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Previous work has established that activation of Mos, Mek, and p42 mitogen-activated
protein (MAP) kinase can trigger release from G,-phase arrest in Xenopus oocytes and
oocyte extracts and can cause Xenopus embryos and extracts to arrest in mitosis. Herein
we have found that activation of the MAP kinase cascade can also bring about an
interphase arrest in cycling extracts. Activation of the cascade early in the cycle was
found to bring about the interphase arrest, which was characterized by an intact nuclear
envelope, partially condensed chromatin, and interphase levels of H1 kinase activity,
whereas activation of the cascade just before mitosis brought about the mitotic arrest,
with a dissolved nuclear envelope, condensed chromatin, and high levels of H1 kinase
activity. Early MAP kinase activation did not interfere significantly with DNA replica-
tion, cyclin synthesis, or association of cyclins with Cdc2, but it did prevent hyperphos-
phorylation of Cdc25 and Weel and activation of Cdc2/cyclin complexes. Thus, the
extracts were arrested in a G,-like state, unable to activate Cdc2/cyclin complexes. The
MAP kinase-induced G, arrest appeared not to be related to the DNA replication
checkpoint and not to be mediated through inhibition of Cdk2/cyclin E; evidently a
novel mechanism underlies this arrest. Finally, we found that by delaying the inactiva-
tion of MAP kinase during release of a cytostatic factor-arrested extract from its arrest
state, we could delay the subsequent entry into mitosis. This finding suggests that it is the
persistence of activated MAP kinase after fertilization that allows the occurrence of a
G,-phase during the first mitotic cell cycle.

INTRODUCTION

Immature, stage VI Xenopus oocytes are naturally ar-
rested in a G,-like state. They contain sufficient levels
of Cdc2 and B-type cyclins to bring about mitosis, but
the Cdc2/cyclin complexes remain inactive due to
inhibitory phosphorylations on Cdc2. Exposure to
progesterone brings about the dephosphorylation and
activation of the Cdc2/cyclin B complexes and re-
leases the oocyte from the G,-like arrest into M-phase.

The mitogen-activated protein (MAP) kinase cas-
cade, best known for its involvement in mitogenesis
and cell fate induction (Blumer and Johnson, 1994;
Cobb et al., 1994; Marshall, 1994; Waskiewicz and Coo-
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per, 1995; Ferrell, 1996), is also involved in oocyte
maturation (reviewed by Sagata, 1997). Maturation
depends upon the synthesis of the Mos protein (a
MAP kinase kinase kinase) and the consequent acti-
vation of Mekl (a MAP kinase kinase) and p42 MAP
kinase. Interfering with MAP kinase activation by in-
jection of antisense Mos oligonucleotides (Sagata ef al.,
1988), Mek antibodies (Kosako et al., 1994, 1996), or
MAP kinase phosphatase (Gotoh et al., 1995) delays
Cdc2 activation and maturation, indicating that acti-
vation of the MAP kinase cascade is necessary for
release of the oocyte from its Gy-like arrest. In addi-
tion, microinjection of Mos protein (Yew et al., 1992),
constitutively active Mekl (Huang et al., 1995), or ac-
tive thiophosphorylated MAP kinase (Haccard et al.,
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1995) can bring about Cdc2 activation and maturation,
showing that activation of the cascade is sufficient to
release the oocyte from G, arrest. Studies in Xenopus
extracts have yielded similar conclusions (Huang and
Ferrell, 1996a).

The activity of MAP kinase remains high during
interkinesis, the brief period between the inactivation
of Cdc2 at the onset of metaphase I and its reactivation
during anaphase I. Artificial inactivation of the MAP
kinase cascade during interkinesis delays the reactiva-
tion of Cdc2 and permits DNA replication to occur
(Furuno et al., 1994). Thus MAP kinase activation ap-
pears to promote Cdc2 activation before both of the
meiotic divisions.

The MAP kinase cascade also plays an important
role in maintaining the activity of Cdc2 in metaphase-
arrested mature oocytes and unfertilized eggs. Mos
and thiophosphorylated MAP kinase score as cyto-
static factors (CSF; Masui and Markert, 1971; Masui,
1974) in the cleaving blastomere assay, indicating they
have the potential to arrest cell cycles in M-phase
(Sagata et al., 1989; Freeman et al., 1990; Yew et al.,
1992; Haccard et al., 1993). Immunodepleting Mos
from egg extracts removes the extracts’ cytostatic ac-
tivity (Sagata et al., 1989), and adding MAP kinase
phosphatase to CSF-arrested extracts causes the ex-
tracts to degrade cyclins and enter interphase (Min-
shull et al., 1994). Furthermore, the oocytes from Mos
knock-out mice fail to arrest properly in meiosis II
(Colledge et al., 1994; Hashimoto et al., 1994). MAP
kinase activity is also required to maintain a mitotic
arrest in cells with defective spindles; that is, MAP
kinase is essential for the spindle assembly checkpoint
(Minshull et al., 1994; Takenaka et al., 1997; Wang et al.,
1997). M-phase arrest is not, however, the inevitable
consequence of MAP kinase activation. Oocytes
progress through meiosis I in the face of fully active
MAP kinase (Ferrell et al., 1991; Gabrielli et al., 1993;
Fukasawa et al., 1994; Furuno et al., 1994), and fertili-
zation-induced destruction of cyclins B1 and B2 occurs
before any detectable inactivation of p42 MAP kinase
(Ferrell et al., 1991; Watanabe ef al., 1991).

We were interested in exploring how MAP kinase
exerts its M-phase arresting effects. We began these
studies by examining the responses of cycling Xenopus
egg extracts or calcium-treated CSF-arrested extracts
to activators of the MAP kinase cascade. Extracts are a
particularly attractive system for such studies for sev-
eral reasons. The cell cycle stage of extracts can be
assessed conveniently by monitoring the morphology
of nuclei formed from demembranated sperm chro-
matin (Lohka and Maller, 1983; Murray and Kirschner,
1989; Murray, 1991). Moreover, extracts permit a
greater range of experimental manipulation than do
intact oocytes, eggs, and embryos.
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We found that when recombinant Mos (Yew et al.,
1992) or constitutively active Mek R4F (Mansour et al.,
1994, 1996) was added to extracts just before M-phase,
the extracts arrested in M-phase with high Cdc2 activity,
as expected. However, we unexpectedly found that if
Mos or Mek were added earlier, they brought about an
interphase arrest rather than an M-phase arrest.

Herein we have characterized this arrest state and
found it to be essentially a G, arrest, with mitotic
cyclins present and complexed to Cdc2 but with the
Cdc2 inactive due to inactivating phosphorylation.
These findings demonstrate that MAP kinase activa-
tion can cause the cell cycle to arrest at two distinct
points, G,-phase and M-phase, depending upon the
time at which the activation occurs. Moreover, MAP
kinase activation can have opposite consequences in
two fairly similar contexts—it can promote G, arrest in
cycling extracts and release from G, arrest in oocytes
and oocyte extracts.

We also artificially delayed MAP kinase inactivation
in calcium-treated CSF-arrested extracts by supple-
menting the extracts with recombinant MAP kinase.
We found that the delay in MAP kinase inactivation
had no effect on the rate of calcium-induced Cdc2
inactivation but did delay the onset of the first mitotic
M-phase. This finding suggests that it is the persis-
tence of activated MAP kinase after fertilization that
allows the occurrence of a G,-phase during the first
mitotic cell cycle.

MATERIALS AND METHODS

Recombinant Protein Production and Purification

Plasmids containing cDNAs for active and inactive (K90R) Xenopus
Mos as maltose binding protein (malE) fusions were provided by
George Vande Woude (Frederick Cancer Research and Develop-
ment Center, Frederick, MD). The proteins were expressed in bac-
teria and purified as described (Yew et al., 1992).

A plasmid containing the cDNA for a constitutively active version
of human Mek1 (Mek R4F) was provided Natalie Ahn (University of
Colorado, Boulder, CO) (Ser-218 is changed to Glu, Ser-222 is
changed to Asp and amino acids 32-51 are deleted; Mansour et al.,
1994, 1996). The hexahistidine-tagged protein was expressed in
bacteria, immobilized on Ni* resin, and purified as described
(Wang et al., 1997).

A cDNA for a mutated form of Xenopus p42 MAP kinase contain-
ing the mutation found in Sevenmaker, an activated form of the
Drosophila Rolled MAP kinase (Brunner et al., 1994), was constructed
by Mike Sohaskey (Stanford University) by changing Asp-324 to
Asn with overlap polymerase chain reaction techniques (Umbhauer
et al., 1995). By analogy, we refer to this protein as “Froggymaker”
(Fm). The primer used to change amino acid 324 was 5-GAC-
CCAAGTAATGAGCCTGTAGCTGACGC-3' and the two flanking
primers were 5-ATAAGGTGCCATGGAACCGAC-3' and 5'-
TCTAGAGTCGACCTGCAGCCC-3'. The polymerase chain reac-
tion product was digested with Ncol and PstI and subcloned into
pT7-7-Xp42. After expression in bacteria, Fm MAP kinase was
immobilized on Ni™* resin, eluted with imidizole, concentrated with
a Centricon 30 column, and dialyzed against extract buffer [XB: 100
mM KCI, 10 mM N-(2-hydroxyethyl)piperazine-N’-(2-ethanesul-
fonic acid) (HEPES), 1 mM MgCl,, 0.1 mM CaCl,, 50 mM sucrose,
pH 7.7].
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Fusions of glutathione S-transferase (GST) to Xenopus Cdk2 and
Xenopus cyclin E were expressed in bacteria and purified as previ-
ously described (Guadagno and Newport, 1996).

Extract Preparation and Staining

Cycling Xenopus egg extracts and CSF-arrested egg extracts were
prepared as described (Murray and Kirschner, 1989; Murray, 1991).
Demembranated sperm chromatin was prepared essentially as de-
scribed (Smythe and Newport, 1991). Unless noted otherwise, chro-
matin was added to extracts at a concentration of 500 sperm/ul to
allow monitoring of cell cycle progression. To assess the morphol-
ogy of nuclei reconstituted in extracts, samples were fixed with 11%
formaldehyde, stained with 4,6-diamidino-2-phenylindole (DAPL; 1
ung/ml), and viewed by phase-contrast and epifluorescence micros-
copy with a Zeiss Axioscop.

Antibodies

Antisera DC3 and X15 were both raised against a C-terminal 12
amino acid peptide from Xenopus p42 MAP kinase (Hsiao et al.,
1994). DC3 was used for p42 MAP kinase immunoblots and X15 was
used for immune complex kinase assays. A polyclonal anti-phos-
photyrosine antiserum was provided by G. Schieven and G. S.
Martin (Ferrell et al., 1991). Anti-Weel and anti-Cdc25 antisera were
obtained from S. Guadagno (Zymed Laboratories, South San Fran-
cisco, CA). The Weel antiserum was raised against a C-terminal
16-amino acid peptide from Xenopus Weel (VGAKNTRSLS-
FTCGGY) conjugated to keyhole limpet hemacyanin. The Cdc25
antiserum was raised against purified bacterially expressed hexa-
histidine-tagged Xenopus Cdc25C and was affinity-purified on a
Cdc25C column. A Cdc2 monoclonal antibody (sc-54) was obtained
from Santa Cruz Biotechnology (Santa Cruz, CA).

Immunoblotting

Aliquots of egg extracts were lysed in SDS sample buffer and
submitted to electrophoresis on 10.5% SDS polyacrylamide gels
(acrylamide:bisacrylamide, 100:1). Proteins were transferred to an
Immobilon P (Millipore, Bedford, MA) blotting membrane, which
was then blocked with 3% milk (for analysis of Weel, Cdc25, MAP
kinase, and Cdc2) or 3% bovine serum albumin (for analysis of
phosphotyrosine) in Tris(thydroxymethyl)aminomethane (Tris)-
buffered saline (20 mM Tris, 150 mM NaCl, pH 7.6), and incubated
with primary antibody (Weel, 1:1000 dilution; Cdc25, 1 pg/ml;
MAP kinase, 1:1000 dilution; Cdc2, 1 ug/ml; phosphotyrosine, 2
png/ml) for 2 h. After washing, the blots were probed with either a
secondary antibody for detection through chemiluminescence
(MAP kinase) or with '*I-labeled protein A for radioactive detec-
tion (Weel, Cdc25, Cdc2, and phosphotyrosine). Blots were stripped
for reprobing by incubation with 2% SDS, 100 mM 2-mercaptoetha-
nol, and 100 mM Tris-HCl, pH 7.4, at 70° for 40 min.

Kinase Assays

HI1 kinase assays were performed essentially as described (Dunphy
and Newport, 1989). Extract samples (2 ul) were frozen in 2 ul of
maturation-promoting factor extraction buffer [EB: 80 mM B-glyc-
erophosphate, 20 mM ethylene glycol-bis(B-aminoethyl ether)-
N,N,N’,N’-tetraacetic acid (EGTA), 15 mM MgCl,, pH 7.3] on dry ice
for subsequent histone H1 kinase assays. Frozen extracts were rap-
idly thawed in 96 ul EB, and 10 ul were removed, added to 10 ul of
reaction mixture consisting of 0.4 mM ATP, 0.25 uCi/ ul [y-*?P]ATP,
0.5 mg/ml histone H1, 20 uM cAMP-dependent protein kinase
inhibitor, 25.4 mM HEPES-NaOH, pH 7.3, 6.4 mM EGTA, and 12.8
mM MgCl,, and incubated at 30°C for 10 min. The reactions were
stopped by the addition of SDS sample buffer. Proteins were sub-
jected to electrophoresis through 10% SDS polyacrylamide gels
(acrylamide:bisacrylamide, 29:1), and transferred to an Immobilon P
(Millipore) blotting membrane. Radiolabel in the histone H1 band
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was quantified on a Molecular Dynamics Phosphorlmager and/or
exposed to x-ray film.

Immunoprecipitations were performed for analysis of MAP ki-
nase activity in various extracts. Extracts (2 ul) were added to 2 ul
of EB and frozen in dry ice. Later, the extract was diluted 1:50, 1 ul
of X15 (MAP kinase specific antibody) was added to 90% of the
sample, and the mixture was incubated on ice for 1 h. The mixture
was then added to 10 ul of washed protein A-agarose and incubated
with rocking for 1 h at 4°C. After three washes in EB containing 0.1%
Nonidet P-40 and one wash in detergent-free EB, 25 ul of reaction
mixture were added containing 10 uM cAMP-dependent protein
kinase inhibitor, 0.75 mM NazVO,, 5 mM EGTA, 0.3 mg/ml myelin
basic protein, 0.08 uC/ul [y-*?P]ATP, 0.2 mM ATP, 13 mM HEPES-
NaOH, pH 7.3, 3.2 mM EGTA, and 6.4 mM MgCl,. The reaction was
stopped, after incubation at 25°C for 11 min, with SDS sample
buffer, and the proteins were separated on 12.5% SDS polyacryl-
amide gels (acrylamide:bisacrylamide, 29:1) and transferred to an
Immobilon P (Millipore) blotting membrane. Quantitation was done
using a Molecular Dynamics Phosphorlmager.

DNA Replication Assays

Fifty microliters of cycling egg extract was supplemented with
buffer, Mos (0.5-1.2 uM) or Mek1 (0.6-1 uM) and sperm chromatin.
[a-32P]dCTP (10 uCi) was added and 9-ul aliquots were removed
periodically. Samples were analyzed as previously described (Dasso
and Newport, 1990) and quantitated on a Molecular Dynamics
PhosphorImager.

Sucl Precipitations

Cycling egg extracts were prepared and supplemented with Mos
(0.5 uM), sperm chromatin, and 25 uCi of [**S]methionine. Aliquots
(8 ul) were removed every 15 min and frozen in 8 ul of EB for later
analysis. The extract was diluted 1:8.25, mixed with 8 ul of p13su<!
agarose, and incubated at 4°C for 1 h with rocking. After centrifu-
gation and three washes with EB containing 0.1% Nonidet P-40, SDS
sample buffer was added and the proteins were electrophoresed
through 10% SDS polyacrylamide gels (acrylamide:bisacrylamide,
29:1), transferred to Immobilon P (Millipore) blotting membrane,
and exposed to x-ray film.

RESULTS

Activation of MAP Kinase Can Bring about an M-
Phase Arrest in Cycling Extracts

We set out to determine whether we could produce a
mitotic arrest, such as is seen in unfertilized eggs or in
early embryos injected with MAP kinase cascade ac-
tivators, by artificially activating the cascade in cycling
extracts. The first activator we employed was recom-
binant Mos, which is capable of rapidly activating
Mek and p42 MAP kinase in extracts (Nebreda et al.,
1993; Posada et al., 1993; Shibuya and Ruderman, 1993;
VanRenterghem et al., 1994; Huang and Ferrell,
1996a,b; Jones and Smythe, 1996; Shibuya et al., 1996).

Figure 1 compares the behavior of a buffer-treated
cycling extract with one treated with Mos just before
M-phase. The extracts formed normal diffusely stain-
ing interphase nuclei by 40 min (Figure 1B). The buffer-
treated extracts underwent mitosis at about 70 min;
they underwent chromatin condensation (Figure 1B)
and nuclear envelope breakdown (Figure 1, A, upper,
and B). Mitosis was preceded by the transient activa-
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Figure 1. Addition of Mos to a Xenopus cycling extract just before
mitosis results in an M-phase arrest. Cycling extracts containing
sperm chromatin were supplemented with Mos (H) or buffer () 40
min after being placed at room temperature to initiate cycling.
Aliquots were removed every 10 min for analysis. (A) The assembly
and disassembly of the nuclear envelope was monitored by phase-
contrast microscopy and expressed as percent nuclear envelope
breakdown (NEBD; upper). In parallel, histone H1 kinase assays
were performed and expressed as the fold increase over the activity
at time O (lower). (B) Photographs of fixed nuclei stained with DAPI
and observed by epifluorescence microscopy.

2160

tion of H1 kinase activity (Figure 1A, lower). Mos-
treated (1 wM) extracts showed normal progression
into mitosis (Figure 1B) with elevated H1 kinase ac-
tivity (Figure 1A, lower) but, in contrast to the control
extracts, remained arrested with condensed chroma-
tin, dissolved nuclear envelopes, and high H1 kinase
activity (Figure 1). The modest decrease in kinase
activity seen at 80 min in the Mos-treated extracts may
be due to destruction of A-type cyclins (Minshull et al.,
1994). Addition of a constitutively active Mek (Mek
R4F) just before M-phase also caused an M-phase
arrest as judged by HI1 kinase activity and nuclear
morphology (our unpublished observations).

Thus, Mos caused the extracts to arrest in promet-
aphase or metaphase, as assessed by both morpholog-
ical and biochemical criteria, indicating that the ex-
tracts recapitulate the behavior of embryos injected
with Mos (Sagata et al., 1989; Yew et al., 1992) or
activated p42 MAP kinase (Haccard et al., 1993). Sim-
ilar findings have been reported by others (Abrieu et
al., 1996).

Early Activation of MAP Kinase Can Result in an
Interphase Arrest

When Mos was added to the extracts earlier in the cell
cycle, we observed an interphase arrest rather than an
M-phase arrest. Mos brought about quantitative activa-
tion of the endogenous p42 MAP kinase, whereas MAP
kinase was inactive or very transiently activated in the
buffer-treated extracts (Figure 2C). Both the buffer-
treated and Mos-treated extracts formed normal dif-
fusely staining interphase nuclei by 30 min (Figure 2B).
However, whereas nuclei in the buffer-treated extracts
then underwent chromatin condensation and nuclear
envelope breakdown by 60 min, the nuclei in Mos-
treated extracts underwent only partial chromatin con-
densation with no nuclear envelope breakdown (Figure
2, A, left, and B). The nuclei remained in this interphase
or early prophase state throughout the course of the
experiment. Biochemical analysis further revealed that
while the control extract displayed a normal peak of
histone H1 kinase activity at mitosis, the Cdc2 activity in
the Mos-treated extracts never increased past interphase
levels (Figure 2A, right).

To determine whether the block was due to the enzy-
matic activity of the added Mos protein, we performed
the same experiment with an inactive version of Mos
(Mos K90R). Mos K90R had no effect on the phosphor-
ylation state of p42 MAP kinase (our unpublished obser-
vations). Mos K90R-treated extracts entered and exited
mitosis, as judged by nuclear morphology, and Cdc2
was activated and inactivated normally (our unpub-
lished observations). Therefore, the kinase activity of
Mos is necessary for both the activation of MAP kinase
and the resulting interphase arrest.

Molecular Biology of the Cell
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Similar results were obtained with extracts treated
early with Mek R4F (Figure 3). Nuclear envelope
breakdown did not occur (Figure 3A, left) and Cdc2
activity remained at interphase levels (Figure 3A,
right). At the concentrations of Mek R4F that could be
achieved (about 1 uM, compared with an endogenous
Mek concentration of about 1.2 uM; Ferrell and Bhatt,
1997), we observed shifting of only about half of the
p42 MAP kinase to the phosphorylated form as seen
on the immunoblot in Figure 3B. However, this was
sufficient to bring about an interphase arrest or to
markedly delay entry into mitosis.
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Thus, upstream activators of MAP kinase are able to
prevent Cdc2 activation in the cycling extract system.
As neither of these components have known targets
other than members of the MAP kinase pathway, this
inhibition was most likely due to the subsequent acti-
vation of MAP kinase.

The Timing of MAP Kinase Inactivation Correlates
with the Timing of Cdc2 Activation

To further test the connection between MAP kinase
activation and interphase arrest, we added excess re-
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combinant MAP kinase protein to extracts to delay the
inactivation of MAP kinase and assessed the conse-
quences. We used a mutant Froggymaker (Fm) form
of MAP kinase in which Asp-324 was changed to Arg.
This mutation, analogous to that found in the gain of
function Sevenmaker allele of the Drosophila Rolled
MAP kinase, has been shown to render mammalian
and Xenopus MAP kinases less susceptible to deacti-
vating dephosphorylation (Bott et al., 1994; Umbhauer
et al., 1995). We incubated recombinant Fm (0.4 and 0.8
1M, compared with an endogenous p42 MAP kinase
concentration of about 0.3 uM; Ferrell and Bhatt, 1997)
with CSF-arrested extracts, which have high Mos and
Mek activities, for 10 min to allow phosphorylation
and activation of the Fm. Calcium was then added to
release the extracts into interphase. As shown in Fig-
ure 4A, calcium caused rapid inactivation of Cdc2,
and the added Fm protein had no measurable effect on
the rate of this inactivation.

In the extract with no added Fm, the endogenous
p42 MAP activity was essentially completely inacti-
vated by the 50 min time point (Figure 4B). The ex-
tracts with added Fm showed higher initial levels of
MAP kinase activity, and the inactivation of MAP
kinase was slower and less complete (Figure 4B).

The delay in MAP kinase inactivation was accom-
panied by a delay in Cdc2 reactivation (Figure 4A).
Cdc2 activity peaked at 110 min in the buffer-treated
extracts, 130 min in the extracts treated with 0.4 uM
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Fm, and 150 min in the extracts treated with 0.8 uM
Fm (Figure 4A). The delays observed in the inital
inactivation of MAP kinase (Figure 4B) correlated with
the delays in reactivation of Cdc2. These findings sug-
gest that active MAP kinase is sufficient to cause a G,
arrest and that inactivation of the MAP kinase allows
progression into M-phase.

Mos-treated Extracts Arrest in G, Phase

We performed DNA replication assays on cycling ex-
tracts treated with Mos to determine whether the ex-
tracts were becoming arrested in S-phase or G,-phase.
We added [a-*?P]dCTP to Mos- or buffer-treated cy-
cling extracts and assessed the incorporation of radio-
label into DNA after proteinase K treatment and aga-
rose gel electrophoresis. As shown in Figure 5, there
was little overall difference in DNA synthesis between
Mos- and buffer-treated extracts. Similar results were
obtained with Mek R4F-treated extracts (our unpub-
lished observations). Thus Mos and Mek induce what
is essentially a G, arrest.

A- and B-Type Cyclins Accumulate Normally in
Mek-treated Extracts

We set out to determine why Cdc2 is held inactive in
the G,-arrested extracts. First we examined whether
cyclin proteins were accumulating and associating
with Cdc2 normally. We monitored the status of the

Molecular Biology of the Cell
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Figure 4. Addition of Fm MAP kinase can delay the onset of
mitosis in activated CSF-arrested extracts. Extracts were supple-
mented with buffer ((J), 0.4 uM Froggymaker MAP kinase (Fm, @),
or 0.8 uM Fm (O) and incubated for 10 min before activation with
0.4 mM CaCl,. Aliquots were removed every 20 min for analysis.
(A) Histone H1 kinase activity. (B) MAP kinase activity, assessed by
an immune complex kinase assay with antiserum X15.

cyclins in Mos-treated extracts by adding [*°S]methi-
onine, which became incorporated into newly synthe-
sized proteins. Samples were taken periodically
throughout the course of the experiment and sub-
jected to precipitation with p13s“<! beads, which bind
Cdc2, Cdk2, and their associated cyclins (Ducommun
et al., 1991).

In the buffer-treated extracts, Cdk-associated °°S-
labeled A- and B-type cyclin proteins underwent two
cycles of accumulation and destruction (Figure 6B),
accompanied by cycles of H1 kinase activation and
inactivation (Figure 6A). The 3°S-labeled cyclin A and
B bands in the Mos-treated extracts progressively in-
creased to levels almost twofold higher than the high-
est levels seen in buffer-treated extracts (Figure 6B,
upper), but H1 kinase activity never reached mitotic
levels (Figure 6A). The inability of Cdc2 to become
activated is not, therefore, due to a scarcity of the
cyclin subunit. Furthermore, this experiment demon-
strates that the newly formed cyclins were able to
form complexes with Cdc2, because p13u<! beads pre-
cipitate only the Cdk-associated cyclins.
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Figure 5. DNA replication in Mos-treated extracts. Cycling ex-
tracts containing buffer (L) or Mos (M) were supplemented with
sperm chromatin and [o®?P]dCTP to allow assessment of DNA
replication. Samples were analyzed by agarose gel electrophoresis
and autoradiography. Mos had no significant effect on the extent of
DNA synthesis.

Weel and Cdc25 Remain Unphosphorylated in Mos-
treated Extracts

The activity of Cdc2/cyclin complexes is regulated in
part through phosphorylation of the Cdc2 moiety (re-
viewed by Morgan, 1995). Phosphorylation of either
Thr-14 or Tyr-15 results in inactivation of the protein
kinase; phosphorylation of Thr-161 is necessary for
activation. In Xenopus egg extracts, Weel and Mytl
appear to be the kinases responsible for maintaining
Cdc2 in an inactive form, and Cdc25 is the phospha-
tase that activates the kinase by removing those phos-
phate groups (Dunphy and Kumagai, 1991; Gautier et
al., 1991; Kumagai and Dunphy, 1991; Mueller et al.,
1995a,b).

Before mitosis, the activity of Weel is turned off and
the activity of Cdc25 is turned on. This is believed to
be accomplished in both cases through phosphoryla-
tion (Izumi et al., 1992; Kumagai and Dunphy, 1992;
Mueller et al., 1995a). These modifications can be easily
detected through changes in the proteins’ electro-
phoretic mobilities on immunoblots. We therefore
used immunoblotting to examine whether Cdc25 and
Weel were being properly regulated themselves in
Mos- and Mek-treated extracts.

Figure 7 shows the results of two such experiments.
In the first, extracts were treated with buffer or Mos,
and the Mos-treated extracts exhibited a G, arrest as
assessed by nuclear morphology (Figure 7A). In the
second, extracts were treated with buffer or Mek, and
the Mek-treated extracts exhibited a mitotic delay
rather than a G, arrest (Figure 7B).

In both experiments, the buffer-treated cycling ex-
tracts exhibited cycles of Weel and Cdc25 hyperphos-
phorylation and dephosphorylation. Weel and Cdc25
became hyperphosphorylated before mitosis, dephos-
phorylated during mitosis, and hyperphosphorylated
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again during the next cycle (Figure 7, left sides of A
and B). In contrast, in the Mos-treated extracts Weel
and Cdc25 showed no differences in phosphorylation
state throughout the time course (Figure 7A, right
side). In the Mek-treated extracts, Weel and Cdc25
exhibited a delay in hyperphosphorylation commen-
surate with the observed delay in mitotic entry (Figure
7B, right side). Thus, Mos and Mek prevented or de-
layed the hyperphosphorylation (and, presumably,
the activation) of Cdc25 and prevented or delayed the
hyperphosphorylation (and, presumably, the inactiva-
tion) of Weel. We infer that Cdc2 was kept in an
inactive state due to the combination of low Cdc25
activity and high Weel activity.

To confirm and extend this result, we examined the
state of Cdc2’s tyrosine phosphorylation in p13suc!
precipitations. As shown in Figure 6B, middle, the
level of Cdc2 tyrosine phosphorylation in the Mos-
treated extracts steadily increased to about 2.5 times
the maximal levels seen in premitotic buffer-treated
extracts. The variation in phosphotyrosine signal is
not due to differences in protein levels, as evidenced
by reprobing the same blot with Cdc2 antibody (Fig-
ure 6B, lower). Therefore, Mos prevents Cdc2 activa-
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tion, at least in part, through the maintenance of Cdc2
tyrosine phosphorylation.

Relationship of the MAP Kinase Interphase Arrest
to the DNA Replication Checkpoint

Dasso and Newport (1990) demonstrated that unrep-
licated DNA can produce a premitotic block in cycling
egg extracts. They showed that the addition of aphidi-
colin to extracts containing sperm chromatin at con-
centrations of greater than 250 sperm/ul prevented
DNA replication and resulted in an arrest. These S-
phase arrested extracts were similar to the Mos-
treated G,-arrested extracts seen here, in that both
types of extracts possessed mitotic levels of cyclin
proteins and tyrosine-phosphorylated, inactive Cdc2
(Figures 6 and 7; Dasso and Newport, 1990). We hy-
pothesized that the Mos-induced G, arrest we ob-
served might be related to this DNA replication check-
point. For example, unreplicated DNA could bring
about MAP kinase activation, which then prevents
entry into M-phase, or MAP kinase activation could
subtly perturb replication in a way that triggers the
DNA replication checkpoint.

Molecular Biology of the Cell
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Figure 7. Cdc25 and Weel phosphorylation in MAP kinase-activated extracts. Cycling extracts were prepared and supplemented with
sperm chromatin and Mos, Mek, or buffer. Samples were removed every 10 min for analysis. (A and B) Immunoblots of Cdc25 and Weel.
Top, autoradiograms show the periodic accumulation of hyperphosphorylated Weel in the buffer-treated samples (left), with the most highly
shifted forms peaking at nuclear envelope breakdown (NEBD). In addition, at mitosis the intensity of the hypophosphorylated Cdc25 band
is reduced (lower), and some hyperphosphorylated Cdc25 is detectable (arrows). Some hyperphosphorylated Cdc25 may be obscured by the
indicated background band. There is no change in electrophoretic mobility of either Weel or Cdc25 in the Mos- or Mek-treated extracts
(right); both proteins remain in their hypophosphorylated interphase forms.

We first determined whether p42 MAP kinase was
phosphorylated in response to the treatment of ex-
tracts with aphidicolin and sperm nuclei. Such treat-
ment did prevent Cdc2 activation (Figure 8A, upper),
in agreement with Dasso and Newport (1990), but did
not bring about MAP kinase phosphorylation as as-
sessed by immunoblotting (Figure 8A, lower). Thus it
appears that p42 MAP kinase does not mediate the
DNA replication checkpoint.

Secondly, we determined whether the Mos-induced
arrest required the presence of added sperm chroma-
tin. We added either buffer or Mos to cycling extracts
and assayed the resulting H1 activity. Figure 8B shows
that Mos can prevent Cdc2 activation in the absence of
added sperm; the arrest is therefore not DNA-depen-
dent. Thus there appears to be no obvious connection
between the Mos-induced arrest and the DNA repli-
cation checkpoint.

Added Cdk2/Cyclin E Does Not Block the Arrest

It has been previously demonstrated that Cdk2 activ-
ity is essential for progression into M-phase in cycling
extracts (Guadagno and Newport, 1996). Extracts
where Cdk2 has been inactivated by addition of the
stoichiometric inhibitor p21 or by immunodepletion of
Cdk2 arrest in G,-phase with mitotic levels of cyclins,
tyrosine-phosphorylated Cdc2, and hypophosphory-
lated Cdc25 (Guadagno and Newport, 1996), just as do
Mos-treated extracts. Therefore, we set out to deter-
mine whether Cdk2 was inhibited in the MAP kinase-
activated extracts and thus responsible for the arrest.
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Cdk2 was immunoprecipitated from extracts treated
with buffer or Mos, and histone H1 kinase assays were
performed to compare relative kinase activities. We
consistently found a slight reduction in detectable ki-
nase activity in the Mos-treated arrested extracts (Fig-
ure 9, left). Although the amount of decrease was
quite small (and in the experiment shown, was within
experimental error), it was nevertheless possible that
this degree of inhibition was sufficient to effect a G,
arrest.

To address this possibility, we determined whether
addition of exogenous Cdk2/cyclin E proteins to an
extract would prevent Mos from bringing about a G,
arrest. We added buffer, Mos, or Mos plus bacterially
expressed GST-Cdk2 and GST-cyclin E to cycling ex-
tracts and monitored the resulting Cdk2 activity and
cell cycle progression. The added Cdk2/cyclin E in-
creased the levels of Cdk2 activity to well above nor-
mal interphase or M-phase levels (Figure 9, left) but
did not restore the ability to enter mitosis as deter-
mined by monitoring nuclear envelope breakdown
(Figure 9, right). These data indicate that the modest
degree of Cdk2 inhibition seen in Mos-treated extracts
cannot be the sole cause of the Mos-induced G,-phase
block.

DISCUSSION

We have shown that activation of the MAP kinase
cascade by treatment of cycling extracts with Mos or
Mek just before M-phase can bring about a mitotic
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Figure 8. Mos-induced interphase arrest appears unrelated to the
DNA replication checkpoint. (A) Upper, H1 kinase activity in ex-
tracts supplemented with buffer ([J) or aphidicolin (0.4 mg/ml) and
2000 sperm/ ul (M). Lower, immunoblot of parallel samples probed
with a MAP kinase-specific antibody (DC3). Note the absence of
shifted MAP kinase in the aphidicolin-treated samples. (B) The
presence of DNA is not required for the Mos-induced arrest. Cdc2
kinase activity in cycling extracts supplemented with buffer ((J) or
Mos (M) and no added sperm chromatin.

arrest (Figure 1), as expected from studies of microin-
jected embryos. However, when extracts are treated
with Mos or Mek earlier in the cycle, they arrest in a
state that morphologically and biochemically resem-
bles interphase or early prophase (Figures 2 and 3).
Extracts that arrest in interphase after Mos/Mek
treatment have completed DNA replication (Figure 5)
and possess mitotic levels of A- and B-type cyclins
complexed with Cdc2 (Figure 6B), but the Cdc2/cyclin
complexes are inactive due to tyrosine phosphoryla-
tion of Cdc2 (Figure 6B). In the arrest state, the Cdc2
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Figure 9. Mos-induced interphase arrest is not due to inhibiton of
Cdk2/cyclin E. Cycling extracts containing sperm chromatin were
supplemented with buffer, Mos, or Mos plus recombinant Cdk2/
cyclin E proteins. Left, Cdk2 kinase activity in the treated extracts at
90 min. Cdk2 complexes were immunoprecipitated with a Cdk2-
specific antibody. The extracts with Mos alone showed at most a
small reduction in activity while the extracts with additional Cdk2/
cyclin E display an approximately 2.5-fold increase in measureable
activity. Right, maximal percent nuclear envelope breakdown
(NEBD) was scored in the same experiment through phase-contrast
microscopy. The addition of excess Cdk2/cyclin E activity did not
reverse the MAP kinase-induced G,-phase arrest as assessed by
phase-contrast microscopy.

activator Cdc25 is present in its hypophosphorylated
(and presumably inactive) form, and the Cdc2 inhibi-
tor Weel is present in its hypophosphorylated (and
presumably active) form (Figure 7). It seems plausible
that active MAP kinase is exerting an effect on Weel,
Cdc25, and/or the upstream regulators of these pro-
teins.

The MAP kinase-induced interphase arrest is not
due to interference with DNA replication; replication
is only minimally affected (Figure 5), and the arrest
occurs in extracts not supplemented with nuclei (Fig-
ure 8B). The arrest is not a recapitulation of the DNA
replication checkpoint, because activating the check-
point by addition of sperm and aphidicolin did not
trigger MAP kinase activation (Figure 8A). Finally, the
arrest is not mediated through inhibition of Cdk2/
cyclin E, because supplementing extracts with Cdk2/
cyclin E did not prevent the G, arrest (Figure 9). It
appears that activation of the MAP kinase cascade
induces G, arrest by a novel mechanism.

G, Arrest versus Mitotic Arrest

On the basis of the experiments described herein,
there appears to be a point in interphase that is critical
for determining the downstream effects of MAP ki-
nase activation. Should MAP kinase be activated be-
fore this time, Cdc2 will not become activated and the
cycle will arrest in interphase. If this point is passed,
the activation of MAP kinase will bring about an
M-phase arrest instead. Note that MAP kinase activa-
tion can prevent Cdc2 activation but does not reverse
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Cdc2 activation once it has occurred. Evidently MAP
kinase can stop the cell cycle at two distinct points but
cannot make the cycle run backwards.

MAP kinase function is required to halt M-phase
progression in cells with defective mitotic spindles, a
conclusion initially inferred from studies of cycling
extracts (Minshull et al., 1994; Takenaka et al., 1997)
and recently extended to somatic cells (Wang et al.,
1997). This spindle assembly checkpoint is probably
analogous to the M-phase arrest seen here in cycling
extracts supplemented with Mos or Mek just before
mitosis. The G, arrest seen here in extracts supple-
mented early with Mos or Mek may also have a coun-
terpart in somatic cells. Vande Woude and colleagues
(Fukasawa et al., 1994) found that when Swiss 3T3 cells
are infected with virus containing the v-mos oncogene,
two distinct phenotypes are obtained depending upon
the amount of v-Mos protein that was expressed. Cells
that contained low levels of v-Mos were often trans-
formed, whereas cells that contained 10-fold higher
amounts of v-Mos rounded up, detached from the
monolayer, and resembled growth-arrested cells. In-
terestingly, these growth-arrested cells had interphase
levels of histone H1 activity and also possessed par-
tially condensed chromosomes—both characteristics
of the Mos-induced interphase arrest we describe
here—as well as high levels of MAP kinase activity
(Fukasawa et al., 1994). Raf-1, like Mos, is a MAP
kinase kinase kinase, and Lloyd et al. (1997) have
recently reported that induction of Raf-1 causes pri-
mary Schwann cells to arrest in G;-phase. Likewise,
sustained activation of the MAP kinase pathway
causes differentiation of PC12 cells, a process that
presumably includes some sort of interphase arrest
(Cowley et al., 1994; Dikic et al., 1994; Traverse et al.,
1994; Fukuda et al., 1995). Thus, activation of MAP
kinase may promote an interphase arrest in both cy-
cling egg extracts and somatic cells.

G, Arrest versus Release from G, Arrest

Our findings dramatically underscore the fact that
activation of the MAP kinase cascade can have very
different consequences in different contexts. Here we
have found that activation of the cascade can prevent
the tyrosine dephosphorylation and activation of Cdc2
in Xenopus egg extracts. However, in Xenopus oocytes
and oocyte extracts, activation of the MAP kinase
cascade has the opposite effect. Immature oocytes are
naturally arrested in a G,-like state with Cdc2 inacti-
vated by tyrosine phosphorylation, and activation of
the MAP kinase cascade causes the tyrosine dephos-
phorylation and activation of Cdc2 and the subse-
quent release of these G,-arrested oocytes into meiotic
M-phase (Yew et al., 1992; Kosako, et al., 1994; Gotoh et
al., 1995; Haccard et al., 1995, Huang and Ferrell,
1996a). Evidently there is some difference between

Vol. 8, November 1997

G, Arrest from MAP Kinase Activation

immature oocytes and eggs that causes opposite bio-
chemical events to be triggered by the same initial
stimulus. For example, perhaps MAP kinase can only
arrest early G,-phase cells in interphase, and oocytes
have already passed beyond that cell cycle point.

MAP Kinase Activity and the Establishment of a
G,-Phase

In Xenopus embryos, the 2nd through 12th mitotic
cycles are very rapid (25-30 min). The embryo does
not need to grow between divisions, and the cycles
consist of S- and M-phases without discernible G;- or
G,-phases. Little, if any, tyrosine-phosphorylated
Cdc2 can be detected during these cycles, consistent
with the absence of a G,-phase, and little MAP kinase
activation can be detected (Ferrell et al., 1991; Hartley
et al., 1996).

The first mitotic cycle differs from the 2nd through
12th cycles in a number of important ways. The cycle
is made up of not only an S-phase and an M-phase but
also an interposed about 25-min G,-phase. The extra
time provided by this G,-phase allows the egg’s pro-
nucleus and the sperm’s pronucleus to migrate to-
ward each other and fuse (Gerhart, 1980; Hausen and
Riebesell, 1991). During this G,-phase, Cdc2 is com-
plexed to cyclins but held inactive by tyrosine phos-
phorylation (Ferrell et al., 1991, Watanabe et al., 1991;
Hartley et al., 1996). The first cycle also differs from the
subsequent cycles in that it is preceded by an extended
period where p42 MAP kinase is fully active—MAP
kinase is active in the metaphase-arrested egg and
remains active in the fertilized egg during the about 30
min while meoisis is completed and the first mitotic
cycle begins (Ferrell et al., 1991; Watanabe et al., 1991).

The present studies suggest a connection between
the activation of p42 MAP kinase before the first mi-
totic cell cycle and the presence of a G,-phase in that
cycle. Here we have shown that MAP kinase activa-
tion can bring about a G, arrest (Figures 2 and 3) and
that delaying the timing of MAP inactivation causes a
corresponding delay in the subsequent activation of
Cdc2 (Figure 4). If it is assumed that it takes an egg or
extract about 60—70 min to undo the effects of MAP
kinase activation., then it would follow that the G,-
phase present in the first mitotic cell cycle is simply
the period after S-phase during which the effects of
MAP kinase are being undone. Subsequent to the first
M-phase, there is no need for a G,-phase, and so only
low levels of MAP kinase activity and Cdc2 tyrosine
phosphorylation are seen. It will be of interest to test
these speculations further through various manipula-
tions of MAP kinase activity in intact embryos.

Note added in proof. We have recently found that Cdk2 activity
must be inhibited by more than 95% to achieve an interphase arrest
(Guadagno and Ferrell, unpublished observations). This finding
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corroborates our conclusion that Cdk2 inhibition does not mediate
the G, arrest described here.
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