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Prereplication complexes are assembled at eukaryotic origins of
DNA replication in the G1 phase of the cell cycle, and they are
activated in S phase by cyclin-dependent kinase (Cdk)2�cyclin E and
Cdk2�cyclin A. Previous experiments using Xenopus nuclear as-
sembly egg extracts suggested that Cdk1�cyclin A, which is nor-
mally active in early mitosis, can replace the function of Cdk2 in
driving DNA replication, whereas Cdk1�cyclin B, which functions
later in mitosis, cannot. Here, we use a completely soluble repli-
cation system derived from Xenopus egg extracts to show that
Cdk1�cyclin B also can support DNA replication. The ability of
mitotic Cdks to drive DNA replication raises the question of
whether DNA replication is possible in mitosis. To address this
question, chromatin containing prereplication complexes was
driven into mitosis with Cdk1�cyclin B. Strikingly, upon addition of
a replication extract, the chromatin underwent a complete round
of DNA replication. Replicating mitotic chromosomes became vis-
ibly decondensed, and, after DNA replication was complete, they
recondensed. Our results indicate that there is extensive overlap in
the substrate specificity of the major metazoan Cdk�cyclin com-
plexes and that mitosis is not fundamentally incompatible with
DNA replication. The results suggest that origins that fail to initiate
DNA replication in S phase might still be able to do so in mitosis.

During the eukaryotic cell cycle, DNA replication initiates in
a two-step process (1). In G1, when cyclin-dependent kinase

(Cdk) activity is low, the sequential binding to origins of the
origin recognition complex, Cdc6, Cdt1, and the minichromo-
some maintenance complex, MCM2–7, leads to the formation of
a prereplication complex (preRC). At the G1�S transition, the
S-Cdks lead to activation of the preRC. This involves the loading
of the initiation factor Cdc45, origin unwinding, and recruitment
of DNA polymerases. Endoreduplication is inhibited because
preRCs are disassembled during replication initiation and Cdks
prevent de novo assembly of preRCs in S, G2, and M phases.
Metazoans contain an additional inhibitor of preRC assembly
called geminin (2), which inhibits Cdt1 function (3–5).

In yeast, DNA replication is stimulated by the S-phase cyclins
Clb5�6 (Saccharomyces cerevisiae) and Cig2 (Schizosaccharomy-
ces pombe), but, when these are deleted, the mitotic cyclins Clb2
(S. cerevisiae) and Cdc13 (S. pombe) can also drive S phase (6–8).
In mammalian cells, antibody injection experiments and over-
expression of dominant-negative Cdks indicate that entry into S
phase requires Cdk2�cyclin E and Cdk2�cyclin A, the two major
Cdks expressed at the beginning of S phase (9–12). The same
studies found that there is no detectable effect on DNA repli-
cation when the M-Cdks, Cdk1�cyclin B and Cdk1�cyclin A, are
inhibited. In Xenopus egg extracts, Cdk2�cyclin E is essential for
DNA replication (13, 14). When Cdk2�cyclin E is removed from
these extracts, Cdk2�cyclin A and Cdk1�cyclin A are able to
support DNA replication (15, 16). These results indicate that
a mitotic Cdk can drive S phase when S-Cdks are absent.
Interestingly, Cdk1�cyclin B was reported not to promote S
phase (14, 16).

Xenopus egg extracts have been used extensively to study DNA
replication. Sperm chromatin added to interphase egg cytoplasm
is assembled into nuclei that undergo DNA replication (‘‘nuclear
assembly extracts’’) (17, 18). Any perturbation of the nuclear

envelope in this system abolishes DNA replication (17, 19),
which led to the hypothesis that higher-order nuclear structures
are required for DNA replication. More recently, we developed
a soluble, nucleus-independent assay (‘‘nucleus-free system’’)
(see Fig. 1 A and ref. 20). In this system, DNA is first exposed to
membrane-free Xenopus egg cytoplasm, which leads to the
formation of preRCs. Subsequently, a concentrated nucleoplas-
mic extract (NPE) is added. NPE initiates DNA replication from
existing preRCs while also preventing de novo preRC formation,
resulting in a single round of DNA replication. The ability of
NPE to stimulate DNA replication in the absence of nuclear
structures is likely due to the fact that it contains high concen-
trations of one or more key replication factors. For example,
we previously showed that the high concentration of Cdc7
present in NPE is important to achieve maximal rates of DNA
replication (21).

There were two plausible explanations for the inability of
Cdk1�cyclin B to support DNA replication in nuclear assembly
extracts seen previously. First, this mitotic protein kinase may
not recognize key S-phase substrates. Alternatively, because
Cdk1�cyclin B causes nuclear envelope breakdown, its DNA
replication promoting activity may have been masked in this
nucleus-dependent system. To distinguish between these possi-
bilities, we have revisited the question of which Cdks can
promote S phase using the nucleus-free system. When Cdk2�
cyclin E is depleted from NPE, DNA replication is inactivated,
and it can be restored by the addition of Cdk2�cyclin A or
Cdk1�cyclin A. We now also demonstrate that Cdk1�cyclin B
has full DNA replication promoting activity in the nucleus-free
system. Our results raised the question of whether Cdk1�cyclin
A or Cdk1�cyclin B may sometimes stimulate replication initi-
ation in mitosis from origins that failed to fire in S phase. To test
whether this is possible, we assembled preRCs on chromatin,
drove them into mitosis, and then added NPE. Strikingly,
replication initiated and a complete round of DNA synthesis
occurred. Therefore, mitosis is not fundamentally incompatible
with DNA replication. Our results argue that there is extensive
overlap in the specificity of metazoan Cdks that are expressed
during S, G2, and M phases, and they raise the possibility that
some DNA replication could take place in mitosis.

Materials and Methods
Extract preparation and DNA replication were carried out as
described (20). Briefly, Xenopus demembranated sperm chro-
matin was incubated for 20–30 min with egg cytosol at a
concentration of 20,000 sperm per �l of extract, except in
experiments shown in Fig. 4 (10,000 sperm per �l). Reactions
were supplemented with two volumes of NPE containing
[�-32P]dATP and stopped after 60 min, unless stated otherwise.
Reaction products were separated by agarose gel electrophore-
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sis, and DNA replication was measured by using a Phosphor-
Imager (Molecular Dynamics) (22). To estimate the percentage
of DNA replicated in Fig. 4C, the endogenous concentration of
dATP in replication reactions was determined to be 100 �M, and
this information was used to calculate how many nanograms of
DNA had been synthesized (18).

Recombinant human Cdk2�6-His-cyclin E, human Cdk2�6-
His-cyclin A, and human 6-His-cyclin A were produced and
purified as described (23). The cyclin�Cdk concentration was
typically 0.2–0.4 mg�ml. The minimum concentration of each
Cdk�cyclin required to achieve at least 50% DNA replication in
Cdk2-depleted egg extracts was used. The minimum concentra-
tions were �30 ng��l for Cdk2�cyclin E, �3 ng��l for cyclin A,
and �3 ng��l for Cdk2�cyclin A. Human Cdk1�cyclin B was
produced in insect cells as described (24) and was used at �35
ng��l to induce mitosis.

H1 kinase assays were performed in kinase buffer (250 mM
sucrose, 10 mM MgCl2, 50 mM KCl, 10 mM Hepes, pH 7.7)
supplemented with 40 �M cold ATP, �2 �Ci of [�-32]ATP, 0.2
mg�ml histone H1 (Sigma), and 50 mM �-glycerophosphate. Ten
microliters of the above mixture was supplemented with 0.01 �l
of the extract to be assayed and incubated at room temperature
for 5 min, and the reaction was stopped by the addition of 11 �l
of 2� SDS protein gel loading buffer. Reaction products were
separated by PAGE, and the amount of incorporated radioac-
tivity was measured by using a PhosphorImager.

Bio-dUTP immunofluorescence was performed essentially as
described [31], except that chromatin was cross-linked with 4%
formaldehyde in 10 volumes of buffer XBE2 (25), and chromatin
was pelleted at 7,000 rpm in an HB-6 swinging bucket rotor.

Rabbit polyclonal antibodies against Xenopus Cdk2 protein
were produced and affinity-purified by Bethyl Laboratories
(Montgomery, TX) by using C-terminal peptide PFFRDVS-
RPTPHLI. For immunodepletions, these antibodies were bound
to recombinant protein A-Sepharose Fast Flow (PAS, Amer-
sham Pharmacia Biosciences) at concentrations of 15–20 mg�ml
resin. One volume of extract was incubated three consecutive
times for 1 h with 0.2 volumes of PAS�antibody beads. To
deplete cyclin E, 20 �l of NPE was incubated for 3 h with PAS
bound to 5 �g of affinity-purified cyclin E1 antibody (20).
Western blotting was performed by using the above antibodies
and anti-MCM7 (26). Anti-XCAP-E (Smc2) antibodies (27)
were a kind gift from Dr. Tatsuya Hirano (Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY).

Results
To determine the range of Cdks that can support DNA repli-
cation in the nucleus-free system, it was first necessary to remove
endogenous Cdk2�cyclin E. Xenopus egg cytosol contains �50
nM Cdk2�cyclin E (28, 29), whereas the concentration of this
kinase in NPE is �1.25 �M (20). We asked whether removal of
Cdk2 from NPE is sufficient to abolish DNA replication. Sperm
chromatin was incubated with undepleted egg cytosol to form
preRCs and then supplemented with mock-depleted NPE
(NPEmock) or NPE from which Cdk2 had been quantitatively
removed (NPECdk2�; Fig. 1B). Compared with NPEmock,
NPECdk2� was inactive for DNA replication (Fig. 1C, compare
columns 1 and 2), and readdition of recombinant Cdk2�cyclin E
restored DNA replication (Fig. 1C, column 3). Similarly, deple-
tion of cyclin E from NPE, a procedure that codepletes �95%
of Cdk2 (Fig. 1D), was sufficient to abolish DNA replication, and
the effect was largely reversed by readdition of Cdk2�cyclin E
(Fig. 1E). We conclude that cytosolic Cdk2�cyclin E is insuffi-
cient to support DNA replication, and that this protein kinase
must be supplied by NPE. We next measured DNA replication
when NPEmock and NPECdk2� were mixed in different ratios and
added to preRCs formed in undepleted egg cytosol. As seen in
Fig. 1F, the efficiency of DNA replication was strongly reduced

if the amount of Cdk2 present in NPE was �80% the normal
level, �1 �M. These results argue that a high concentration of
Cdk2�cyclin E is critical for initiation of DNA replication.
Similarly, in nuclear assembly egg extracts, it was recently
reported that the intranuclear concentration of Cdk2�cyclin E
required for DNA replication is also very high, at least 3 �M
(30). Recombinant Cdk2�cyclin E was not sufficient to replace
the function of NPE in initiating DNA replication (data not
shown), as expected given the requirement for high concentra-
tions of nuclear Cdc7 (21) and MCM10 (31).

We next investigated which Cdk complexes can replace the
function of Cdk2�cyclin E in DNA replication initiation. DNA
replication in Cdk2-depleted NPE could be restored with re-
combinant Cdk2�cyclin E, Cdk2�cyclinA, or cyclin A alone (Fig.
2A, columns 3–5). In the latter case, we infer that cyclin A
formed an active complex with endogenous Cdk1, because cyclin

Fig. 1. NPE stimulates DNA replication by supplying a high concentration of
Cdk2�cyclin E. (A) Schematic representation of the nucleus-free DNA replica-
tion system. (B) A total of 0.5 �l of NPEmock (lane 1) or NPEcdk2� (lane 2) was
assayed by Western blotting with anti-Cdk2 peptide antibody. (C) Sperm
chromatin was incubated with untreated egg cytosol for 30 min and then
supplemented with 2 volumes of NPEmock (reaction 1), NPECdk2� (reaction 2), or
NPECdk2� supplemented with recombinant Cdk2�cyclin E (reaction 3). Reac-
tions were stopped after 60 min. (D) A total of 1 �l of NPEmock (left lane) or
NPEcyclinE� (right lane) was blotted with cyclin E or Cdk2 antibody. (E) Sperm
chromatin incubated with untreated egg cytosol was supplemented with
NPEmock (reaction 1), NPEcyclinE� (reaction 2), or NPEcyclinE� supplemented with
recombinant Cdk2�cyclin E (reaction 3). Replication was measured after 30
min. (F) Sperm chromatin was incubated with untreated egg cytosol for 30 min
and then supplemented with 2 volumes total of NPEmock and NPECdk2� mixed
in different ratios, and replication was measured.
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A did not restore DNA replication when Cdk1 was also immu-
nodepleted with an antipeptide antibody (data not shown).
Importantly, we found that recombinant Cdk1�cyclin B also fully
restored DNA replication in Cdk2-depleted NPE (Fig. 2 A,
column 6). We assayed histone H1 kinase activity of the various
recombinant Cdks after addition to NPECdk2� at the same
concentrations that were used for replication rescue experiments
in Fig. 2 A. The total H1 kinase activity in NPECdk2� was �3-fold
lower than in NPEMock (Fig. 2B, compare 1 and 2), indicating
that the majority of H1 kinase activity in total extract is
Cdk2-dependent. Addition of Cdk2�cyclin E, Cdk2�cyclin A,
cyclin A alone, or Cdk1�cyclin B to NPECdk2� each resulted in
similar levels of H1 kinase activity that were comparable to the
level seen in mitotically arrested extracts (Fig. 2B, columns 3–7).
Therefore, the concentration of Cdk1�cyclin B that normally
exists in mitosis can support DNA replication in the context of
our nucleus-free egg extracts.

The observation that Cdk1�cyclin A and Cdk1�cyclin B can
support DNA replication raises the question of whether DNA
replication can take place in mitosis, the time when these kinases
are most active. To begin to address this issue, we asked whether
mitotic chromatin structure might represent a barrier to DNA
replication; therefore, we carried out the experiment outlined in
Fig. 3A. Sperm chromatin was incubated with interphase egg
cytosol to form preRCs. Subsequently, we added cyclin A or
Cdk1�cyclin B to induce mitosis, or buffer as a control. Within
20 min, the chromatin was condensed (Fig. 3A) and the con-
densin SMC2�XCAP-E was bound to the sperm (Fig. 3B and ref.
27). Importantly, preRCs persisted on the mitotic chromatin, as
evidenced by the continued presence of MCM7 (Fig. 3B). At this
stage, DNA replication had not begun because NPE was lacking.
When NPE was added, both control chromatin and mitotic
chromatin underwent DNA replication (Fig. 3C). Unexpectedly,
in the presence of mitotic Cdks, DNA replication was completed
after only 7 min, whereas in the control, it lasted at least 30 min,
as is customary in this system (20). It is presently unclear whether
the increased rate of DNA synthesis was due to more initiation
events or faster replication fork progression. In the experiment
shown in Fig. 3C, we carefully measured the amount of input
DNA replicated (see Materials and Methods), and in the presence
of M-Cdks it approached 100%. The same result was obtained
if we used Cdk2-depleted NPE supplemented with Cdk1�cyclin
B (data not shown), indicating that Cdk1�cyclin B can initiate
DNA replication on precondensed chromatin. Fresh sperm

chromatin added after the first round of DNA replication
underwent rapid and complete condensation, demonstrating
that the Cdk1�cyclin B added at the start of DNA replication
was still active (data not shown). Therefore, preRCs bound to
chromatin that is functionally in mitosis are able to undergo
replication initiation, and replication forks are able to move
efficiently through condensed chromatin in the continued pres-
ence of high Cdk1�cyclin B activity.

It is important to note that it was critical to establish preRCs
on chromatin before it was rendered mitotic. Thus, if cyclin A or
Cdk1�cyclin B was added to egg cytosol before sperm chromatin,
no DNA replication was observed upon addition of NPE (data
not shown), as expected because high concentrations of Cdk
activity are inhibitory for de novo preRC assembly (32, 33).
Therefore, as for DNA replication in S phase, DNA replication
in mitotic extracts is totally dependent on preRCs that were
previously assembled in a G1-like environment that lacks high
Cdk activity.

We investigated how the passage of a DNA replication fork
might affect the structure of highly compacted mitotic chroma-
tin. As in Fig. 3, sperm was first incubated in egg cytosol to form
preRCs, Cdk1�cyclin B was then added to induce mitosis, and,
finally, NPE was added to initiate DNA replication. We found
that, 2 min after addition of NPE, the chromatin decondensed
visibly (Fig. 4, compare A and B), and the effect depended on the
initiation of DNA replication because it was blocked when
geminin was present during the initial incubation of the sperm

Fig. 2. Cdk1�cyclin B can support DNA replication. (A) Sperm chromatin was
incubated with untreated egg cytosol and then supplemented with NPEmock

(reaction 1) or NPECdk2� (reactions 2–6). NPE in reactions 3–6 was supple-
mented with recombinant Cdk2�cyclin E, cyclin A, Cdk2�cyclin A, and Cdk1�
cyclin B, respectively. (B) Recombinant Cdk2�cyclin E, Cdk2�cyclin A, cyclin A,
or Cdk1�cyclin B was added to NPECdk2� as in A, and the equivalent of 0.01 �l
of each NPE�Cdk�cyclin mixture (reactions 3–6), as well as NPEmock (reaction 1),
NPECdk2� alone (reaction2), or crude egg extract arrested in metaphase (re-
action 7), was assayed for total H1 kinase activity.

Fig. 3. Mitotic chromatin can replicate. Sperm chromatin was incubated
with untreated egg cytosol to form preRCs, then buffer, cyclin A, or Cdk1�
cyclin B was added. After an additional 20 min, reactions were supplemented
with 2 volumes of NPE treated with buffer or the appropriate Cdk. (A)
Chromatin samples were withdrawn immediately before NPE addition. After
staining with Hoechst, the chromatin was examined under UV illumination.
(B) Chromatin was isolated immediately before NPE addition, and chromatin-
bound proteins were analyzed by Western blotting by using anti-XCAP-E and
MCM7 antibodies. (C) DNA replication was measured 7 and 30 min after NPE
addition. The percentage of input DNA replicated was measured (see Mate-
rials and Methods) and graphed.
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with egg cytosol (Fig. 4C). Although some chromatin looks
decondensed in Fig. 4C, it is merely out of focus (data not
shown). By 10 min after the addition of NPE, when incorporation
of radioactive dATP had plateaued (Fig. 3C), the chromatin
resumed its condensed state (Fig. 4F). Recondensation at the
10-min time point depended on completion of DNA replication
because when NPE contained aphidicolin to block DNA syn-
thesis, chromatin decondensed and never recondensed (Fig. 4 D
and H). The highly decondensed state observed after a 10-min
incubation with aphidicolin was not a nonspecific effect of
aphidicolin because chromatin remained fully condensed when
the reaction also contained geminin (Fig. 4 E and I). Also, failure
to recondense in aphidicolin was not due to checkpoint-
mediated down-regulation of Cdk1 activity, because deconden-
sation was observed when aphidicolin was added together with
5 mM caffeine (K.M. and J.C.W., unpublished results), which
inhibits ATM and ATR checkpoint kinases (34). Together, these
experiments show that DNA replication leads to a significant
decondensation of chromatin. The fact that all of the chromatin
on the slide undergoes decondensation (Fig. 4 B, D, and H)
indicates that all of the DNA underwent replication initiation.
Finally, the data argue that replication-mediated decondensa-
tion is reversible, because the chromatin recondenses when DNA
replication is complete (Fig. 4F). To further prove that chro-
matin recondenses after DNA replication, we performed DNA
replication as in Fig. 4 B, C, F, and G, but we included
biotinylated dUTP (bio-dUTP). In this case, the condensed
chromatin that reappears after incubation with NPE was labeled
with bio-dUTP (Fig. 4L), but not when DNA replication

was blocked with geminin (Fig. 4M). Thus, mitotic chromatin
decondenses during DNA replication, after which it quickly
recondenses.

Discussion
In budding and fission yeast, mitotic B-type Cdks have S
phase-promoting activity (6–8). By contrast, in metazoans, only
Cdk2�cyclin E, Cdk2�cyclin A, and Cdk1�cyclin A have been
shown to support DNA replication (15, 16), whereas Cdk1�cyclin
B was reported not to possess this activity (14, 16). Using a
nucleus-free DNA replication system derived from Xenopus egg
extracts, we show here that Cdk1�cyclin B also can support DNA
replication. Therefore, in metazoans as in yeast, Cdks that act
late in the cell cycle are able to catalyze events that normally
occur earlier. The converse does not appear to be true, because
high concentrations of Cdk2�cyclin E do not induce mitosis (16).
This hierarchy is likely designed to prevent premature mitosis
during S phase. Our findings suggest that the previous failure to
uncover the DNA replication activity of Cdk1�cyclin B was most
likely due to Cdk1�cyclin B-mediated nuclear envelope break-
down, a key requirement for DNA replication in nuclear assem-
bly egg extracts. Indeed, after completion of our studies, a report
using nuclear assembly extracts showed that intermediate lev-
els of Cdk1�cyclin B that do not lead to nuclear envelope
breakdown can drive DNA replication (35). Interestingly, it was
recently shown that certain cancer cells are able to proliferate in
the absence of Cdk2 activity (36). Our results suggest that DNA
replication in these Cdk2-deficient cells may be stimulated by
Cdk1�cyclin A and�or Cdk1�cyclin B.

Fig. 4. Mitotic chromatin decondenses temporarily during DNA replication. Sperm chromatin was incubated with egg cytosol containing (C, G, E, I, K, and M)
or lacking (B, F, D, H, J, and L) geminin for 20 min. Subsequently, Cdk1�cyclin B was added to render the chromatin mitotic. After 40 min, reactions were
supplemented with 2 volumes of NPE containing (D, E, H, and I) or lacking (B, C, F, G, and J--M) 50 �g�ml aphidicolin. Some reactions contained bio-dUTP (J–M).
Samples were withdrawn before (A), 2 min after (B–E), 10 min after (F–I), or 30 min after (J–M) NPE addition. Samples were stained with Hoechst (A–K) or with
fluorescently labeled streptavidin (L and M) and visualized.
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Cdk1�cyclin A and Cdk1�cyclin B drive the dramatic changes
in cellular structure and function observed in mitosis by adding
stimulatory and inhibitory phosphates to numerous proteins. For
example, phosphorylation by Cdk1�cyclin B leads to activation
of the condensin complex (37). Phosphorylated condensin binds
to chromatin, causing chromosome compaction by means of a
mechanism that may involve positive supercoiling of DNA (27,
38). In contrast, phosphorylation by Cdk1�cyclin B inhibits the
function of the nuclear lamins, leading to nuclear envelope
breakdown (39). Notably, the high concentrations of Cdk1�
cyclin B present in mitosis are inhibitory for transcription,
insuring that certain types of metabolism are not allowed in
mitosis (ref. 40 and references therein). In contrast, we found
that when chromatin containing preRCs is driven into a mitotic
state with Cdk1�cyclin B or cyclin A, the preRCs are subse-
quently able to undergo initiation, and a complete round of
chromosomal DNA replication ensues in the continuous pres-
ence of high mitotic Cdk activity. Therefore, once a preRC has
been established, neither the initiation step nor the elongation
step of DNA replication appears to be inhibited by condensed
chromatin structure. Importantly, Cdk1�cyclin B leads to hy-
perphosphorylation of many DNA replication factors in egg
extracts, including MCM4 and RPA (ref. 32 and our unpublished
results), but these phosphorylation events do not appear to be
inhibitory for DNA replication. Therefore, unlike transcription,
the mitotic state is not inhibitory for DNA replication. It is
important to emphasize that DNA replication in mitotic extracts
depends on already established preRCs, indicating that it obeys
cell cycle control mechanisms that limit DNA replication to a
single round per cell cycle.

The question arises of whether DNA replication can take place
in mitosis under physiological conditions and, if so, whether this
ever happens in cells. In budding yeast arrested in mitosis with
nocodozole, transient lowering of Cdk levels leads to reassembly
of preRCs, origin firing, and a complete round of DNA repli-
cation (41). In Xenopus egg extracts, the initiation and elongation
steps of DNA replication require a transport-competent nuclear
envelope (17, 19, 20, 42, 43). Therefore, once the nuclear
envelope has broken down in mitosis, DNA replication is not
expected to occur. In our experiments, we bypassed the require-
ment for a nuclear envelope through the addition of NPE.
However, in somatic cells, the requirement for a nuclear enve-
lope may be much less stringent. Johnson and Rao (44) showed
that, when a cell in mitosis was fused with an S-phase cell, the
S-phase nucleus underwent rapid envelope breakdown and
premature chromosome condensation. Importantly, the con-
densed chromatin underwent significant levels of DNA replica-
tion. This observation shows that in somatic cells, a pseudomi-
totic state is compatible with DNA replication and that the
nuclear envelope is not strictly required.

Assuming that DNA replication is possible in mitosis, does this
normally occur? Inhibition of Cdk1 activity in somatic cells has
no visible effect on DNA replication (11, 12), consistent with the
observation that the vast majority of DNA replication takes

place in S phase. However, execution of anaphase with any
unreplicated DNA leads to chromosome breakage (mitotic
catastrophe); therefore, we find appealing the possibility that if
any origins fail to initiate replication in S phase, they could still
do so in mitosis through the action of Cdk1�cyclin A and�or
Cdk1�cyclin B. Similarly, if a replication fork does not complete
duplication of its replicon in S phase, it could still do so in
mitosis. The time between nuclear envelope breakdown and
anaphase is highly variable, but on average it comprises �40 min
(45), allowing a significant period for DNA replication. A priori,
replication of small amounts of DNA in mitosis is not expected
to disrupt chromosome segregation, as long as normal mitotic
chromatin structure is reestablished before anaphase. We found
that DNA replication caused significant decondensation of
mitotic chromatin, as might be expected if proteins that compact
DNA are displaced by the replication fork. However, the chro-
matin rapidly recondensed when DNA replication was complete,
indicating that proper chromatin structure was restored. A
potential complication of our model is that unreplicated DNA is
thought to down-regulate Cdk1 activity (22). However, this
effect has so far been observed only in the presence of DNA
replication inhibitors and may not apply to small amounts of
unreplicated DNA in an otherwise normal cell. Indeed, when the
rate of DNA replication is reduced because of limited preRC
assembly, yeast cells undergo anaphase with unreplicated DNA,
leading to chromosome fragmentation (46). We envision that
mitotic DNA replication probably occurs infrequently and in-
volves small amounts of DNA at random locations. As such,
detecting mitotic DNA replication with available techniques is
expected to be difficult. However, if a protein inhibitor of DNA
replication that acts after preRC assembly is identified in the
future, one could ask whether its expression in mitosis increases
the incidence of mitotic catastrophes and genomic instability.

Conclusion
We have shown that Cdk1�cyclin B is just as active in promoting
DNA replication as are Cdk2�cyclin E, Cdk2�cyclin A, and
Cdk1�cyclin A, indicating that there is extensive overlap in the
substrate specificity of these various Cdk�cyclin complexes. In
addition, we show that biochemical changes brought about by
M-Cdks, including chromosome condensation, pose no barrier
to initiation events that occur after preRC formation or move-
ment of the replication fork during elongation. Our results raise
the possibility that the permissive window for DNA replication
is longer than previously envisioned, extending from the G1�S
transition until the moment cells undergo anaphase.
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