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Background: The duration of S phase in Xenopus is controlled by the nucleus/cytoplasm ratio through unknown
mechanisms.
Results:Modulation of protein phosphatase 2A (PP2A) levels controls origin firing at high nucleus/cytoplasm.
Conclusion: Depletion of PP2A and its B55� subunit at high nucleus/cytoplasm causes an extension of S phase.
Significance: This mechanism may influence cell cycle remodeling that occurs in early embryogenesis.

Thenucleus/cytoplasm (N/C) ratio controls S phase dynamics
inmany biological systems,most notably the abrupt remodeling
of the cell cycle that occurs at themidblastula transition in early
Xenopus laevis embryos. After an initial series of rapid cleavage
cycles consisting only of S and M phases, a critical N/C ratio is
reached,which causes a sharp increase in the lengthof Sphase as
the cell cycle is reconfigured to resemble somatic cell cycles.
How the N/C ratio determines the length of S phase has been a
longstanding problem indevelopmental biology.UsingXenopus
egg extracts, we show that DNA replication at high N/C ratio is
restricted by one or more limiting substances. We report here
that the protein phosphatase PP2A, in conjunction with its
B55� regulatory subunit, becomes limiting for replication ori-
gin firing at high N/C ratio, and this in turn leads to reduced
origin activation and an increase in the time required to com-
plete S phase. Increasing the levels of PP2A catalytic subunit or
B55� experimentally restores rapid DNA synthesis at high N/C
ratio. Inversely, reduction of PP2A or B55� levels sharply
extends S phase even in low N/C extracts. These results identify
PP2A-B55� as a link between DNA replication andN/C ratio in
egg extracts and suggest a mechanism that may influence the
onset of the midblastula transition in vivo.

During early embryonic development in many animals,
including Xenopus laevis, Drosophila melanogaster, and
Caenorhabditis elegans, cell cycle duration is controlled by the
nucleus/cytoplasm ratio of the proliferating blastomeres. In
C. elegans, this effect is seen as early as the two-cell stage, where
the smaller P1 blastomere requires more time to complete S
phase than its larger sister cell, AB (1). Early development in
X. laevis and D. melanogaster begins with a series of rapid cell
divisions that quickly subdivide the fertilized egg into thou-
sands of individual cells (2–4). These early cleavage divisions

lack gap phases entirely, consisting instead of alternating
rounds of S andM phases without cell growth (5). After a fixed
number of such divisions, the cell cycle abruptly lengthens dur-
ing themidblastula transition (MBT)2 (6). Here, the lengths of S
phase andmitosis expand, gap phases are incorporated, and cell
cycle checkpoints begin to exert their influence (7–10). New-
port and Kirschner (6) have shown that the MBT in Xenopus is
triggered when the rapidly dividing embryo crosses a threshold
N/C ratio. Similarly, in Drosophila, the N/C ratio controls the
onset of theMBT, a point shown clearly by the observation that
haploid embryos take one cell cycle longer to reach the MBT
than do their diploid counterparts (3). Although it is clear that
the N/C ratio determines the duration of early embryonic cell
cycles in many organisms, the means by which the embryo
senses theN/C ratio has remained an important unsolved prob-
lem in developmental biology.
Recent work in Drosophila has begun to unravel the molec-

ular mechanism for cell cycle remodeling at the MBT in this
organism. Fly embryos undergo 13 rapid cleavage divisions, and
then, at the 14th division, S phase is abruptly lengthened, a G2
phase is introduced, and zygotic transcription is robustly acti-
vated. Activation of transcription allows the embryo to target
Twine, an ortholog of the Cdc25 mitotic inducer, for rapid
destruction, and this appears to be the key event that triggers
cell cycle remodeling at the MBT (11–13).
In contrast, the MBT in Xenopus embryos occurs indepen-

dently of zygotic transcription (6). After 12 rounds of cleavage
divisions, the MBT is reached during interphase of the 13th
division, and the cell cycle here is initially characterized by
an increase in the length of S phase (8). Previous work has
suggested that the extension of S phase and subsequent cell
cycle changes may be due to either a developmental activa-
tion of the replication checkpoint (14, 15), depletion of DNA
replication factors (6, 15), or depletion of dNTPs (16). In the
present study, we have sought to shed light on this process by
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establishing how the progression of DNA synthesis is influ-
enced by the N/C ratio in vitro using extracts derived from
Xenopus eggs.
One longstanding model for how the N/C ratio affects S

phase in Xenopus suggests that a positively acting DNA repli-
cation factor is titrated from the cytoplasmby the exponentially
increasing number of nuclei during the rapid cleavage divisions.
Once the availability of this factor drops below a threshold,
DNA replication would take longer to complete, and S phase
would thereby be extended. Any model invoking a limiting fac-
tor must, however, be reconciled with more recent studies that
have examined how replication initiation is regulated in Xeno-
pus and how the N/C ratio influences this regulation (17–20).
Work using egg extracts has shown that increased N/C ratio
results in lengthening of replicon size, which reflects an expan-
sion of the distance between active origins of replication. This
indicates that the N/C ratio influences S phase duration by lim-
iting the number of active origins. Furthermore, other work has
shown that the ATR-based replication checkpoint, a signaling
pathway that is activated during replication, negatively reg-
ulates origin firing. Importantly, it has also been shown that
abrogation of ATR signaling uncouples the rate of origin
firing from the N/C ratio, such that extracts lacking ATR
activity replicate DNA quickly even when the N/C ratio is
high. It therefore appears that the limiting factor for DNA
replication at high N/C is not a component of the replication
fork itself, but rather is likely to be a regulator of origin firing.
However, a molecular basis for how the N/C ratio works
through the ATR pathway to control the rate of origin firing
was not previously known.
ATR is a protein kinase that controls progression through S

phase by restricting origin firing in the presence of replication
stress and, to a lesser extent, during unperturbed replication
(19–22). The observation that loss of ATR activity prevents
control of S phase by the N/C ratio suggests two simple possi-
bilities for how the N/C ratio is sensed. First, it may be that at
high N/C ratio, the ATR pathway is more efficiently activated
by ongoingDNAreplication. Alternatively, an activity that neu-
tralizes the ATR-dependent suppression of origin firing may
become limiting at high N/C ratio, and this would allow the
ATR pathway to control origin firing more stringently. In this
work, we present evidence that the secondmodel is correct.We
report that the protein phosphatase PP2A plays a key positive
role in controlling the rate of origin firing and, furthermore,
that the PP2A activity state is what allows the N/C ratio to limit
origin firing. At highN/C ratio, PP2A activity becomes limiting
due to titration of its key regulatory subunit, the B55� protein,
and this drop in PP2A activity is the critical event that allows for
the extension of S phase. These results provide a mechanistic
basis for how the N/C ratio is sensed to regulate S phase dura-
tion during early development.

EXPERIMENTAL PROCEDURES

Xenopus Egg Extracts—Interphase egg extracts and sperm
chromatin were prepared as described previously (23). Cyto-
static factor-arrested extracts were prepared as described
(24), except that aprotinin (G Biosciences) was used in place
of chymostatin and pepstatin, and Versilube was omitted.

For protein expression in cytostatic factor-arrested extracts,
mRNA templates were incubated with extract for 2 h at 21 °C
and then activated by the addition of CaCl2 to 600 �M. Chro-
matin was then added after a 13-min incubation. DNA syn-
thesis was measured by supplementing the extracts with
low levels of [�-32P]dATP (about 0.05% of endogenous
dATP levels) and quantifying incorporation into DNA us-
ing agarose gel electrophoresis and autoradiography, as
described previously (23). Fresh extracts were prepared for
all experiments.
Isolation of Nuclei from Extracts—After progressing into S

phase, extract samples were transferred to ice and then centri-
fuged at 700 � g for 6 min at 4 °C to form an upper layer of
nuclei. To minimize cytoplasmic contamination, 80% of the
underlying cytoplasm and pelleted debris was first removed
with a needle and syringe. The remaining extract containing the
nuclei was then suspended in 500 �l of ELB (250 mM sucrose,
2.5 mM MgCl2, 50 mM KCl, 10 mM HEPES, 1 mM DTT, 50
�g/ml cycloheximide) by gentle inversion. Extracts were
underlain with 1 ml of ELB, 0.9 M sucrose, and nuclei were
pelleted at 8,000 � g for 5 min. Nuclei were resuspended in
ELB and centrifuged once more through ELB, 0.9 M sucrose
as above.
In Vitro Transcription—Linear DNA templates were gener-

ated by PCR using the LinTempGenSet system (5 Prime).
mRNA was produced using the mMessage mMachine kit
(Ambion) according to the manufacturer’s instructions.
DNA Fiber Labeling—Preparation of labeled DNA fibers was

performed as described previously (25). Interphase egg extracts
were prepared and supplemented with 1⁄50 volume of 1 mM bio-
tin-16-dUTP (bio-dUTP; Roche Applied Science) and 1 mM

digoxigenin-11-dUTP (dig-dUTP; Roche Applied Science) at
the indicated times. To assess replication fork density, dig-
dUTP was added prior to the start of the reaction, whereas
bio-dUTP was added 28–60 min later during early to mid-S
phase. To assess fork velocity, bio-dUTP was added to extracts
in early to mid-S phase, followed 10 min later by dig-dUTP. To
ensure completion of replication of high N/C ratio samples, all
reactions were subsequently diluted to a final concentration of
1,000 nuclei/�l with fresh extract containing both bio-dUTP
and dig-dUTP and incubated until 120 min. This step allows
for the complete labeling of input DNA, which is essential for
accurate assessment of fork density. To measure fork density
in the presence of aphidicolin, additional steps were neces-
sary. After the initial labeling, nuclei were gently isolated by
diluting in 20 volumes of a buffer (50 mM KCl, 5 mM MgCl2,
1 mM DTT, 50 mM HEPES-KOH, pH 7.6) and centrifuging at
1,000 � g for 2 min. Nuclei were then resuspended in fresh
extract containing bio-dUTP and dig-dUTP but lacking
aphidicolin. This manipulation allowed completion of repli-
cation even when large doses of aphidicolin were used (data
not shown).
Digoxigenin-labeled fibers were detected using mouse anti-

digoxin FITC antibody (Sigma) and then fixed in 4% parafor-
maldehyde. Consecutive incubations in AlexaFluor488-labeled
secondary antibodies (goat anti-mouse, chicken anti-goat, goat
anti-chicken, and rabbit anti-goat; Invitrogen) were used to
amplify the signal. Concurrently, biotin-labeled fibers were
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detected using three layers of streptavidin AlexaFluor594
(Invitrogen) interspersed with two layers of rabbit biotinylated
anti-streptavidin antibody (Rockland). Fibers were photo-
graphed using an Olympus BX-51 microscope with attached
camera and SPOT software (Diagnostic Instruments). Fibers
were measured using ImageJ software (National Institutes of
Health) with a conversion ratio of 2 kb/�m (26). Fork density
was determined by dividing the total number of replication
forks by the total length of DNAmeasured, as described previ-
ously (19). The S.E. value of this measurement was determined
by performing a bootstrap resampling procedure on the raw
data using R statistical software (27). Statistical significancewas
assessed using bootstrap percentile confidence intervals for the
difference between fork densities. To measure replication fork
velocity, the lengths of biotin-labeled overhangs within fibers
were measured and divided by the time interval between the
bio-dUTP and dig-dUTP additions. Statistical significance was
assessed with Student’s t tests (two-tailed).
Immunodepletion—Immunodepletion of egg extracts was

carried out using Protein G-Sepharose beads (GE Healthcare).
For PP2A depletions, we used mouse ascites fluid recognizing
theA subunit (6F9, Covance). Antisera against PP2AB subunits
were a very generous gift fromDr. SatoruMochida. The appro-
priate antibody or antiserum was bound to beads by tumbling
for 1 h at room temperature and then washed in ELB. Extract
was incubated with a 30% volume of beads for three rounds of
50 min each. Residual fluid was first removed from beads by
centrifugation through a small slit cut into the bottom of the
tube. Extract was recovered after each step by centrifugation in
the same manner.
Immunoblotting—Antibodies against phosphorylated Chk1

(Ser-345) and PP2A C were purchased from Cell Signaling and
Millipore, respectively. Chk1 (FL-476) and PP2A A (6G3) anti-
bodies were purchased from Santa Cruz Biotechnology, Inc.
Antibodies recognizing ORC2 were affinity-purified from rab-
bit antiserum raised against Xenopus ORC2, which was pro-
duced in bacteria. Affinity-purified antibodies specific for B55�
were a gift from Dr. Satoru Mochida. Antibodies against Cdk2
and phosphorylated Cdk2 (Tyr-15) were purchased from
Novus and Cell Applications, respectively. ImageJ software was
used to quantify band intensities.
Reagents—His8-tagged Xenopus PP2A C� was produced in

High Five cells as described previously (28) and purified by
modified ethanol precipitation (29) and affinity chromatogra-
phywith nickel-nitrilotriacetic acid resin. (Qiagen). GST-gemi-
nin was purified as described previously (30, 31). Recombinant
human PP2A catalytic subunit (�L309) was purchased from
Cayman Chemical. Caffeine (Sigma) was dissolved in 10 mM

PIPES, pH 7.4, at 125 mM and used at a final concentration of 5
mM. Okadaic acid (Sigma) was dissolved in DMSO at a stock
concentration of 500 �M and used at a final concentration of
0.5–1.5 �M. A stock solution of 40 �M roscovitine (EMDMilli-
pore) was prepared in DMSO and used at a final concentration
of 0.5 �M. Aphidicolin (Sigma) was dissolved in DMSO at a
concentration of 30 mM and used at a final concentration of
0.5–30 �M.

RESULTS

S Phase Elongation in Xenopus Egg Extracts Containing High
N/CRatio—To investigate themechanism for regulation of cell
cycle duration by theN/C ratio, we sought to recapitulate in egg
extracts the S phase lengthening that occurs at highN/C ratio in
vivo. In thismodel system, extractsmade fromXenopus eggs are
combined with Xenopus sperm chromatin. Nuclei then form
around this chromatin, and each nucleus conducts a single
round of DNA replication. To model different points during
early development, we varied the amount of chromatin added
to produce different N/C ratios. We first measured DNA syn-
thesis, via uptake of radiolabeled dATP, on a per nucleus basis
in extracts across a range of N/C ratios (Fig. 1A). In extracts
with lowN/C ratios (1,000–2,000 nuclei/�l), which correspond
to early, cleavage stage embryos, DNA synthesis was virtually
complete by 50 min. However, extracts with intermediate
nuclei concentration (5,000 nuclei/�l) were somewhat slower,
and highN/C extracts (10,000 nuclei/�l), which reflect anMBT
stage embryo, showed a severe reduction in DNA synthesis
(�40–80%, depending upon the batch of extract), in agree-
ment with previous observations (7, 17). As a result of this
reduction, the time required to complete S phase more than
doubled at high N/C ratio (Fig. 1B). These data demonstrate
that the rate ofDNAsynthesis, and thus the duration of S phase,
is controlled by the N/C ratio in egg extracts. The delay in
replication at high N/C ratio could not be explained by a failure
to form nuclei, because nuclei formed reliably at all nuclei con-
centrations tested, and nuclei entered S phase in a nearly syn-
chronous manner at both low and high N/C ratio (data not
shown).
Replication Slowing Is Caused by both Reduced Origin Firing

and Reduced Fork Progression—We reasoned that the drop in
replication rate must be due to a decrease in the number of
active replication forks (17), a decrease in the speed of those
forks (19), or both. To address this question in our system, we
used DNA fiber labeling, according to published procedures
(19), to directly measure both the density of replication forks
and the rate of fork progression in early S phase extracts in
parallel experiments. To examine changes in replication fork
density, the locations of replication forks during early S phase
were marked with bio-dUTP (Fig. 1, C and D), and DNA fibers
were prepared and analyzed as described under “Experimental
Procedures.” At high N/C ratio, replication fork density was
reduced up to 60% relative to lowN/C ratio (Fig. 1E), indicating
that reduced origin firing was contributing to the lower repli-
cation rate. To measure fork velocity, bio-dUTP was chased
with dig-dUTP after 10min tomark the progression of individ-
ual forks (Fig. 1, F and G). Although the velocities of individual
replication forks within each sample varied considerably, quan-
tification of a large number of forks revealed that themean fork
velocity at high N/C ratio was 26% lower than that of low N/C
forks (321 nt/min versus 432 nt/min; Fig. 1H). Based on these
data, we conclude that the major effect on replication at high
N/C ratio is a reduction in origin firing (�60%) and that the
more modest reduction in fork velocity (�26%) also plays a
minor role.
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Many proposed explanations for the cell cycle lengthening at
the time of theMBT invoke the concept of a limiting factor that
is required to support high levels of replication, and the deple-
tion of this factor may explain the reduction in replication that
we observe at high N/C ratio. If true, then resupplying this
factor should remedy the reduction in replication. As a simple
test of this concept, we asked whether the slow replication rate
of high N/C ratio extracts could be reversed by adjusting the
N/C ratio downward after S phase entry. Extracts containing
10,000 nuclei/�l were incubated for 30 min to allow for the
formation of nuclei and entry into S phase. We then diluted
these reactions with fresh extract to a final concentration of
2,000 nuclei/�l, thus resupplying any potentially limiting fac-
tor. After a short lag, the amount of DNA synthesis in these
nuclei increased sharply (Fig. 2). This indicates that the rate of
replication is not predetermined during very early S phase but
rather that it depends on sufficient concentrations of one or
more limiting substances. To test whether the limiting factor
was functioning in the activation of additional origins, we pre-
treated the diluting extract with the CDK inhibitor roscovitine,
which prevents subsequent origin firing.Once treatedwith ros-
covitine, the extract used for dilution lost nearly all of its ability
to rescue the slow replication of highN/C ratio extracts (Fig. 2).

This suggests that the limiting factor is primarily involved in the
firing of new origins of replication.
The Influence of Checkpoint Pathways at High N/C Ratios—

The data presented thus far suggest that a replication initiation
factor becomes limiting at highN/C ratio, and this in turn limits
origin activation and thereby extends the length of S phase.
Previouswork has shown thatATR signaling is amajor pathway

FIGURE 1. High N/C ratio reduces DNA synthesis by reducing origin firing and slowing replication fork progression. A and B, interphase extracts were
supplemented with [�-32P]dATP and either 1,000, 2,000, 5,000, or 10,000 nuclei/�l. Extracts were incubated at 21 °C, and DNA synthesis was monitored at the
times indicated. The time scale of 32P incorporation varied somewhat between extracts, so the data shown are from individual experiments and are repre-
sentative of multiple, independent experiments. C, to analyze replication fork density, bio-dUTP was added at 28 min to mark sites of ongoing replication. Total
DNA was labeled with dig-dUTP. D, DNA fibers labeled as in C were prepared and stained as described under “Experimental Procedures.” The locations of
replication forks at 28 min on two sample fibers are indicated by arrowheads. The bio-dUTP and dig-dUTP signals were photographed separately and merged
at a slight vertical offset to facilitate inspection of each labeling pattern. E, a large number of fibers (at least 15 Mb of DNA) labeled as in C were analyzed for the
presence of replication forks. Error bars, S.E. ****, significant at p � 0.0001. F, to determine fork velocity, bio-dUTP was added to extracts during early S phase
and followed 10 min later with dig-dUTP to mark the extent of fork progression. G, sample fibers labeled as in F are shown. Digoxigenin-negative tracts used
to determine fork progression are marked with brackets. H, fork progression, in nt/min, was determined for at least 260 forks at both low and high N/C ratios.
Mean velocity � S.E. is shown. ****, significant at p � 0.0001 (Student’s t test). a.u., arbitrary units.

FIGURE 2. High N/C ratio extracts resupplied with fresh extract soon
recover rapid replication rates. Extracts containing 10,000 nuclei/�l were
incubated at room temperature for 30 min to allow for the formation of nuclei
and entry into S phase. A subset of samples (open symbols) were then diluted
to 2,000 nuclei/�l with 4 volumes of fresh extract in the presence or absence
of 0.5 �M roscovitine, and DNA synthesis was measured. Alternatively,
extracts prepared at either 10,000 or 2,000 nuclei were left undiluted (closed
symbols) for comparison. The data shown are from a single experiment and
are representative of multiple, independent experiments.
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that limits origin activation in Xenopus (see Introduction), and
additional work in vivo suggests that developmental activation
of the ATR-Chk1 pathway at some threshold level of N/C may
be responsible for cell cycle lengthening at the MBT (14, 15).
Therefore, we next analyzed the role of ATR signaling in mod-
ulation of replication by the N/C ratio. In mammalian somatic
cells and other systems (32), ATR regulates origin firing
through phosphorylation and activation of its effector kinase,
Chk1. Activated Chk1 can phosphorylate Cdc25 and thereby
target it for destruction. Loss of Cdc25 activity allows accumu-
lation of inhibitory phosphorylation on CDK, and this in turn
reduces origin firing, which is dependent on CDK. We there-
fore sought to determine whether the lengthening of S phase at
highN/C ratioswas a result of Chk1 activation and its effects on
origin firing.
As observed both in vivo and previously in extracts (14, 33),

Chk1 was phosphorylated at high levels at high N/C ratio (Fig.
3A). Rather than exhibiting an abrupt activation once a certain
threshold level of nuclei was reached, however, the amount of
Chk1 phosphorylation increased incrementally with the num-
ber of nuclei, even at very lowN/C ratio. Chk1 phosphorylation
was not dependent upon the N/C ratio per se but rather on the
total amount of ongoing DNA synthesis. Reduction of replica-
tion initiationwith geminin, an inhibitor of prereplication com-
plex formation, led to a commensurate decrease in Chk1 acti-
vation at both low (Fig. 3, D and E) and high N/C ratios (Fig. 3,
B and C). In these experiments, geminin did not directly inter-
fere with checkpoint activation, because it was still possible to
activate the checkpoint in the presence of geminin when
aphidicolinwas included (Fig. 3F). Taken together, these results
suggest that the source of Chk1 activation at high N/C ratio is
ordinary replication in many replicating nuclei.

Therefore, if increased ATR-Chk1 signaling is to account for
the change in replication behavior at high N/C, replicating
nuclei would have to activate more Chk1 at high N/C than they
do at low N/C. To look at this directly, we examined the effi-
ciency of Chk1 activation at both low and high N/C ratios by
normalizing the signal for both the number of nuclei and the
number of replication forks contributing to it. Although high
N/C extracts contained a greater amount of Chk1 on a per
volume basis (Figs. 3A and 4A, top), the amount of Chk1 acti-
vation per nucleus was actually reduced at high N/C relative to
low N/C (Fig. 4A, middle). However, because there are fewer
replication forks contributing to this signal in high N/C nuclei
(Figs. 1E and 4B), we also normalized this signal based upon the
total number of replication forks in these extracts, which was
calculated from the density of replication forks on DNA (Fig.
4B) and the concentration of nuclei in each sample. This gel
shows that forks at high N/C ratio do not activate more Chk1
than forks at low N/C ratio (Fig. 4A, bottom), suggesting that
high N/C ratio does not hyperstimulate ATR signaling. In con-
trast, slight inhibition of replication (Fig. 4, B and C) with a low
dose of aphidicolin (4�M) readily increasedChk1 activation per
fork, demonstrating the effectiveness of this approach. These
data indicate that Chk1 does not undergo any special activation
at high N/C ratio, suggesting that it does not trigger the restric-
tion of origin firing at high N/C ratio.
To confirm these findings, we examined the inhibitory phos-

phorylation of Cdk2, an important downstream target of Chk1
for control of origin firing. The data show no increase in Tyr-15
phosphorylation on Cdk2 at a high N/C ratio (Fig. 4D), again
suggesting that Chk1 is not hyperstimulated.We also observed
no increase in DNA synthesis when high N/C ratio extracts
were treated with UCN01, a specific inhibitor of Chk1 activity,

FIGURE 3. Chk1 phosphorylation in extracts is correlated with the total amount of ongoing replication. A, extracts were prepared across a range of nuclei
concentrations and analyzed for Chk1 phosphorylation after 30 min. The asterisk marks an unknown nonspecific band. B, extracts were pretreated with varying
amounts of recombinant geminin, and sperm chromatin was added to 10,000 nuclei/�l. Replication per nucleus was determined as in Fig. 1A. C, samples were
prepared in parallel to those in B using the same batch of extract, and Chk1 phosphorylation was analyzed. D, extracts were pretreated with geminin at a range
of concentrations, as in B, and then supplemented with 2,000 nuclei/�l. DNA synthesis was then measured. A control showing replication at 10,000 nuclei/�l
was included for comparison. E, in a parallel experiment to D, Chk1 phosphorylation was analyzed in extracts pretreated with geminin and supplemented with
2,000 nuclei/�l. F, Chk1 activation in the presence of geminin. Extracts were pretreated with geminin and supplemented with 2,000 or 10,000 nuclei/�l. Chk1
phosphorylation was induced in geminin-treated extracts using 30 �M aphidicolin as indicated.
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suggesting that Chk1 is not functionally responsible for con-
trolling replication in our system (Fig. 4E). In contrast,
upstream inhibition of ATR/ATM with the inhibitor caffeine
did accelerate replication (Fig. 4F), suggesting that origin firing
is controlled by an ATR-dependent, Chk1-independent mech-
anism. Consistent with our findings, other work has shown that
depletion ofChk1 fromegg extracts does not preventATR from
inhibiting replication when ATR is hyperstimulated by replica-
tion stress (18). Based on these results, we conclude that, in
Xenopus, ATR does not suppress origin firing via the canonical
ATR-Chk1-Cdc25-CDK pathway and instead uses a novel
pathway to accomplish this task. Furthermore, we also con-
clude that differences in the ATR activity state, as defined by
phosphorylation of Chk1, cannot explain how origin firing is
suppressed at high N/C ratios.
Control of DNA Replication by PP2A—Because a model

where ATR is more efficiently activated at high N/C ratio does
not appear to account for how the N/C ratio influences origin
firing, we next considered that the limiting factor required for
high replication rates might instead be involved in the suppres-
sion or attenuation of the ATR pathway. Previous work has
implicated PP2A in suppression of anATR andATM-mediated
checkpoint in response to DNA double strand breaks (34). In
this pathway, PP2A acted in opposition to ATR/ATM to allow
loading of the Cdc45 replication factor during replication initi-

ation. We therefore determined whether a similar mechanism
might respond to changes in the N/C ratio.
To investigate whether phosphatase activity was important

for regulating replication rates at low or high N/C ratio, we
tested whether treatment with okadaic acid, a potent inhibitor
of PP2A (and, to a much lesser extent, PP1), would slow down
the replication rate of low N/C ratio extracts. To do so, we first
incubated sperm chromatin in extract at high N/C ratio to ini-
tiate S phase, as in Fig. 2. As before, reduction of the N/C ratio
by dilution with fresh extract to lowN/C ratio (1,000 nuclei/�l)
quickly intensified DNA synthesis in these extracts (Fig. 5A).
However, treatment of the extract with okadaic acid at the time
of dilution prevented this increase almost entirely, suggesting
that high phosphatase activity is required for the high replica-
tion rates that characterize low N/C ratio extracts.
To confirm that PP2A activity was responsible for this rescue

effect, we repeated these experiments using extract immunode-
pleted of PP2A. Whereas mock-depleted extract readily
restored a high rate of replication, PP2A-depleted extract lost
nearly all of this capability (Fig. 5, B and C), demonstrating that
PP2A is essential to regain rapid rates of DNA synthesis. This
activity could bemostly restored, however, by the addition of
recombinant human PP2A catalytic subunit (�L309; hPP2A
C). These results demonstrate that PP2A plays a highly
important role in controlling DNA synthesis, because every

FIGURE 4. ATR/Chk1 signaling efficiency is not affected by high N/C ratio. A, extracts were prepared with either 10,000 nuclei/�l, 1,000 nuclei/�l, or 1,000
nuclei/�l with low doses of aphidicolin. Chk1 phosphorylation was then analyzed at 30 min. Top, an equal volume of each extract was loaded, as in Fig. 3A.
Middle, volumes of extract were loaded such that an equal number of nuclei were present in each lane. Bottom, volumes of extract were loaded such that an
equal number of replication forks were present in each lane. The relative number of replication forks was determined by the fork density (B) and the
concentration of nuclei in each sample. In the bottom two panels, fresh extract was added after application of SDS-PAGE sample buffer to equalize the total
volume of extract in each lane. B, replication fork density was determined, as in Fig. 1C, in high or low N/C extracts or low N/C extracts treated with small doses
of aphidicolin. To ensure that aphidicolin-treated samples replicated to completion, nuclei were transferred into fresh extracts after completion of the initial
labeling, as described under “Experimental Procedures.” Error bars, S.E. Data marked with different letters are statistically different (p � 0.05). C, using a second
set of samples, the replication fork velocity of the samples in B was determined in parallel (mean � S.E.). Means with different letters are significantly different
(Student’s t test, p � 0.05). D, Cdk2 phosphorylation was analyzed after 30 min in low and high N/C extracts and in the presence or absence of aphidicolin. E,
extracts with 1,000 or 10,000 nuclei/�l were treated with UCN01, and DNA synthesis was measured. F, extracts at 1,000 or 10,000 nuclei/�l were prepared in the
presence or absence of 5 mM caffeine, and DNA synthesis was measured.
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other component of the extract except for PP2A can be
resupplied to high N/C ratio extracts without rescuing the
replication rate.
PP2A Is Limiting for Replication at High N/C Ratio—If dif-

ferences in PP2A can explain the reduction in replication at
high N/C ratio, then the activity of PP2A would have to be
rate-limiting under these conditions. Providing exogenous
PP2A to these extracts should therefore counteract the reduc-
tion in DNA synthesis. We prepared high N/C extracts and
supplemented them with either recombinant Xenopus PP2A
catalytic subunit (rPP2AC) or buffer.We thenmonitoredDNA
synthesis to check for any effect on S phase progression. The
addition of rPP2A C at a concentration of three times endog-
enous levels more than doubled the amount of DNA synthe-
sis in high N/C ratio extracts (Fig. 6A), suggesting that its
activity is functionally limiting for replication. In compari-
son, low N/C ratio extracts were much less sensitive to this
effect, suggesting that a surfeit of PP2A activity was already
present. Taken together with previous results, these data
confirm that PP2A activity is a limiting factor for replication
at high N/C ratio.

PP2A could potentially affect S phase progression by improv-
ing fork progression, activating additional origins, or both. To
better understand how PP2A influences the replication rates
in extracts, we used DNA fiber labeling to investigate repli-
cation dynamics in the presence and absence of rPP2A C.
Although high N/C extracts again exhibited reduced origin
firing relative to low N/C extracts, the addition of rPP2AC
reversed this effect (Fig. 6B). The rate of fork progression,
however, was not changed in these samples (Fig. 6C). These
data indicate that PP2A controls the replication rate in
extracts by influencing the rate of origin firing, not the rate
of fork progression.
If the reduction in origin firing at high N/C ratio is caused by

limiting amounts of PP2A, we would expect that partial deple-
tion of PP2A would mimic these effects even at low N/C ratio.
We therefore investigated the effect of loss of PP2A activity at
low N/C ratio. Because complete loss of PP2A activity prevents
nearly all replication (Fig. 6D) (35), we removed �60% of PP2A
by immunodepletion and then analyzed fork density and veloc-
ity by DNA fiber analysis. Although the rates of fork progres-
sion in mock-depleted and 60% PP2A-depleted extracts were
indistinguishable, the number of replication forks was sharply
lower in PP2A-depleted extracts (Fig. 6, E and F). We conclude
that the ability of low N/C ratio extracts to rapidly complete S
phase depends upon extensive origin firing facilitated by high
concentrations of PP2A.
Although PP2A activity is functionally limiting at high N/C

ratio, this could be due to either an overall shortage of PP2A
complexes, a failure to import sufficient PP2A complexes to the
appropriate location within nuclei, or a separate regulatory
mechanism that simply regulates nuclear PP2A complexes
more strictly. In Xenopus eggs, PP2A exists in multiple forms.
The 36-kDa catalytic C subunit makes a dimer with the 65-kDa
A subunit to form the core enzyme, which can then form a
trimer with one ofmany different regulatory B subunits to form
the holoenzyme. The core and holoenzymes exist in a 1:1 ratio
in the egg (35), and there is no detectable free C subunit. To test
whether PP2A becomes physically limiting within nuclei at
high N/C ratio, we analyzed nuclear isolates for A and C sub-
units. The amount of both A and C was reduced in high N/C
ratio nuclei relative to low N/C ratio nuclei (Fig. 7, A and B),
suggesting that increased N/C ratio results in a decrease in the
amount of nuclear PP2A. This reduction in nuclear PP2A C
could be rescued by the addition of recombinant catalytic sub-
unit (Fig. 7D), a condition that also improves S phase progres-
sion (Fig. 6A). These results are consistent with the notion that
the reduction in replication rate at highN/C ratio is caused by a
failure to accumulate sufficient PP2A into nuclei, which could
be caused by either a direct depletion of phosphatase compo-
nents or altered nuclear transport dynamics. If a depletion
mechanism is responsible, we would expect to see the amounts
of remaining cytoplasmic PP2A begin to dwindle at high N/C
ratio. However, the amount of PP2A C remaining in corre-
sponding cytoplasmic isolates remained unchanged (Fig. 7C),
suggesting that it is present in excess with regard to its nuclear
functions. These data suggest that PP2A C, although present in
excess in extracts, does not efficiently accumulate in nuclei at
high N/C ratios.

FIGURE 5. PP2A activity is essential for rapid S phase progression at low
N/C ratio. A, extracts containing 10,000 nuclei/�l were allowed to assemble
nuclei and progress into early S phase as in Fig. 2. At 30 min, these samples
were diluted to 1,000 nuclei/�l with fresh extract (open symbols) and supple-
mented with DMSO or 0.5 �M okadaic acid (OA). Alternatively, extracts were
left undiluted. DNA synthesis was then monitored as indicated. For compar-
ison, DNA synthesis at low N/C ratio (not diluted) is also shown. B, mock-
depleted extracts containing 10,000 nuclei/�l were allowed to initiate S
phase as in A. After 40 min, extracts were diluted to 1,000 nuclei/�l using
either mock-depleted extract, PP2A-depleted extract, or PP2A-depleted
extract supplemented with recombinant human PP2A catalytic subunit
(�L309). Alternatively, extract was left undiluted. Mock-depleted extract con-
taining 1,000 nuclei/�l is shown for comparison. C, the effectiveness of PP2A
depletion was monitored by immunoblot. The data shown are from single
experiments and are representative of multiple, independent experiments.
a.u., absorbance units.
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FIGURE 6. PP2A is a limiting factor for S phase progression at high N/C ratio. A, extracts containing either 1,000 or 10,000 nuclei/�l were supplemented with
either 478 nM Xenopus PP2A catalytic subunit or buffer, and DNA synthesis was measured. The data shown are from a single experiment and are representative
of multiple, independent experiments. B and C, extracts were prepared as in A but were instead labeled with bio-dUTP and dig-dUTP and used to analyze
replication fork density and velocity by fiber staining, as in Fig. 1, C and F. Error bars, S.E. ****, p � 0.0001; n.s., not significant (p � 0.05). D, mock-depleted
extract, PP2A-depleted extract, or a mixture of PP2A-depleted (60%) and mock-depleted (40%) extract was supplemented with 1,000 nuclei/�l, and DNA
synthesis was measured. E and F, mock-depleted extract or a mixture containing 60% PP2A-depleted and 40% mock-depleted extract was supple-
mented with 1,000 nuclei/�l and labeled with bio-dUTP and dig-UTP. Fork density and fork velocity were then determined at 55 min. a.u., absorbance
units.

FIGURE 7. High N/C ratio nuclei contain lower amounts of PP2A. A and B, nuclei were isolated from extracts containing either 1,000 or 10,000 nuclei/�l and
analyzed by immunoblot for PP2A components and ORC2. For 10,000 nuclei/�l, two different isolations were performed. In the first, an equal number of nuclei
were isolated relative to the 1,000 nuclei/�l sample. In the second, nuclei were isolated from an equal volume of extract relative to the 1,000 nuclei/�l sample.
A sample containing no nuclei is included to control for residual cytoplasmic protein. The results from two independent experiments are shown. C, after the
removal of nuclei, cytoplasm from the samples in B was analyzed for PP2A C content. D, extracts were prepared with either 1,000 or 10,000 nuclei/�l and
supplemented with either control buffer or 478 nM rPP2A C (Xenopus). An equal number of nuclei were isolated from each condition and blotted for the
indicated proteins.
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Specific Formof PP2A Involved inReplication—The substrate
specificity and subcellular location of PP2A are imparted by the
binding of one of a variety of regulatory B subunits. The func-
tions of PP2A relevant to DNA replication are therefore likely
to be mediated by one or a subset of these forms. Because the
PP2A core enzyme is present at high concentrations in extracts
(�1% of total protein) and PP2A C appears to be present in
excess with regard to nuclear functions, it is likely that only a
specific form of PP2A becomes depleted at high N/C ratio. We
therefore sought to identify which class of PP2A holoenzymes
was involved in control of DNA replication. To test the impor-
tance of each B subunit, we immunodepleted knownXenopusB
subunits from extracts and tested for replication defects. The
depletion of PR70, B56�, B56�, or B55� did not hinder DNA
synthesis, even at a moderately high N/C ratio (6,000 nuclei/
�l), a condition under which extracts should have elevated sen-
sitivity to the depletion of a limiting factor (data not shown).
However, extracts depleted using antibodies against B55�
exhibited a sharp decrease in replication (over 70%), suggesting
that the predominant form of PP2A involved in replication uti-
lizes B55� regulatory subunits (Fig. 8, A and B). This is consis-
tent with a recent report that found that inhibition of the B55
family of holoenzymes could compromise replication under
conditions of artificially reduced PP2A activity (36).

Because the propensity of extracts for rapid DNA synthesis
has been associated with the levels of nuclear PP2A C (Fig. 7),
wenext askedwhether the nuclear accumulation of PP2ACwas
compromised in B55�-depleted extracts. Although PP2A C
accumulated efficiently into nuclei of mock-depleted extracts,
nuclei formed in B55�-depleted extracts did not contain any
detectable PP2A C, even at later points in S phase (Fig. 8C).
Nuclei were slightly smaller in B55�-depleted extract (data not
shown), however, and this may contribute somewhat to this
reduction in PP2A C. Nevertheless, the absence of PP2A C in
these nuclei may explain the severe restriction of replication
under these conditions (Fig. 8A).
If limitation of B55� is responsible for reduced PP2A func-

tion and DNA synthesis at high N/C ratio, then increasing its
levels exogenously would be expected to counteract these
effects. We were unable to produce sufficient quantities of
functional, recombinant Xenopus B55�, despite testing many
different expression systems and purification methods. There-
fore, we decided to increase B55� levels by supplementing cyto-
static factor-arrested extracts, which lack cycloheximide and
are thus capable of translation,withB55�mRNA.Extractswere
first preincubated with B55� mRNA (or water) to allow for
protein synthesis and then activatedwith CaCl2.We thenmon-
itored DNA replication at highN/C ratio over the course of 2 h.

FIGURE 8. B55� levels control the amount of DNA synthesis at high N/C ratio. A, interphase extracts were immunodepleted of B55� or mock-depleted.
Sperm chromatin was added to 6,000/�l, and DNA synthesis was measured. The data shown are from a single experiment and are representative of multiple,
independent experiments. B, the extent of depletion was monitored by immunoblot. The asterisk marks an unknown nonspecific band. C, mock-depleted or
B55�-depleted extracts were supplemented with 1,000 nuclei/�l. Nuclei were then isolated after 83 min and blotted for PP2A C and ORC2. D and E, cytostatic
factor-arrested extracts were incubated with up to 100 or 133 ng/�l B55� mRNA for 2 h at room temperature, activated with CaCl2, and then supplemented
with sperm chromatin to 10,000/�l. DNA synthesis was measured as indicated. A sample containing only 1,000 nuclei/�l is shown for comparison. The results
from two independent experiments are shown. F, production of B55� was monitored by immunoblot. The asterisk marks an unknown nonspecific band. G, the
B55� bands in F were quantified, and the relative intensities of each are shown. a.u., absorbance units.
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Based onmicroscopic examination of nuclei, these extracts did
not enter M phase during this interval. Measurements of DNA
synthesis show that extracts incubated with B55� mRNA syn-
thesized an amount of DNA at 60 min more than triple that of
control samples (Fig. 8, D and E), indicating that B55� is func-
tionally limiting for DNA replication at high N/C ratio. This
potent effect occurred despite only a small increase in B55�
protein levels (Fig. 8, F and G). Together with previous data,
these results suggest that the essential function of PP2A during
DNA replication is mediated primarily by holoenzymes con-
taining B55� subunits. Furthermore, these results suggest that
titration of this scarce form of the phosphatase is responsible
for a significant lengthening of S phase when the N/C ratio
exceeds a threshold.

DISCUSSION

Control of DNA Replication by the N/C Ratio through Titra-
tion of PP2A-B55� Complexes—In this study, we have exam-
ined how the length of S phase is controlled by the N/C ratio in
Xenopus egg extracts. We report that high N/C extracts repli-
cate DNA more slowly, and this is due in large part to a reduc-
tion in origin firing during early S phase (Fig. 1). In addition, and
consistent with a previous report (19), we also observed a
decrease in fork velocity at high N/C ratio. To pursue why high
N/C extracts fire fewer replication origins during early S phase,
we performed experiments that defined a limiting factor(s) for
origin firing at high N/C (Fig. 2) and went on to identify the
limiting factor as the PP2A-B55� holoenzyme. The addition of
recombinant PP2A C to high N/C extract accelerates replica-
tion (Fig. 6), as does the addition of exogenous B55�, the regu-
latory subunit (Fig. 8).We also observed that reduction of PP2A
in lowN/C extracts reduces the rate of replication (Fig. 6). Fur-
thermore, we have shown that the amount of PP2A C within
nuclei becomes limiting as the N/C ratio increases (Fig. 7) and
that the ability of PP2A to accumulate in nuclei is dependent
on the B55� subunit (Fig. 8). All of the observed effects of PP2A
on replication are at the level of origin activation, since modu-
lation of PP2Aactivity in the extract produced a profound effect
on replication fork density, a direct measure of origin activa-
tion, and had no effect on fork velocity (Fig. 6). Our data there-
fore suggest that origin firing is extremely sensitive to the
amount of PP2A present in nuclei and, furthermore, that the
amount of nuclear PP2A correlates directly with the N/C ratio.
Taken together, these data suggest a simple model for how the
N/C ratio regulates origin firing, and that is through titration of
PP2A-B55� complexes. At low N/C ratio, there is a sufficient
amount of PP2A-B55� within nuclei to support a high rate of
origin firing. By contrast, at high N/C ratio, PP2A-B55�
becomes limiting, the rate of origin activation drops, and S
phase is thereby extended.
The Role of B55� in DNA Replication—A recent study has

implicated B55 family members in the control of DNA replica-
tion (36), and our data both confirm and extend these observa-
tions through the demonstration that B55� is absolutely
required for replication in egg extracts (Fig. 8A). Furthermore,
we have shown that B55� is required for the nuclear accumu-
lation of PP2A C. Interestingly, we have also shown that the
addition of recombinant PP2A C alone to high N/C extract is

sufficient to both stimulate replication (Fig. 6, A and B) and
increase the amount of nuclear PP2A (Fig. 7D). How might
exogenous PP2A C subunit alone produce these effects? It is
important to consider the stoichiometry of PP2A in egg
extracts; the A-C core enzyme is present at a 1:1 ratio with
A-C-B holoenzymes, and there is no free C subunit present
(35). The A-C core enzyme cannot accumulate in nuclei on its
own (Fig. 8C); however, the 34-kDa C subunit is small enough
to enter nuclei via passive diffusion. Thus, when C is added
exogenously to extract, it is likely that some will accumulate in
nuclei. Indeed, this is what was observed (Fig. 7D). Taken
together, these data suggest that a major role of B55� in repli-
cation initiation is to allow nuclear accumulation of PP2A and
that this function can be bypassed through the addition of exog-
enous PP2A C. B55� may also play additional roles (e.g. to
mediate interaction between PP2A and its substrate(s) within
nuclei), and further analysis will be required to determine if this
is so.
The multifunctional nature of PP2A presents the possibility

that it may also contribute to the progression of DNA synthesis
in alternative ways, such as the promotion of nuclear assembly
(37). Although nuclei formed successfully in PP2A-depleted
extracts, theywere slightly smaller than those inmock-depleted
extracts (data not shown), as seen previously (35). Extracts
depleted of B55� sometimes showed a similar phenotype (data
not shown). Thus, PP2Amay support rapid replication rates in
part by facilitating the earlier assembly of nuclei. However, this
would not explain how PP2A influences replication in nuclei-
free extract systems (34); nor would it explain the requirement
for PP2A in replication even after formation of nuclei is com-
pleted (Fig. 5, A and B). Furthermore, reduced nuclear size was
not essential for the slower replication kinetics of high N/C
extracts. We therefore believe that the effects of PP2A on rep-
lication are primarily mediated by another mechanism.
ATR-PP2A Conflict during DNA Replication—Taken together

withprevious reports (35, 36), thedatapresentedhere showclearly
that PP2A-B55� is an important replication initiation factor.
Previous studies have shown that PP2A counteracts the nega-
tive regulation of replication imposed by ATM/ATR during a
DNA damage response (34), and we suggest that an ATR-PP2A
tussle also exists during an unperturbed S phase. Importantly,
we have shown that ATR signaling, as assessed by phosphory-
lation of its critical substrate Chk1, does not fluctuate as the
N/C ratio changes (Fig. 4A). However, PP2A levels in the
nucleus do fluctuate, and thuswe envision that at lowN/C ratio,
PP2A can effectively neutralize ATR signaling to allow a high
rate of origin firing. Our data also suggest that when the N/C
ratio passes a threshold where nuclear PP2A becomes limiting,
then ATR predominates, and origin firing is attenuated as an
outcome. Although this simple model can readily explain all
available data, the critical test can only come when the ATR/
PP2A substrate for origin activation is identified. Data pre-
sented here and elsewhere (18) can exclude Chk1 as the ATR/
PP2A substrate for replication control, and thus a high priority
for future work will be to identify this factor or factors.
Potential Roles for S Phase Lengthening in Response to PP2A

Titration in Vivo—The abrupt extension of S phase that marks
the beginning of the MBT is a critical part of the cell cycle
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remodeling that occurs here and may be required for other
developmental changes, such as the onset of transcription. In
both Xenopus and Drosophila, rapid completion of S phase
interferes with transcription, and premature lengthening or
inhibition of DNA synthesis results in the early onset of tran-
scription (3, 38, 39). Extension of S phase also appears to be
responsible for the delay of the mitotic cycle, probably in a
checkpoint-dependent manner (40). Thus, titration of PP2A-
B55� provides a mechanism for the extension of S phase but
probably plays a role in the occurrence of other MBT
changes as well. Additionally, the potential involvement of
PP2A-B55� in regulating ATR function may be important to
the manifestation of cell cycle checkpoints near the MBT (7,
41). An abundance of PP2A-B55� in the early cleavage
cycles, acting in opposition to ATR, may explain why early
embryonic cycles are refractory to cell cycle pausing in
response to DNA damage and other disruptions of S phase.
Although we have shown that titration of PP2A activity
results in substantial changes to replication in an in vitro
system, subsequent evaluation of this mechanism inXenopus
embryos will be critical to determining the extent of its influ-
ence on developmental processes.
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