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ABSTRACT We have analyzed cyclin E1, a protein that is
essential for the G;/S transition, during early development in
Xenopus embryos. Cyclin E1 was found to be abundant in eggs,
and after fertilization, until the midblastula transition (MBT)
when levels of cyclin E1 protein, and associated kinase
activity, were found to decline precipitously. Our results
suggest that the reduced level of the cyclin E1 protein detected
after the MBT does not occur indirectly as a result of
degradation of the maternally encoded cyclin E1 mRNA.
Instead, the stability of cyclin E1 protein appears to play a
major role in reduction of cyclin E1 levels at this time. Cyclin
E1 protein was found to be stable during the cleavage divisions
but degraded with a much shorter half-life after the MBT.
Activation of cyclin E1 protein turnover occurs independent of
cell cycle progression, does not require ongoing protein syn-
thesis, and is not triggered as a result of the ratio of nuclei to
cytoplasm in embryonic cells that initiates the MBT. We
therefore propose that a developmental timing mechanism
measures an ~5-hr time period, from the time of fertilization,
and then allows activation of a protein degradative pathway
that regulates cyclin E1. Characterization of the timer sug-
gests that it might be held inactive in eggs by a mitogen-
activated protein kinase signal transduction pathway.

Cyclin proteins are regulatory subunits of a family of cell cycle
controlling kinases, or cyclin-dependent kinases (cdks), that
are required for a number of cell cycle events (1, 2). In higher
eukaryotes cdk2 is thought to play an essential role in control
of S phase (3, 4) and is regulated by A- and E-type cyclins. A
number of observations suggest that cyclin E/cdk2 complexes
are required for initiation of S phase. Cyclin E is periodically
expressed during the cell cycle and maximally activates cdk?2 at
the G,/S transition (5, 6). Overexpression of cyclin E in tissue
culture cells diminishes growth factor requirements and pro-
motes premature entry into S phase (7-9), while microinjec-
tion of cyclin E antibodies during G; inhibits entry into S phase
(10). Furthermore, during early Drosophila development down
regulation of cyclin E is required for exit from the embryonic
cell cycle, and ectopic expression of cyclin E in cells that
normally arrest in G; results in progression through an extra
cell cycle (11). Cyclin A is also required for S-phase progres-
sion (12-14) and is unique among cyclins in that it forms
functional complexes with both the mitotic regulator cdc2, as
well as cdk2 (15, 16). Cyclin A is detected in active complexes
with cdk2 shortly after cyclin E/cdk2 complexes are first
detected (5, 6), and antibody ablation and antisense RNA
experiments have indicated that cyclin A is essential for S
phase (12, 13). A currently popular model suggests that cyclin
E/cdk2 complexes initiate S phase, after which cyclin E is
degraded, and further S-phase progression is regulated by
cyclin A/cdk2 complexes (2).

The atypical embryonic cell cycles in organisms such as
Drosophila and Xenopus provide useful models to study reg-
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ulation of cell cycle control molecules. In Xenopus, fertilization
is followed by a stage of rapid cellularization during which the
egg divides synchronously 12 times in 6 hr. These early cell
cycles are biphasic, consisting only of S and M phases that last
~15 min each. After the 12th cleavage division, embryos go
through the midblastula transition (MBT). At this time zygotic
transcription is initiated and the cell cycle elongates (17, 18).
The first two cell cycles immediately following the MBT are
longer (50 and 100 min, respectively) most likely due to an
expansion in the length of S phase (19). The third cell cycle
after the MBT is the first that is substantially expanded, with
a length that ranges from 3 to 6 hr. This expansion occurs at
the onset of gastrulation when further development and cell
division first become dependent on zygotic transcription (20).

We have been studying emergence of the somatic cell cycle
after the MBT to learn more about regulation of cyclin
proteins and mRNAs. In a previous study, we found that the
maternal pools of cyclins A1 and A2 mRNAs were stable prior
to the onset of gastrulation (EGT; early gastrula transition)
and then were abruptly degraded (21). At this time, cyclin A2
mRNAs, but not cyclin A1 messages, were replaced by zygotic
transcription. In addition, we found that cyclin Al protein was
stable during interphase prior to the EGT but turned over
rapidly during interphase after the EGT. These results sug-
gested that activation of degradative programs that control
cyclin A levels in the somatic cell cycle could be first activated
at the onset of gastrulation. Further characterization suggested
that the components of these degradative systems were present
in the egg, or synthesized shortly after fertilization, but held
inactive until the EGT by a developmental timing mechanism.

To determine whether other cyclins were regulated by
degradative pathways activated during early development, we
undertook a study of one of the Xenopus E-type cyclins, cyclin
E1. During cleavage cell cycles in Xenopus, cdk2 is associated
primarily with E-type cyclins and only low concentrations of
cyclin A/cdk2 complexes have been detected (ref. 22; J.A.H.,
unpublished data). Cyclin E1 has previously been shown to be
synthesized during oogenesis and detected at high concentra-
tions during the cleavage stages, but it disappears between
developmental stages 8 and 10.5 (22). Here we show that cyclin
E1 protein is stable during the cleavage divisions but turns over
with a decreased half-life during interphase after the MBT.
Although the time in development when cyclin E1 becomes
unstable is distinct from the EGT the proteolytic system that
controls E1 turnover appears to be regulated by a similar
timing mechanism. We show that although the degradation of
cyclins A and E occurs at different times during development,
the timers that regulate the onset of these two degradative
processes share a number of features.

MATERIALS AND METHODS

Embryos. Xenopus eggs were fertilized in vitro as described
(17). Fertilized eggs were dejellied 30 min after fertilization

Abbreviations: MBT, midblastula transition; EGT, early gastrula
transition; MAPK, mitogen-activated protein kinase; MAPKK, mito-
gen-activated protein kinase kinase; CHX, cycloheximide; HU, hy-
droxyurea; cdk, cyclin-dependent kinase.
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using 2% L-cysteine (pH 7.8), washed five times in 0.25X
MMR solution (100 mM NaCl/20 mM KCl/20 mM CaCl,/10
mM MgCl,/5 mM Hepes, pH 7.4), and maintained at ambient
temperature (23°C-24.5°C). When appropriate, hydroxyurea
(HU) or cycloheximide (CHX) was added to the culture
medium to final concentration of 30 mM or 100 pg/ml,
respectively. In some cases, to enhance the rate of CHX
uptake, embryos were incubated in Danilchik’s solution with-
out calcium (23) beginning 2 hr after fertilization. Fertilized
eggs where microinjected in 1X MMR containing 5% Ficoll to
help maintain the integrity of the plasma membrane. All
injections were carried out using a Picospritzer II (General
Valve Corp., Fairfield, NJ). Coenocytial eggs were produced
by centrifugation of fertilized eggs in MMR containing 5%
Ficoll, over a cushion of 50% Ficoll, for 5 min at 1000 rpm in
a tabletop IEC (Needham Heights, MA) clinical centrifuge.

Extracts, p13-Sepharose Purification, Immunoprecipita-
tion, and H1 Kinase Assays. Fertilized eggs were collected at
relevant time points and flash frozen in liquid nitrogen.
Developmental staging was according to Niewkoop and Faber
(24). Cytosolic extracts were made by solubilizing frozen
embryos in extraction buffer [EB; 20 mM Hepes, pH 7.3/80
mM B-glycerophosphate/20 mM EGTA/15 mM MgCl,/50
mM NaF/1 mM NaVO,/0.5 mM phenylmethylsulfonyl fluo-
ride (PMSF)/0.5% NonidetP40 (NP-40)] and clarified by
centrifugation in a tabletop centrifuge for 15 min at 4°C. For
immunoprecipitations and p13-Sepharose purification, cyto-
solic extracts from 10-20 embryos were diluted with EB and
20 ul of p13-Sepharose beads (25) or the appropriate anti-
bodies and 30 ul of a 50% slurry of protein A-Sepharose beads
(Pharmacia) was added. After a 1-hr incubation with constant
rotation, beads were washed four times with bead wash buffer
(50 mM Tris"HCI, pH 7.5/5 mM NaF/250 mM NaCl/5 mM
EGTA/5 mM EDTA/0.5 mM PMSF/0.1% NP40). Proteins
purified by immunoprecipitation or by p13-Sepharose precip-
itation were diluted in 1:4 sample buffer, boiled, and separated
by PAGE. For measuring cyclin El-associated histone H1
kinase activity, cyclin E1 immunoprecipitates from four em-
bryos were washed two additional times with H1 kinase buffer
(40 mM Hepes, pH 7.3/20 mM MgCl,/1 mM dithiothreitol)
and then diluted with 60 ul of H1 kinase buffer containing 0.5
mM ATP/0.2 mg of histone H1 per ml, and 10 uCi of
[v-3?P]JATP (1 Ci = 37 GBq). After incubation at room
temperature for 15 min, the reactions were stopped by addition
of 4X sample buffer, boiled, and separated by PAGE. Phos-
phorylated forms of histone H1 were detected on dried gels by
autoradiography and quantitated by Cherenkov counting.

Western Blotting and Antibodies. Proteins were transferred
to Immobilon-P membranes (Millipore) for 2 hr at 55 V.
Membranes were blocked with PBST (127 mM NaCl/8 mM
Na,P0O,/2.7 mM KCl/1.1 mM KH,P04/0.1% Tween) con-
taining 5% dried milk powder, rinsed with PBST, and then
incubated with diluted primary antibodies for 1 hr. The filters
were then extensively washed with PBST. Primary antibodies
were detected with horseradish peroxidase-coupled secondary
antibodies followed by enhanced chemiluminescence using an
ECL kit (Amersham).

The cyclin E1 antibody used in these studies was raised in
rabbits against a cyclin E1 peptidle (SVRSRKRKADVA;
amino acid residues 23-34) using the services of Research
Genetics (Huntsville, AL). Whole serum was affinity purified
against the peptide antigen coupled to Affi-Gel 10 agarose
beads (Bio-Rad) according to the protocol described (26). The
anti-peptide cdk2 and cyclin A2 antibodies have been de-
scribed (4, 21) and the cyclin Al antibody, a kind gift of J.
Maller (University of Colorado, Denver, CO) was raised in
sheep against a full-length cyclin Al fusion protein. The
full-length cyclin E1 DNA sequence was obtained by PCR
from the published sequence (22).
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RESULTS

To analyze cyclin E1 protein during embryogenesis, eggs were
collected at 1-hr intervals following fertilization and assayed
for cyclin E1 protein concentration and cyclin El-associated
H1 kinase activity. Cyclin E1 protein was detected in unfer-
tilized eggs and in eggs collected during the first 5 hr after
fertilization at approximately equimolar concentrations (Fig.
1A4). However, after the 5-hr time point the amount of cyclin
E1 protein detected decreased rapidly and was almost unde-
tectable at 7 hr. The H1 kinase activity associated with cyclin
E1 complexes followed an almost identical profile during this
time frame (Fig. 14, E1-H1K). The level of cyclin E1-
associated kinase activity was high and constant during the first
6 hr after fertilization and then decreased rapidly between 6
and 7 hr. The decrease in H1 kinase activity associated with E1
complexes was not due to a reduction in the levels of the
catalytic kinase subunit of cyclin E1, cdk2, as this protein was
detected at equal concentrations at each time point assayed.
Together these results demonstrate that cyclin E1 protein
levels begin to decline rapidly 6 hr after fertilization at a time
point that closely corresponds to the MBT. This time point is
distinct from the EGT when the embryonic A-type cyclin,
cyclin Al, begins to degrade (Fig. 1B; ref. 21).

The precipitous decrease in cyclin E1 levels that we have
observed 6 hr after fertilization correlates temporally with the
MBT. This coincidence is consistent with the MBT triggering
some molecular mechanism that is responsible for regulating
the concentration of cyclin E1 protein. However, cell cycle
progression after the MBT could also be required for reduc-
tion in cyclin E1 levels. To distinguish between these possi-
bilities we asked whether cyclin E1 levels declined in eggs in
which cell cycle progression was blocked at the MBT. For this
experiment, fertilized eggs were arrested at the MBT with the
ribonucleotide reductase inhibitor HU. In the presence of this
drug, fertilized eggs divide normally up to the MBT (20);
however, because of depletion of the maternal pool of de-
oxyribonucleotides at this point, the cells arrest in the first
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Fig. 1. (A4) Cyclin E1 protein levels and associated H1 kinase
activity during early development. Cyclin—cdk complexes from 10 eggs,
collected at the indicated times after fertilization, were concentrated
on p13-Sepharose beads, separated by SDS/PAGE, and immunoblot-
ted with anti-peptide antibodies against either cyclin E1 (Top) or cdk2
(Middle). For measurement of El-associated H1 kinase activity, cyclin
E1 immunoprecipitates were assayed for H1 kinase activity as de-
scribed. Histone H1 proteins were separated by SDS/PAGE and
phosphorylated forms were detected by autoradiography (Bottom).
(B) Cyclin E1 and cyclin Al protein levels in embryos. p13-Sepharose
precipitates from staged embryos were immunoblotted with antibodies
made against cyclin Al protein and a cyclin E1 peptide.
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interphase of the 12th cell cycle and further cell division does
not occur. Cyclin E1 protein levels were monitored in such
arrested embryos and were found to decrease over the exact
time course as in control embryos (Fig. 24). The reduction in
protein levels was specific for cyclin E1 as the level of cyclin A2
was actually found to increase after the MBT in HU-arrested
embryos (Fig. 2B). These results suggest that cell cycle pro-
gression after the MBT is not required to induce reduction in
cyclin E1 protein levels.

The data presented above show that cyclin E1 levels begin
to decline at the MBT and that this process is not dependent
on cell division past the MBT. Therefore, it is possible that the
reduction in cyclin E1 levels, like the MBT itself, is activated
when the embryo achieves a critical nuclear/cytoplasmic ratio
(17, 18). To test this possibility, cell division was inhibited
before the MBT with the protein synthesis inhibitor CHX. In
the presence of CHX, resynthesis of the A- and B-type cyclins
is inhibited in embryos after mitosis, and embryonic cells
become arrested in interphase. For the experiments described
here, CHX was added 2 or 4 hr after fertilization—i.e., 3.5 and
1.5 hr before the MBT. After arrest, cyclin E1 was monitored
at subsequent time points. After CHX addition 4 hr after
fertilization (the eighth cell cycle), one extra division occurred
and the eggs arrested in the ninth cell cycle (500 cells). The
cyclin E in these arrested eggs remained stable until the
temporal equivalent of the MBT and then declined precipi-
tously between 5 and 6 hr (Fig. 34). Similarly, when CHX was
added to fertilized eggs at 2 hr, the eggs arrested after the
fourth or fifth divisions (16—32 cells). Again, in these embryos,
as in controls, a precipitous decline in cycle El levels was
observed between 5 and 6 hr after fertilization (Fig. 3B). In
some experiments in which CHX was added 2 hr after fertil-
ization, we detected only a modest reduction in cyclin E1 levels
between 5 and 6 hr after fertilization. We suspect that this
variation may be correlated with egg quality. Despite this
caveat, these experiments show that the abrupt reduction in
cyclin E1 levels between 5 and 7 hr after fertilization occurs
even when the embryonic cells do not reach the nuclear/
cytoplasmic ratio that is required to initiate the MBT. There-
fore, our results show that, although these two events occur at
the same time during normal development, the timing mech-
anisms controlling each process appear to be distinct. In
addition, these experiments suggest that the reduction in cyclin
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FiG. 2. Cyclin E1 and cyclin A2 protein levels in eggs treated with
HU. Fertilized eggs were treated with HU 2 hr after fertilization and
collected at the indicated time points. Cyclin—cdk2 complexes were
partially purified by p13-Sepharose precipitation and then separated
by SDS/PAGE. (4) Immunoblots using antibodies against either
cyclin E1 or cdk2. (B) Immunoblots using cyclin E1 or cyclin A2
antibodies.
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FiG. 3. Cyclin E1 protein levels in eggs treated with CHX either 4
hr after fertilization (4) or 2 hr after fertilization (B). Cyclin E1 and
cdk2 were detected as described in the légend to Fig. 1.

E1l protein levels at a time period equivalent to the MBT
occurs primarily as a result of a change in cyclin E stability at
this time. In cleavage stage eggs, as is the case in egg extracts
(22), cyclin E1 appears to be a stable protein, but after the
MBT it turns over rapidly with a half-life of ~30 min.

The findings described above suggest that a change in the
stability of cyclin E1 protein at the MBT is required for its
decline at this time in development. Mechanistically, this
implies that cyclin E1 protein turns over with a decreased
half-life at this time because of activation of a new protein
degradative system that is developmentally regulated. Because
inhibition of protein synthesis at time points as early as 2 hr
after fertilization did not affect the timed turnover of cyclin E1,
we suspected that the molecular components of this degrada-
tive pathway are either present in unfertilized eggs or are
synthesized shortly after fertilization. If this were the case, the
degradative system would have to be maintained in an inactive
form until 5 hr after fertilization and then activated. Recently,
we have proposed that such timing mechanisms are responsible
for activating mRNA and protein degradative systems at time
points equivalent to the MBT and the onset of gastrulation (S.
Guadagno, K. Milarski, and JJW.N., unpublished data; ref. 21).
Characterization of the degradation of cdc2 mRNA at the
MBT has shown that this message can be stabilized when egg
cytoplasm or purified recombinant Mos protein kinase is
reintroduced into fertilized eggs 1 hr after fertilization. It was
therefore of interest to determine whether Mos kinase might
play a role in inhibiting the timed degradation of cyclin E1.

Mos kinase is the gene product of the c-mos protooncogene
and is a component of cytostatic factor (27), an activity known
to mediate the second meiotic metaphase arrest in unfertilized
eggs by stabilizing mitosis-promoting factor (28). Mos protein
kinase is synthesized only during oocyte maturation (29) and
disappears shortly after fertilization (30). To determine
whether Mos kinase might also inhibit the timer that controls
turnover of cyclin E1, Mos kinase protein was reintroduced
into eggs 60 min after fertilization. Injection of Mos kinase
caused the eggs to arrest in the second mitosis after fertiliza-
tion as expected (31). We found that cyclin E1 could be
detected in control and Mos-injected embryos in equimolar
concentrations 4 hr after fertilization, but 7 hr after fertiliza-
tion, when cyclin E1 was almost undetectable in control
embryos, readily detectable levels of cyclin E1 could be
detected in Mos-injected embryos (data not shown). This
experiment suggested that Mos kinase could inhibit the de-
velopmentally regulated degradation of cyclin E1.
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A number of studies have shown that Mos kinase indirectly
activates mitogen-activated protein kinase (MAPK) by directly
up-regulating mitogen-activated protein kinase kinase
(MAPKK; refs. 32 and 33). Furthermore, in eggs, activation of
MAPK serves to inhibit the ubiquitin-mediated proteolysis of
cyclin B. Therefore, it was of interest to determine whether
activation of the MAPK pathway could inhibit the develop-
mentally timed degradation of cyclin E1. To examine this
possibility, a constitutively activate form of MAPKK protein
(34) was injected into eggs 1 hr after fertilization. This protein
was found to arrest embryos in mitosis at the two-cell stage, as
is the case when constitutively active MAPK is injected into
fertilized eggs (35). At 4 hr, the amount of cyclin E1 present
in injected and control eggs was the same. However, 7.5 hr
after fertilization, when cyclin E1 had declined to very low
levels in control eggs, it was readily detected in the eggs that
had been injected with MAPKK (Fig. 4). This experiment
shows that activation of the MAPK pathway inhibits the timing
mechanism that normally controls turnover of cyclin E1 pro-
tein 6 hr after fertilization.

Our data thus far are consistent with a model in which a
timing mechanism activated at fertilization measures an ~5-hr
period and then activates new proteolytic programs. In addi-
tion, Mos kinase and activated MAPKK can inhibit this
degradative program, possibly by inhibiting or resetting the
timer when reintroduced into eggs 1 hr after fertilization. To
determine whether the timer could be inhibited at later times
after fertilization, we injected activated MAPKK =~4 hr after
fertilization. For these experiments, it was necessary to inhibit
cellularization of the embryo to allow diffusion of the injected
MAPKK protein throughout the cytoplasm. To inhibit cellu-
larization, embryos were lightly centrifuged 1 hr after fertili-
zation. This procedure generates eggs in which cleavage is
inhibited but DNA replication and MPF oscillations continue
normally and the MBT occurs at the normal time (17, 36).
Cyclin E1 protein levels were found to decline in such coeno-
cytial eggs at time points that were comparable to control
embryos (Fig. 4). However, when MAPKK was injected into
coenocytial eggs ~4 hr after fertilization, cyclin E1 levels were
found to remain high at time points after which cyclin E1 had
turned over in control eggs (Fig. 4). This result suggests that
the timing mechanism that developmentally regulates the
turnover of cyclin E can be blocked by MAPKK at time points
as late as 4 hr after fertilization.

Although cyclin E1 protein appears to turn over at the MBT
in a fashion that is independent of mRNA levels, we were
nevertheless interested in the fate of the maternal cyclin E1
message. To address this point, Northern blot analysis of total
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FiG. 4. Cyclin E1 protein levels 4 or 7.5 hr after fertilization in
embryos or in coenocytial eggs (indicated as C-eggs) after injection of
activated MAPKK protein. Constitutively activated MAPKK protein
(2-5 ng) was injected 1 hr after fertilization for embryos and ~3.75 hr
after fertilization for coenocytial eggs. Cytosolic extracts were sepa-
rated by SDS/PAGE and immunoblotted with anti-peptide antibodies
against cyclin E1 and cdk2.
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mRNA isolated from fertilized eggs was used to monitor cyclin
E1 message during early embryogenesis. These experiments
showed that cyclin E1 mRNA was detected throughout the first
10 hr of development in nearly identical quantities at each time
point assayed (Fig. 5). Although this result would suggest that
cyclin E1 mRNA was stable before and after the MBT,
degradation of the maternal E1 message could be masked by
new zygotic transcription of cyclin E1 mRNAs at the MBT. To
examine this possibility, it was necessary to limit the contri-
bution of new transcription after the MBT. To do this, embryos
were incubated with CHX at stage 3/4 (2 hr after fertilization).
Although this treatment does not formally inhibit transcrip-
tion, levels of new transcripts are greatly reduced because
embryos are arrested with only 16-32 nuclei compared to
>4000 that are present in embryos after the MBT when zygotic
transcription is initiated. Embryos treated with CHX were
found to contain levels of cyclin E1 mRNAs comparable with
the levels in control embryos until stage 10 (8 hr after
fertilization in this experiment). At stage 10.5, however, E1
mRNAs were not detected in CHX-treated embryos but could
be readily detected in control embryos (Fig. 5). This finding
suggests that the embryonic pools of cyclin E1 message, like
the maternal cyclin Al and A2 messages, are degraded at the
EGT (21)—i.e., 2-3 hr after the period when cyclin E1 protein
levels become unstable.

DISCUSSION

In this report, we have shown that cyclin E1 protein levels
precipitously decline during Xenopus development over a time
frame that is coincident with the MBT. The reduction in cyclin
E1 protein at this time appears to result primarily from a
change in the stability of cyclin E1 protein. Cyclin E1 protein
is stable during both interphase and mitosis of the embryonic
cell cycle (ref. 22 and these studies), but it turns over rapidly
immediately after the MBT.

Our data suggest that the components that constitute the
proteolytic system required for cyclin E1 turnover are present
in the egg or are synthesized shortly after fertilization but held
in an inactive form until the MBT. Activation of this proteo-
lytic system does not require cell cycle expansion, de novo
zygotic transcription, ongoing protein synthesis, or the nucle-
ar/cytoplasmic ratio thought to trigger the MBT. Instead, we
propose that cyclin E1 turnover is controlled by a develop-
mental timing mechanism that measures an ~5-hr time period
after fertilization and then allows the cyclin E1 degradative
system to be activated. Degradation of cyclin E1 protein at the
MBT is temporally distinct from the EGT when cyclin Al
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FiG. 5. Northern blot analysis of cyclin E1 mRNA during early
development. Fifteen-microgram aliquots of total RNA, isolated from
control or CHX-treated embryos at the indicated times (hr) after
fertilization, were separated on formaldehyde/agarose gels, trans-
ferred to nitrocellulose, and probed with random-primed 32P-labeled
cyclin E1 DNA fragments. The filters were then washed to high
stringency and exposed to x-ray film (Upper). To check the integrity of
the RNA samples and to ensure that approximately equal amounts of
RNA were analyzed, the formaldehyde/agarose gel was stained with
ethidium bromide and the gel section containing the 28S rRNAs was
photographed (Lower). CHX was added 2 hr after fertilization to a
final concentration of 100 ug/ml.
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protein becomes unstable, but we have observed that the
maternal cyclin E1 message, like the cyclin Al and A2
messages, does become unstable at the EGT. On the other
hand, the turnover of cyclin El1 protein at the MBT is
coincident with degradation of the maternal mRNAs that
encode cdc2 and cdk?2 at the MBT (S. Guadagno, K. Milarski,
and J.W.N,, unpublished data). The degradative systems that
control turnover of these mRNAs also appear to be regulated
by a cell autonomous timing mechanism. Together these
results suggest that distinct degradative timing mechanisms
play important roles in clearing maternal programs during
early development.

In an attempt to characterize the timing mechanism respon-
sible for activating cyclin E1 turnover, we found that reintro-
duction of Mos kinase, or a constitutively active version of
MAPKK, which is a downstream component of the Mos signal
transduction pathway, inhibited the timed degradation of
cyclin E1. These findings suggest that Mos kinase may inac-
tivate the timing mechanism in eggs and that degradation of
Mos after fertilization allows activation of the timer. It is worth
noting that the timing mechanism that regulates the maternal
pools of cdk2 and cdc2 messages can also be inhibited by
injection of Mos kinase, and it is tempting to speculate that the
timers could be mechanistically related.

Although we have not identified embryonic constituents
that form the molecular basis of the timer, our working model
predicts that the timer either generates a positive regulator of
the cyclin E1 turnover pathway or inactivates a factor that
inhibits the degradative pathway. Therefore, the time lag
between fertilization and the onset of cyclin E1 degradation
represents the time required either to generate sufficient
concentrations of an activator or to inactivate an inhibitor
below a threshold concentration. Injection of activated
MAPKK protein into coenocytial eggs 4 hr after fertilization
inhibited cyclin E1 degradation after the MBT and is consis-
tent with a model in which an activator, or repressor, of the
cyclin E1 proteolytic pathway is progressively modified during
the cleavage stages. For example, if the timer were responsible
for progressive degradation of an inhibitor of the cyclin E1
degradation machinery, then injection of activated MAPKK
might inhibit further turnover of this inhibitor, thereby block-
ing the timed activation of the cyclin E1 degradative system
5-6 hr after fertilization.

In terms of cell cycle regulation, our results demonstrate that
cyclin E1 is stable throughout both S and M phases in the early
embryonic cell cycles. This situation is unique to these em-
bryonic cycles as cyclin E1 is expressed periodically during the
somatic cell cycle and maximal amounts of cyclin E1 mRNA,
protein, and H1-associated kinase activity occur at the G;/S
transition (5, 6, 37). Cyclin E protein turns over with a short
half-life of <30 min in rat tissue culture cells (K-A. Won and
S. Reed, personal communication), and it is possible that the
proteolytic system that normally regulates the stability of cyclin
E1 during the somatic cell cycle is activated for the first time
in eggs 5-6 hr after fertilization. Thus, the modest elongation
of the cell cycle immediately after the MBT could, in part, be
due to the time required to synthesize cyclin E1 as well as other
components required for DNA synthesis that become limiting
at the MBT. If this is true, then it suggests that the events
associated with the onset of the MBT may be regulated by at
least two different types of timers, one that measures the
nuclear/cytoplasmic ratio and another that controls the onset
of proteolytic events. It will be interesting to determine
whether these two timers are redundant or cooperative in
nature.
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