added 1 h
after GVBD, but was extremely reduced if cycloheximide was added
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30 min before GVBD, consistent with the respective absence and
presence of Cdc6 protein in maturing oocytes (Fig. 1d). Actinomy-
cin D present during maturation did not inhibit this shift (Fig. 2a),
suggesting that synthesis of Cdc6 is regulated at the translational
level by polyadenylation of a maternal cdc6 mRNA pool. In
addition, the accumulation of Cdc6 protein in the egg was blocked
by injecting antisense cdc6 oligonucleotides into the oocyte before
maturation, but not by injecting the corresponding sense oligonu-
cleotides (Fig. 2b). These results suggest that synthesis of Cdc6
protein during oocyte maturation relies on translational control of
cdc6 mRNA stored in the oocyte.

To determine whether Cdc6 was the missing replication factor
sufficient to confer the competence for DNA replication to the egg,
we examined whether recombinant Cdc6 protein was sufficient to

provide this competence. We purified recombinant Cdc6 expressed
from baculovirus-infected cells and showed that it was active in
rescuing DNA replication in Xenopus egg extracts that were depleted
of Cdc6 through a purified polyclonal antibody specific to Cdc6
(Methods and Supplementary Information Fig. 2). We used this
purified recombinant protein in the in vivo rescue experiments
described below.

The activity of the missing DNA synthesis inducer that is
synthesized during maturation is normally repressed by MPF to
prevent DNA replication between meiosis I and meiosis II (ref. 3).
Addition of cycloheximide 1 h after GVBD prevented the reaccu-
mulation of MPF and consequently induced unscheduled DNA
replication between meiosis I and meiosis II (ref. 3). To address
whether this induced ability to replicate required the synthesis of

Figure 1 Cdc6 is missing in Xenopus oocytes but accumulates during oocyte maturation

soon after GVBD. Total oocyte, cytoplasmic and germinal vesicle (GV) fractions, low-speed

CSF and interphasic extracts were prepared and analysed by SDS–PAGE. Immunoblots

were revealed with antibodies directed against Cdc6 (a) and other proteins of the pre-

replication complex (b). c, Stage VI oocytes were induced to mature by adding

progesterone (PG). Some oocytes were treated with cycloheximide either 30 min before

GVBD or 1 h after GVBD, and collected at the metaphase I/metaphase II transition (2.5 h

after GVBD). d, Extracts from five oocytes were separated by SDS–PAGE and examined by

immunoblotting.
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Figure 2 cdc6 mRNA stored in the oocyte is translated after GVBD. a, Oocytes were

induced to mature by adding progesterone (PG). Some oocytes were also treated with

cycloheximide as described in Fig. 1. RNA was analysed by northern blot. b, Stage VI

oocytes were injected with 50 ng of a 25-nucleotide sense or the corresponding antisense

cdc6 oligonucleotide, or water as a control (mock), and induced to mature by

progesterone. Matured oocytes were collected 12 h after progesterone stimulation and

analysed for Cdc6 protein.
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Cdc6 during maturation, we first determined whether cdc6 mRNA
depletion by antisense oligonucleotide could prevent this unsched-
uled replication. Addition of cycloheximide 1 h after GVBD induced
DNA replication between meiosis I and meiosis II, as previously
reported3, but this induction was inhibited by cdc6 antisense
oligonucleotides (Fig. 3a). In addition, injecting recombinant
Cdc6 rescued the induction of unscheduled replication (Fig. 3a).

We next determined whether Cdc6 was sufficient to confer
competence to replicate in vivo to the matured oocyte. After
maturation in vivo, parthenogenetic activation triggered by micro-
pipette injection induces DNA replication (refs 2, 11, 12, and Fig. 3b,
lane 1). Injecting cdc6 antisense oligonucleotides into the oocyte
before maturation inhibited DNA replication (Fig. 3b, lane 2), but
microinjection of Cdc6 protein after maturation was sufficient to
rescue DNA replication (Fig. 3b, lane 3) with an efficiency similar to
control oocytes treated with sense oligonucleotides (Fig. 3b, lane 4).
We conclude that Cdc6 is the missing factor synthesized during
oocyte maturation, sufficient to confer both replication-induced
ability between meiosis I and meiosis II and competence to replicate
in the unfertilized egg.

Previous work has shown that maturing oocytes can replicate
DNA after meiosis I by cycloheximide treatment 60 min after GVBD
but not 30 min before GVBD3. We reproduced these data, confirm-
ing that competence for DNA replication in vivo is acquired shortly
after GVBD and is dependent on translation (Fig. 3c, lanes 1 and 4).
We also showed that microinjection of Cdc6 after translation
inhibition 30 min before GVBD is sufficient to rescue induced-
replication ability between meiosis I and meiosis II (Fig. 3c, lanes
1–3).

These in vivo observations could be reproduced in vitro, in oocyte
extracts prepared between meiosis I and meiosis II (refs 13, 14 and
Methods). Oocytes were matured in vitro, and cycloheximide was
added 30 min before or 60 min after GVBD (Fig. 4a). Extracts were
made 2.5 h after GVBD and sperm nuclei were added to follow DNA
replication ability. If cycloheximide was added 60 min after GVBD,
then DNA replication occurred (Fig. 4b, c), as expected, in a
reaction that was totally sensitive to aphidicolin (Fig. 4c). If

cycloheximide was added 30 min before GVBD, then Cdc6 was
not translated (Fig. 1d) and extracts were incompetent to replicate
(Fig. 4b, c). But the addition of recombinant Cdc6 to the extract was
sufficient to rescue replication in an aphidicolin-sensitive reaction
(Fig. 4c). Furthermore, the simple addition of recombinant Cdc6 to
oocyte extracts made at GVBD was sufficient to confer DNA
replication competence with an efficiency close to that obtained
in egg extracts (Fig. 4d). Finally, the ability to replicate conferred
between GVBD and meiosis I to meiosis II transition is inducible by
Ca2þ, as in the unfertilized egg (Supplementary Information, Fig. 3).
These results verify that Cdc6 is the missing DNA replication factor,
which starts to be translated at GVBD and is necessary and sufficient
to confer to the egg the ability to replicate embryonic DNA after
fertilization, when the MPF activity is suppressed. Similar obser-
vations were obtained by Coué et al.30 with similar conclusions.

We have identified Cdc6 as the DNA synthesis inducer that has
been postulated to give competence to replicate during meiotic
maturation before fertilization2,3. cdc6 is expressed as a maternal
mRNA in oocytes, and the protein accumulates during progester-
one-induced maturation. This regulation occurs at the translational
level, similar to the regulation of c-mos involved in the CSF activity
that maintains the high level of MPF activity necessary for the
meiotic arrest of unfertilized eggs15–18. The unmasking of specific
maternal mRNAs involved in two crucial opposite stages of the cell
cycle, initiation of DNA replication and mitosis, therefore contrib-
utes to the final stage of oogenesis that leads to the unfertilized egg.

First, competence to form the replication complex is acquired
shortly after GVBD with synthesis of Cdc6 (Fig. 5). Cdc6 absence
before this last step of oogenesis is likely to provide a way to prevent
origin complex formation during the long period of oocyte growth.
This acquisition of a licence to replicate at the end of meiosis I might
be considered unexpected because preventing DNA replication at
this step is crucial to producing a haploid genome. But a negative
control of this acquired licence might be achieved by c-mos, which
starts to accumulate just before GVBD (Fig. 5). The Mos/mitogen-
activated protein kinase pathway prevents DNA replication between
meiosis I and meiosis II, by prematurely reactivating Cdc2/Cyclin B

   

   

         

Figure 3 Cdc6 is the DNA replication induced activity acquired in vivo during maturation.

a, Oocytes injected with 25 nl of a 2 mg ml21 solution of purified cdc6 sense

oligonucleotide (lane 1) or the corresponding antisense oligonucleotide (lanes 2 and 3),

and control oocytes injected with water (lane 4) were induced to mature. Rescue

experiments were assayed by a second injection soon after GVBD that contained 0.25 mCi

of [a-32P]dCTP (all lanes) and either boiled inactivated Cdc6 (lane 2) or intact purified

Cdc6 (lane 3). Maturing oocytes were incubated in cycloheximide added 1 h after GVBD to

test for ability to induce DNA replication between meiosis I and meiosis II. DNA synthesis

was analysed 4 h after GVBD as described3 by agarose gel electrophoresis. b, Oocytes

injected with water (lane 1), antisense oligonucleotides (lanes 2 and 3) or sense

oligonucleotides (lane 4) were allowed to mature fully for 12 h. DNA replication was

analysed by injecting 0.25 mCi of [a-32P]dCTP in the absence (lanes 1, 2 and 4) or

presence (lane 3) of recombinant Cdc6 protein. DNA synthesis was analysed 4 h after

injection by agarose gel electrophoresis. Injected oocytes were also analysed by

immunoblot with Cdc6 antibody (bottom). c, Oocytes induced to mature were treated with

250 mg ml21 cycloheximide added 30 min before GVBD (*) or 1 h after GVBD (†). Maturing

oocytes were injected soon after GVBD with 0.25 mCi of [a-32P]dCTP without (lanes 1 and

4) or with active Cdc6 (lane 2) or inactivated Cdc6 (lane 3). DNA synthesis was analysed

4 h after GVBD by agarose gel electrophoresis.
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after metaphase15–20, thereby allowing meiotic reduction in chromo-
some number. Consequently, c-mos activity during maturation can
be considered as a second, superimposed regulation to prevent DNA
replication origins firing before fertilization. Geminin, a negative
regulator of Cdt1, is present in oocytes as well as in meiosis I/meiosis
II extracts from oocytes treated with cycloheximide 1 h after
GVBD or from fertilized egg, which are both competent for DNA
replication (unpublished data); therefore, its presence cannot explain
the repression of DNA replication at these two stages. Emi1, a
component of the CSF pathway21, might be also required in meta-
phase II arrest. Such coupled regulation, in which the competence to
replicate that is given during maturation is repressed until fertiliza-
tion, represents a way to induce precisely and rapidly the activation
of DNA replication immediately after fertilization22,23.

Our data also emphasize that regulating the recruitment of the
MCM helicase to origins is an essential rate-limiting step in
initiating DNA replication, and strengthen the role of Cdc6 in
determining the replication competence in cells after long periods of

quiescence24,25. The role of Cdc6 in preparing the egg for fertilization
is also emphasized by the observation that Cdc6 can induce ability
to bind sperm in immature oocytes26, a property that is also
acquired during maturation. The induction of two apparently
unrelated events, competence to replication and sperm-binding
ability (which are both essential for fertilization), by the same
protein is unexpected. It might unveil links between DNA replica-
tion controls and developmental controls, which may be essential in
multicellular eukaryotes. A

Methods
Fractionation of oocytes
We prepared defolliculated oocytes as described14. Cytoplasmic and germinal vesicle
fractions were obtained after manual enucleation either from intact oocytes or from
oocytes fixed by 2% trichloroacetic acid (TCA) to prevent leaks from the nucleus. Protein
extracts were obtained by grinding oocytes in 100 mM KCl, 5 mM MgCl2, 0.1 mM CaCl2,
10 mM potassium HEPES, pH 7.7, 50 mM sucrose, 5 mg ml21 leupeptin, 5 mg ml21

pepstatin, 5 mg ml21 aprotinin, 0.5 mM EGTA and 0.3% Triton X-100, followed by
centrifugation for 5 min at 8,000g, and were analysed by SDS–PAGE.

Oocyte extracts
Low-speed extracts of maturing oocytes were carried out either at GVBD or 2.5 h after
GVBD between meiosis I and meiosis II. GVBD, as judged by the appearance of a white
spot at the animal pole, started at between 2 h 45 min and 3.5 h. Maturing oocytes extracts
were prepared as described for egg extracts14 in Eppendorf tubes. After the excess buffer
was removed, the oocytes were centrifuged at 8,000g for 5 min at 4 8C, and then at 12,000g
for 2 min at 4 8C. The upper phase was collected and centrifuged again at 12,000g for 2 min
at 4 8C. We collected the extracts and supplemented them with energy mix14.

DNA replication assays
We injected oocytes with 25 nl of 5 mCi ml21 [a-32P]dCTP and extracted the DNA 4–5 h
after GVBD. Samples with equal numbers of total counts were analysed by 0.8% agarose
gel electrophoresis. DNA replication assays were also carried out by quantification of
[a-32P]dCTP incorporation in sperm nuclei used at 1,000 nuclei per ml of extract. We
carried out analysis by TCA precipitation and migration on 0.8% agarose gels14. Purified
protein was added at 15 ng per ml of extract to rescue DNA replication activity. We
prepared interphasic extract and CSF extract as described14,27.

Northern blot analysis
Total oocyte RNA was extracted by the LiCl method28. We resolved 10 mg of total RNA on a
1% formaldehyde agarose gel and transferred them to Amersham Hybond N þ membrane.

Figure 4 Cdc6 protein is the missing factor acquired soon after GVBD that confers to the

egg the competence to replicate. a, Stage VI oocytes induced to mature were either left

untreated (2cyclo) or treated with 250 mg ml21 cycloheximide 30 min before GVBD

(cyclo, 230 min) or 1 h after GVBD (cyclo þ1 h). Oocytes were collected either at the

GVBD stage, or at the metaphase I /metaphase II (MI/MII) transition (2.5 h after GVBD).

Matured oocytes were also collected 12 h after PG addition, and low-speed extracts were

prepared. b, Sperm nuclei were added to the extracts and DNA synthesis was followed

over time and by agarose gel electrophoresis after 2 h. c, DNA replication assay was

carried out in MI/MII extracts as in b. Rescue experiments were carried out by adding

purified baculovirus recombinant Cdc6. Aphidicolin (aphi, 100 mg ml21) inhibited DNA

replication at the same concentration as in Xenopus egg extracts. d, DNA replication

assays were carried out in GVBD extracts and Cdc6 rescue experiments were carried out

as in c.

Figure 5 Interplay between replication induced by cdc6 and its negative control by MPF.

Cdc6 is missing in the oocyte but starts to be translated from oocyte cdc6 maternal mRNA

at GVBD during maturation. The second rise of MPF activity prevents activation of DNA

replication by Cdc6 during the transition between metaphase I and metaphase II (MI/MII).

At fertilization, the degradation of Cyclin B2 and the consequent inactivation of MPF

permits the onset of DNA replication in the embryo. Cycloheximide added 30 min before

GVBD inhibits DNA replication because it totally prevents the accumulation of Cdc6.

Cycloheximide added 1 h after GVBD activates DNA replication because it prevents the

second rise of MPF activity when Cdc6 has already started to accumulate.
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Injections
Stage VI oocytes were injected with 25 nl of a 2 mg ml21 solution of a purified cdc6 25-
nucleotide sense (5

0
-TCCCCACCCAAGCAGTCTCGCAAAG-3

0
) or antisense (5

0
-

CTTTGCGAGACTGCTTGGGTGGGGA-3 0 ) oligonucleotide, and induced to mature by
addition of progesterone. Control oocytes were injected in parallel with water. For rescue
experiments, a 25-nl second injection containing 5 mCi ml21 dCTP and 300 mg ml21

purified Cdc6 protein was injected after GVBD or into matured 12-h oocytes. Maturation
was followed by appearance of a clear white spot at the animal hemisphere coupled with
manual dissection to check for GVBD.

Cdc6 protein and antibodies
Xenopus His6–Cdc6 protein was purified from insect cells infected with recombinant
baculovirus. We monitored its activity by depletion–rescue experiments as follows: 50 ml of
low-speed interphasic extract was either depleted with a specific polyclonal antibody to
Cdc6 or mock-depleted with pre-immune serum immunoglobulin-g, as described29. We
added purified Cdc6 protein to the depleted extract and measured DNA replication
(Supplementary Information Fig. 1). The rabbit polyclonal antibody against Cdc6 and
antibodies against Cdt1, MCM4, MCM3, RPA34 and Geminin were obtained by four
injections of corresponding recombinant proteins. Other antibodies were generous gifts
from J. Blow (ORC1), H. Takisawa (Cdc45, MCM2, MCM5, MCM6 and MCM7), J. Maller
(Cdc7), Y. Adachi (RPA70) and J. Walter (ORC2). The Xenopus Cdc6 baculovirus6 was a
generous gift from T. Coleman.
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The early division cycles of an embryo rely on the oocyte’s ability
to replicate DNA. During meiosis, oocytes temporarily lose this
ability. After a single round of pre-meiotic S-phase, oocytes enter
meiosis and rapidly arrest at prophase of meiosis I (G2)1. Upon
hormonal stimulation, arrested oocytes resume meiosis, re-
establish DNA replication competence in meiosis I shortly after
germinal vesicle breakdown (GVBD), but repress replication
until fertilization2,3. How oocytes lose and regain replication
competence during meiosis are important questions underlying
the production of functional gametes. Here we show that the
inability of immature Xenopus oocytes to replicate is linked to the
absence of the Cdc6 protein and the cytoplasmic localization of
other initiation proteins. Injection of Cdc6 protein into imma-
ture oocytes does not induce DNA replication. However, injec-
tion of Cdc6 into oocytes undergoing GVBD is sufficient to
induce DNA replication in the absence of protein synthesis.
Our results show that GVBD and Cdc6 synthesis are the only
events that limit the establishment of the oocyte’s replication
competence during meiosis.

The focus of our study is the acquisition of replication compe-
tence of Xenopus oocytes during meiosis, a question that was first
examined by Gurdon in 19671. Subsequently, the replication defect
of immature Xenopus oocytes arrested at prophase of meiosis I was
linked to the initiation step rather than the elongation step of DNA
replication4. Xenopus immature oocytes contain functional poly-
merases that can support semi-conservative replication of single-
stranded DNA5. Initiation of eukaryotic DNA replication requires
the assembly onto the chromatin of pre-replication complexes (pre-
RCs) containing Orc, Cdc6, Cdt1 and Mcm proteins6,7. The pre-RCs
are then activated by the Cdk2/cyclin E and Cdc7/Dbf4 kinases
leading to binding of the Cdc45 protein to the pre-RCs and
unwinding of the DNA8,9. To determine whether the initiation
defect corresponds to a defect in pre-RC assembly or activation,
we looked at the expression of pre-RC components and activating
kinases in immature (stage VI) Xenopus oocytes. Western blot
analysis showed that all but one of the initiation factors tested
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