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We have examined the time course of protein tyrosine phosphorylation in the meiotic cell cycles of Xenopus
laevis oocytes and the mitotic cell cycles ofXenopus eggs. We have identified two proteins that undergo marked
changes in tyrosine phosphorylation during these processes: a 42-kDa protein related to mitogen-activated
protein kinase or microtubule-associated protein-2 kinase (MAP kinase) and a 34-kDa protein identical or
related to p34cdc2. p42 undergoes an abrupt increase in its tyrosine phosphorylation at the onset of meiosis 1
and remains tyrosine phosphorylated until 30 min after fertilization, at which point it is dephosphorylated. p42
also becomes tyrosine phosphorylated after microinjection of oocytes with partially purified M-phase-
promoting factor, even in the presence of cycloheximide. These findings suggest that MAP kinase, previously
implicated in the early responses of somatic cells to mitogens, is also activated at the onset of meiotic M phase
and that MAP kinase can become tyrosine phosphorylated downstream from M-phase-promoting factor
activation. We have also found that p34 goes through a cycle of tyrosine phosphorylation and dephosphory-
lation prior to meiosis 1 and mitosis 1 but is not detectable as a phosphotyrosyl protein during the 2nd through
12th mitotic cell cycles. It may be that the delay between assembly and activation of the cyclin-p34cdc2 complex
that p34Cd-2 tyrosine phosphorylation provides is not needed in cel cycles that lack G2 phases. Finally, an
unidentified protein or group of proteins migrating at 100 to 116 kDa increase in tyrosine phosphorylation
throughout maturation, are dephosphorylated or degraded within 10 min of fertilization, and appear to cycle
between low-molecular-weight forms and high-molecular-weight forms during early embryogenesis.

When fibroblasts are stimulated with mitogens, a number
of proteins become phosphorylated at tyrosine residues.
Much of the tyrosine phosphorylation is rapid and transient,
accompanying the transition from the GO to Gl phase of the
cell cycle (35). Presumably these GO-Gl phosphotyrosyl
proteins either carry out the changes in cell organization and
biochemistry necessary to prepare for DNA synthesis and
cell division or control the activities of other proteins that
ultimately carry out these preparations. Several GO-Gi ty-
rosine-phosphorylated proteins have now been identified,
including phospholipase C--yl (30, 31, 47), the ras GTPase
activator protein (GAP) (12, 32), and a 42-kDa serine/
threonine-specific protein kinase or group of related kinases
variously referred to as p42 or pp42 (2, 6-8, 20, 25), MAP
kinase (denoting microtubule-associated protein-2 kinase
[37, 38] or mitogen-activated protein kinase [39]), PK42 (16),
and ERK1 (4).

Recently, tyrosine phosphorylation has been implicated in
the regulation of the G2-M transition as well. Entry into M
phase is brought about by the activation of M-phase-promot-
ing factor (MPF), which is a complex of the serine/threonine-
specific protein kinase p34cdc2 and cyclin B (see reference 27
for a recent review). The cdc2 protein becomes phosphory-
lated at tyrosine during G2 phase. The site of this tyrosine
phosphorylation has been identified as tyrosine 15 in Schizo-
saccharomyces pombe p34cdc2 (21). This residue is situated
within the putative ATP-binding site, and its phosphoryla-
tion apparently prevents ATP binding. Activation of the
kinase activity of p34cdc2 and activation of the biological
activity of MPF then depend upon dephosphorylation of
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tyrosine 15 just prior to M phase (11, 22, 34). One putative
substrate of p34cdc2 is pp60-src (33, 41), whose tyrosine
kinase activity has been found to increase during M phase
(5). This finding raises the possibility that tyrosine phosphor-
ylation not only regulates entry into M phase but regulates
events that occur during M phase as well.
We set out to examine cell cycle-associated changes in

protein tyrosine phosphorylation in close detail. The cells we
have chosen for this study are Xenopus laevis oocytes and
eggs. These cells are easily obtained in large quantities,
arrest spontaneously at specific stages of meiosis (the G2
phase prior to meiosis 1 for oocytes and metaphase of
meiosis 2 for unfertilized eggs), and can be induced to
undergo meiosis and mitosis in vitro in excellent synchrony.
Furthermore, the size of these cells allows macromolecules
of interest, such as MPF, to be introduced by microinjection.
Other workers have previously identified two phosphoty-

rosyl proteins in Xenopus oocytes and eggs. The first is a
34-kDa protein related or identical to p34cdc2 (11, 42). This
protein is tyrosine phosphorylated in G2-arrested oocytes
and in activated eggs, but is not tyrosine phosphorylated in
unfertilized eggs (11, 17). The precise timing of the phos-
phorylation and dephosphorylation of p34cdc2 has not yet
been examined. The second phosphotyrosyl protein is a
42-kDa cytoplasmic protein that may be related to p42/MAP
kinase (6, 28).

In this report, we examine tyrosine phosphorylation in
synchronized populations of Xenopus oocytes and eggs by
antiphosphotyrosine immunoblotting, with the particular
aim of determining the time course of p34cdc2 and p42
tyrosine phosphorylation. We show that p34cdc2, p42, and an
unidentified protein or group of proteins of 110 to 116 kDa
undergo marked changes in their tyrosine phosphorylation at
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the G2-M transition of meiosis 1 and shortly after fertiliza-
tion; that the changes in tyrosine phosphorylation associated
with meiosis 1 can occur downstream from the activation of
MPF; and that pl00 undergoes cyclical changes in its elec-
trophoretic mobility during the rapid mitotic cell cycles of
early embryos. A final unanticipated finding is that tyrosine
phosphorylation is not detectable in either p34cdc2 or p42
during the 2nd through 12th mitotic cell cycles.

MATERIALS AND METHODS

Isolation of Xenopus oocytes, eggs, and sperm. Ovarian
tissue was excised from female frogs under benzocaine
anesthesia. Frogs were generally not primed with gonado-
tropin prior to partial ovariectomy. Large immature oocytes
were manually dissected from the ovarian tissue and placed
in modified Ringer's solution (100 mM NaCl, 1.8 mM KCl, 2
mM CaCl2, 1 mM MgCl2, 4 mM NaHCO3). Maturation was
induced by addition of progesterone (Sigma; 2 ,ug/ml, added
as a 10,000x concentrate in ethanol) or by microinjection of
partially purified MPF (a 30% ammonium sulfate precipitate
of clarified egg lysate, roughly three- to fivefold enriched in
MPF [49]). Samples of progesterone- and MPF-treated
oocytes were collected at various times. The appearance of
a white dot at the animal pole was taken to indicate that an
oocyte had undergone germinal vesicle breakdown.

In some experiments cycloheximide (Sigma; 20 to 200
,ug/ml) was added as an inhibitor of protein synthesis prior to
addition of progesterone or microinjection of MPF. The
extent of inhibition of protein synthesis was assessed by
measuring trichloroacetic acid-precipitable radioactivity in
lysates from parallel dishes of [35S]methionine-labeled
oocytes (10 ,uCi/ml, 1 ml/lO oocytes; specific activity, 1,490
Ci/mmol; Amersham).
Male frogs were killed, and their testes were removed and

frozen for use in fertilization experiments. Female frogs
were induced to lay eggs by dorsal lymph sac injection of
human chorionic gonadotropin (Sigma; 800 U). Eggs were
collected, placed in modified Ringer's solution diluted with 3
volumes of water, and fertilized by incubation with minced
testis. Fertilized eggs were dejellied in 2.5% cysteine-HCl
(pH 8.0), washed in 100 mM NaCl, and placed in 1:3-diluted
Ringer's solution in glass dishes. Samples of the fertilized
eggs were collected at various times after fertilization. Eggs
that appeared not to be fertilized and embryos that did not
cleave in synchrony with the bulk of the embryos were
discarded. Dejellied, washed eggs were parthenogenetically
activated by a 12-V electric shock for 1 s.

Lysis. Ten oocytes, eggs, or embryos were added to 100 RI
of ice-cold 40 mM NaCl-10 mM Tris-10 mM EDTA-2 mM
phenylmethylsulfonyl fluoride (PMSF)-1 mM Na3VO4 (pH
7.5) and lysed by mechanical agitation through a 200-,u
pipette tip. Lysates were centrifuged for 90 s in a microcen-
trifuge with a right-angle rotor. Samples of clarified cyto-
plasm (80 RI) were removed from the overlying lipid and
underlying yolk protein, added to 20 ,ul of Sx Laemmli gel
sample buffer (26), and frozen in a dry-ice bath. For immu-
noprecipitation experiments, samples of clarified cytoplasm
were dissolved in 5x RIPA buffer (100 mM NaCI, 50 mM
Tris-HCl [pH 7.0], 10 mM EDTA [pH 8.0], 5% Nonidet P-40,
5% sodium deoxycholate, 5% aprotinin solution, 5 mM
sodium orthovanadate, 1 mM PMSF, 500 ,ug of leupeptin per
ml) and frozen as above.

Antibodies. Antiphosphotyrosine antiserum was raised as
described before (9, 23) and purified in one of two ways.
Affinity-purified antiphosphotyrosine antibody was prepared

by chromatography on phosphotyramine-Affigel 10 (9), es-
sentially as described earlier (23). The yield of affinity-
purified antibody was less than 1% of the initial immuno-
globulin G (IgG). For a few experiments, total IgG from
immunized rabbits was used, prepared by chromatography
on protein A (Beckman) with a yield of about 80%. Some-
what surprisingly, both the affinity-purified and total IgG
preparations appeared to recognize the same Xenopus pro-
teins in immunoblots and did so with roughly the same titers.
Antiphosphotyrosine antibody was used at a working con-
centration of 2 ,ug/ml in Tris-saline containing 5% albumin.
Preincubation of either the affinity-purified antibody or total
IgG preparations with phenyl phosphate (40 mM) blocked
recognition of all Xenopus proteins.
An anti-ERK1 antiserum was generously provided by

Melanie Cobb and used at a dilution of 1:100 for immuno-
blotting. An antibody raised against bacterially expressed
GAP (ras-GTPase activating protein) was generously pro-
vided by Christine Ellis and Tony Pawson (12) and used at a
dilution of 1:200 for immunoblotting and 1:20 for immuno-
precipitation. Anti-PSTAIR antibodies were generously pro-
vided by Mark Solomon and Mark Kirschner(42) and used at
a dilution of 1:200 for immunoblotting. pl3sucl beads were
also provided by Solomon and Kirschner and were used as
described previously (42).

Electrophoresis and blotting. Lysates were subjected to
electrophoresis on 10% polyacrylamide Laemmli gels (23)
(acrylamide/bisacrylamide ratio, 37.5). Proteins were trans-
ferred to Immobilon P membranes (Millipore) at 5 V/cm for
90 min in a tank blotter at 4°C. Transfer buffer contained 192
mM glycine and 25 mM Tris base. Blots were blocked with
5% bovine serum albumin (ICN; Pentax grade) in Tris-saline
(140 mM NaCl, 10 mM Tris [pH 7.4]) for 1 h at room
temperature, incubated with antiphosphotyrosine antiserum,
anti-ERK1 antiserum, anti-PSTAIR antiserum, or anti-GAP
antiserum for 1 h at room temperature, washed (two 10-min
washes with Tris-saline, one 10-min wash with Tris-saline
plus 0.05% Nonidet P-40, and then two 10-min washes with
Tris-saline), incubated with '251-protein A (ICN; specific
activity, approximately 40 ,uCi/,ug), and washed again as
detailed above. Autoradiography was carried out with
Kodak X-Omat AR film and a Du Pont Cronex intensifying
screen.

Immunoprecipitation. GAP immunoprecipitations were
carried out by preclearing RIPA lysates (200 Rd) with 100 ,ul
of 10% Formalin-fixed Staphylococcus aureus (IgSorb; The
Enzyme Center), incubating the precleared lysates with
antibody (10 pI) or normal rabbit serum for 1 h, collecting the
immune complexes on S. aureus, and washing the com-
plexes with 1 M NaCl-10 mM Tris (pH 7.4)-0.1% Nonidet
P-40, then with 1 x RIPA buffer, and finally with 10 mM Tris
(pH 7.4)-0.1% Nonidet P-40. Proteins were eluted from the
S. aureus cells by incubation in 1 x Laemmli sample buffer.

RESULTS

Tyrosine phosphorylation during oocyte maturation.
Oocytes were treated with progesterone in vitro to induce
maturation. Progesterone-treated oocytes were collected at
hourly intervals and lysed, and protein-tyrosine phosphory-
lation was assessed by antiphosphotyrosine immunoblotting.
As shown in Fig. 1, dramatic changes took place in the
tyrosine phosphorylation of proteins in three regions, 34, 42,
and approximately 116 kDa.

Tyrosine-phosphorylated p34 was detectable in immature
oocytes and persisted until 1 h before germinal vesicle
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XENOPUS CELL CYCLE TYROSINE PHOSPHORYLATION
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FIG. 1. Time course of tyrosine phosphorylation during proges-
terone-induced Xenopus oocyte maturation. A population of
oocytes was treated with progesterone, and samples of 10 cells were
taken at hourly intervals. The top panel shows an antiphosphoty-
rosine immunoblot of those samples. Sizes (in kilodaltons) are
shown at the left. The bottom panel shows the percentage of oocytes
4in each sample that had undergone GVBD. At each time point, the
sample percent GVBD was within 10% of the population percent
GVBD.

breakdown, at which point the tyrosine-phosphorylated p34
abruptly disappeared (Fig. 1). The decrease in p34 tyrosine
phosphorylation coincided with an equally abrupt increase in
the tyrosine phosphorylation of p42. The concurrence of the
changes in p42 and p34 tyrosine phosphorylation raises the
possibility of a causal link between the two.
A group of closely spaced bands migrating at 110 to 120

kDa, here collectively called p116, was detectable within 1 h
of progesterone treatment. p116 underwent a small increase
in tyrosine phosphorylation over the next few hours and then
increased dramatically in tyrosine phosphorylation at about
the time of germinal vesicle breakdown (Fig. 1). p116 also
progressively increased in its apparent molecular mass.
These findings suggest that p116 represents one protein
changing in electrophoretic mobility due to increasing phos-
phorylation stoichiometry. Alternatively, p116 could be a
collection of different proteins being phosphorylated in suc-
cession.
No further changes in protein tyrosine phosphorylation

were detected after germinal vesicle breakdown (Fig. 1 and
data not shown). The pattern of tyrosine phosphorylation
seen after germinal vesicle breakdown was indistinguishable
from that seen in unfertilized eggs (Fig. 1 and 5 and data not
shown).

Protein-tyrosine phosphorylation following MPF microin-
jection. To assess whether protein synthesis was required for
the appearance of phosphotyrosyl p42 and p116 and to
assess the relationship between MPF activation and the
tyrosine phosphorylation of these proteins, we treated
oocytes with cycloheximide to inhibit protein synthesis and
microinjected partially purified MPF to initiate oocyte mat-
uration. The concentration of cycloheximide used (20 ,ug/ml)
was found to maximally inhibit protein synthesis and pro-
gesterone-stimulated maturation (not shown) but does not
inhibit MPF-stimulated MPF activation and germinal vesicle
breakdown (19) (Fig. 2).
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FIG. 2. Tyrosine phosphorylation in cycloheximide-treated Xe-
nopus oocytes after microinjection of partially purified MPF.
Oocytes were incubated with 20 pLg of cycloheximide per ml for 15
min and then microinjected with partially purified MPF. Samples
were taken at various times after MPF microinjection and processed
for antiphosphotyrosine immunoblotting (top panel). Sizes (in kilo-
daltons) are shown at the left. The bottom panel shows the percent
GVBD in each sample.

Microinjection of cycloheximide-treated oocytes with
MPF caused the endogenous phosphotyrosyl p34 to disap-
pear and caused phosphotyrosyl p42 to appear (Fig. 2).
These phosphorylation changes were similar to those seen in
non-cycloheximide-treated oocytes after progesterone treat-
ment except that p42 phosphorylation and p34 dephosphor-
ylation took place about 30 min after MPF microinjection
(Fig. 2) and about 5 h after progesterone treatment (Fig. 1).
p116 also increased in tyrosine phosphorylation after MPF
microinjection of cycloheximide-treated oocytes. Similar
changes were seen in p34, p42, and p116 tyrosine phosphor-
ylation in non-cycloheximide-treated oocytes after MPF
microinjection (not shown). The most straightforward inter-
pretation of these findings is that the appearance of phos-
photyrosyl p42 and p116 represents an increase in the
tyrosine phosphorylation of p42 and p116 molecules that are
already present in non-tyrosine-phosphorylated form in G2-
arrested oocytes and that the tyrosine phosphorylation of
p42 and p116 and dephosphorylation of p34 can occur
downstream from MPF activation.

Protein-tyrosine phosphorylation in fertilized eggs. We ex-
amined changes in egg protein-tyrosine phosphorylation
following two types of activation. The first was fertilization,
which allows the synchrony of the cleaving eggs to be
monitored. Eggs were fertilized and dejellied, and tyrosine
phosphorylation was assessed during the completion of
meiosis 2 and the subsequent mitotic cycles. Phosphotyrosyl
p42 was found to disappear about 30 min after fertilization
(Fig. 3, middle panel). The disappearance of p42 coincided
with the reappearance of phosphotyrosyl p34. Phosphoty-
rosyl p34 was present until just prior to the first egg cleavage
(Fig. 3, middle panel). No tyrosine phosphorylation of either
p42 or p34 was detected during the second or third mitotic
cell cycles (Fig. 3; two similar experiments not shown).
These cycles differ from the first mitotic cell cycle in that
they are more rapid and lack G2 phases. Phosphotyrosyl p34
but not phosphotyrosyl p42 reappeared in stage VIII and
later embryos (Fig. 3 and data not shown). Stage VIII
corresponds to the midblastula transition, the time at which

_ _ _ - _ _ _ _ _
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FIG. 3. Time course of tyrosine phosphorylation after fertilization of Xenopus eggs. Eggs were fertilized and dejellied, and samples were
taken at various times after fertilization. The top and middle panels show antiphosphotyrosine (oaPTYR) immunoblots of those samples. An
antiphosphotyrosine immunoblot of stage X embryos is also shown. Results similar to those seen for stage X embryos were obtained from
stage VIII and IX embryos as well (not shown). Cleavages occurred at 80, 110, and 140 min.

mitosis becomes desynchronized and slows down and G2
phases reappear.
The top panel of Fig. 3 shows antiphosphotyrosine blots of

the same samples carried out at a higher transfer voltage to
improve the transfer of the proteins of 100 to 116 kDa (at the
expense of p34 and other low-molecular-mass proteins). A
group of three closely spaced phosphotyrosyl protein bands
migrating between 100 and 116 kDa underwent successive
cyclical changes in their prominence during the mitotic cell
cycles. This oscillation suggests that the serine or threonine
phosphorylation of a 100-kDa phosphotyrosyl protein might
undergo cyclical changes. Alternatively, the bands could
represent unrelated proteins appearing and disappearing in
succession. The relationship between the 116-kDa protein
that becomes tyrosine phosphorylated during maturation
and the cycling 100- to 116-kDa protein(s) is uncertain; we
will refer to the latter collectively as pl00 and continue to
call the former p116. The higher-molecular-mass forms of
plOO peaked about midway between cell cleavages.

Identification of tyrosine-phosphorylated proteins. The 34-
kDa phosphotyrosyl protein described here was found to
bind to p13s"uc beads and comigrate with a protein recog-
nized by anti-PSTAIR antibodies (Fig. 4 and data not
shown). These findings confirm previous reports (11, 17, 42)
and suggest that p34 is related or identical to the cdc2
protein. Other workers have detected a 34-kDa phosphoty-
rosyl protein in Xenopus egg extracts and have demon-
strated that it is distinct from the Egl protein (42), a protein
related to p34cdc2 with similar p135"'' and anti-PSTAIR

binding properties (36). We have likewise found that our p34
migrates above authentic Egl protein (not shown). It there-
fore appears likely that the 34-kDa phosphotyrosyl protein
seen here and elsewhere (11, 17, 42) is p34Cdc2 or some as yet
unidentified cdc2-related protein.
A variety of indirect approaches have suggested that a

42-kDa Xenopus phosphotyrosyl protein is a member of the
MAP kinase family of serine/threonine-specific protein ki-
nases (6, 16, 37-39). More recently, peptide sequences from
purified Xenopus p42 have been found to closely resemble
sequences in the protein kinase domain and ERK-specific
C-terminal tail of the ERK1 and ERK2 proteins (4, 15a).
These findings provide direct evidence that, as hypothe-
sized, p42 is a MAP kinase or MAP kinase-like protein.
The molecular mass of p116 is similar to that of GAP, and

GAP becomes tyrosine phosphorylated when fibroblasts are
stimulated with various mitogens (12, 32). However, GAP
immunoprecipitated from pre- and post-germinal vesicle
breakdown (GVBD) Xenopus oocytes was not recognized by
antiphosphotyrosine antibodies (not shown). Thus, it ap-
pears that p116 is not GAP, and the identity (or identities) of
p116 remains uncertain.
p34 and p42 abundance after fertilization. Using antibodies

that recognize both the tyrosine-phosphorylated and un-
phosphorylated forms of p34cdc2 and p42, we assessed
whether the changes seen in their phosphotyrosine content
after fertilization represented changes in phosphorylation
stoichiometry or protein abundance.
Anti-ERK1 antibodies recognized purified Xenopus p42

C --. 7 - - -i -- - -

FIG. 4. Abundances of p34 and p42 after fertilization of Xenopus eggs. Eggs were fertilized and dejellied, and samples were taken at
various times. Unfertilized eggs and stage X embryos are also shown. The upper panel shows anti-ERK1 (aERK1) immunoblots. Only the
region between 40 and 50 kDa is shown. The middle panel shows anti-PSTAIR (aPSTAIR) immunoblots. The region between about 25 and
40 kDa is shown. Cleavages occurred at 90 and 120 min.
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FIG. 5. Time course of tyrosine phosphorylation after partheno-
genetic activation of Xenopus eggs. Eggs were dejellied and acti-
vated, and samples were taken at various times and processed for
antiphosphotyrosine immunoblotting. The 34-kDa band seen 60 min
after fertilization may be p34; however, background bands with
similar mobilities render this identification tentative (cf. Fig. 3).

(not shown) and recognized a 42-kDa protein in egg lysates
that comigrated and copurified with phosphotyrosyl p42
(Fig. 4 and data not shown). The intensity of the 42-kDa
band on anti-ERK1 immunoblots remained constant from
fertilization through early embryogenesis to stage X (Fig. 4).
The abrupt decrease in phosphotyrosyl p42 seen 30 min after
fertilization therefore represents a decrease in phosphoryla-
tion stoichiometry rather than protein abundance. This de-
crease could be brought about by dephosphorylation of p42
or proteolysis of phosphotyrosyl p42 accompanied by syn-
thesis of an equal number of non-tyrosine-phosphorylated
p42 molecules.
Anti-PSTAIR antibodies recognized three protein bands in

the 30- to 40-kDa range (Fig. 4). The most prominent of the
three was a 34-kDa band that comigrated with the 34-kDa
phosphotyrosyl protein seen before mitosis 1 and after the
midblastula transition (not shown). No consistent changes
were seen in the intensities of any of the PSTAIR protein
bands after fertilization, during the early mitotic cell cycles,
or during early embryogenesis through stage X (Fig. 4).
These findings suggest that p34 undergoes a transient in-
crease in its tyrosine phosphorylation stoichiometry during
the first mitotic cell cycle without changing in abundance.
These findings also suggest that the lack of detectable
tyrosine-phosphorylated p34 during the 2nd through 12th
mitotic cell cycles is not due to a decrease in the abundance
of the protein.

Protein-tyrosine phosphorylation in parthenogenetically ac-
tivated eggs. To allow examination of tyrosine phosphoryla-
tion in the first few minutes after activation, we parthenoge-
netically activated dejellied eggs by electric shock. The first
change detected was a marked decrease in the intensity of
the 116-kDa phosphotyrosyl protein (Fig. 5). This disappear-
ance preceded the disappearance of phosphotyrosyl p42 and
occurred approximately when MPF disappears after activa-
tion (19). The less prominent phosphotyrosyl plOO band
became detectable at the same time. Through the subsequent
abortive cleavages, plOO appeared to cycle between low-
mobility and high-mobility forms.
Phosphotyrosyl p42 disappeared about 30 min after par-

thenogenetic activation, followed by the transient tyrosine
phosphorylation of p34 (Fig. 5), as was seen following

+ +

0 o7 o
MPF

p34 P-Tyr

p42 P-Tyr

FIG. 6. Schematic view of the changes in MPF activity, p34
tyrosine phosphorylation, and p42 tyrosine phosphorylation during
progesterone-induced maturation and after fertilization. Changes in
MPF activity are taken from reference 19; p34 and p42 tyrosine
phosphorylation data are from the present work. P-Tyr, Phospho-
tyrosine.

fertilization (Fig. 3). Neither p42 nor p34 reappeared as a
phosphotyrosyl protein during the first few abortive cleav-
ages (Fig. 5). These findings demonstrate that the changes in
tyrosine phosphorylation seen after fertilization do not de-
pend upon sperm components.

DISCUSSION

Proteins with molecular masses on sodium dodecyl sulfate
gels of 34, 42, and 100 to 120 kDa undergo marked changes
in their phosphotyrosine content during Xenopus oocyte
maturation and after egg fertilization. The 34-kDa protein
comigrates with a protein recognized by anti-PSTAIR anti-
bodies and binds to pl3s'u beads, suggesting that it is either
the cdc2 protein or a closely related protein. Sequence data
and antibody cross-reactivity show that p42 is related to the
ERK1 protein, a rat brain MAP kinase. The identities of the
100- to 120-kDa proteins are uncertain.

Figure 6 summarizes, in highly schematic fashion, how the
time courses of p34 tyrosine phosphorylation, p42 tyrosine
phosphorylation, and MPF activation relate to each other.
p34 undergoes an abrupt decrease in its tyrosine phosphor-
ylation to undetectable levels about 1 h prior to germinal
vesicle breakdown. This finding is consistent with the grow-
ing body of evidence that dephosphorylation of p34cdc2 is
necessary for the kinase activity and biological activity of
MPF to become manifest (11, 17, 22, 34). The next change in
the tyrosine phosphorylation of p34 occurs during the G2
phase that precedes the first mitotic division. Here p34
becomes transiently tyrosine phosphorylated, losing its ty-
rosine phosphorylation when MPF becomes active prior to
mitosis 1.

After completion of mitosis 1, the cell undergoes rapid cell
cycles that lack Gl and G2 phases. These cell cycles are
accompanied by periodic spikes of MPF activity (19); how-
ever, we never detected cycles of p34 tyrosine phosphory-
lation and dephosphorylation until about the time of the
midblastula transition, when phosphotyrosyl p34 becomes
detectable again. The apparent lack of p34cdc2 tyrosine
phosphorylation distinguishes the cleaving embryo from
cycling extracts, which exhibit cyclical changes in p34cdc2
tyrosine phosphorylation through multiple cycles (9a, 41a).
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It may be that tyrosine-phosphorylated p34cdc2 does not
accumulate in cell cycles that lack G2 phases, either because
phosphorylation does not occur or because some phospho-
tyrosine phosphatase is constitutively active. It is clear that
tyrosine phosphorylation of p34cdc2 is one way of inhibiting
its kinase activity and thereby introducing a temporal gap
between the assembly of the cyclin-p34cdc2 complex and its
activation (22). The present work raises the possibility that
the tyrosine phosphorylation step may be dispensed with if
such a gap is not needed.
These results could explain the observation that the Xe-

nopus p34cdc2 cycle does not require successful completion
ofDNA synthesis until the time of the midblastula transition
(24). Enoch and Nurse have shown that in S. pombe,
overexpression of the cdc25+ protein, which may be a
positive regulator of a phosphotyrosine phosphatase (21),
abolishes the dependence of mitosis on DNA synthesis (14).
Thus, if the requirement for DNA synthesis is exerted
through control of a phosphotyrosine phosphatase, then
either constitutive activation of the phosphatase or elimina-
tion of the p34cdc2 tyrosine phosphorylation step could
abrogate this control.

It is not yet known whether threonine phosphorylation
sites in p34cdc2 undergo cyclical changes in phosphorylation
during the 2nd through 12th mitotic cell cycles or whether
the protein is locked in some particular phosphorylation
state. Likewise, it is not known whether cyclin B undergoes
cyclical changes in its phosphorylation during these cell
cycles. It will be of interest to determine whether any
biochemical changes beyond cyclin synthesis and p34cdc2_
cyclin complex formation are required for MPF activation in
cycles 2 through 12.
p42 becomes tyrosine phosphorylated during oocyte mat-

uration concomitantly with the dephosphorylation of p34.
The tyrosine phosphorylation of p42 can occur in response
to MPF activation and can occur in the absence of protein
synthesis. Thus, p42 is present in a non-tyrosine-phosphor-
ylated form in oocytes and may be involved downstream
from MPF in a cascade that brings about meiotic M phase.
By analogy with fibroblast MAP kinase, the serine/threonine
kinase activity of Xenopus p42 may depend upon tyrosine
phosphorylation. It is also possible that other modifications
in addition to tyrosine phosphorylation are required in the
activation of p42 (1). We do not know whether such modi-
fications accompany oocyte maturation, although we do
know that purified p42 from Xenopus eggs is active as a
protein kinase.

p42 becomes dephosphorylated without decreasing in
abundance about 30 min after fertilization. This dephosphor-
ylation coincides with an increase in the tyrosine phosphor-
ylation of p34. At present we do not know whether tyrosine-
phosphorylated p42 acts to inhibit one of the steps leading up
to p34 tyrosine phosphorylation or whether the temporal
correspondence between these events is fortuitous. p42
remains dephosphorylated, and presumably inactive as a
protein kinase, through the midblastula transition.
Thus, MAP kinase or MAP kinase-like proteins are ty-

rosine phosphorylated, and possibly activated, at two dif-
ferent points in two different cell cycles: during the GO-Gl
transition in mitogen-stimulated fibroblasts, and during mei-
otic M phase in oocyte maturation. Our working hypothesis
is that MAP kinase regulates cellular processes that take
place whenever quiescent cells, be they quiescent fibroblasts
or G2-arrested oocytes, reenter the cell cycle. MAP kinase
may also play an important role in cells that do not divide
(13).

Recently it has been shown that a mouse MAP kinase can
phosphorylate and activate a 92-kDa serine/threonine pro-
tein kinase from X. laevis, S6 kinase II (44). Increases in
ribosomal S6 phosphorylation accompany the GO-G1 transi-
tion in quiescent fibroblasts and also accompany entry into
meiotic M phase in Xenopus oocytes (3, 15, 43, 45; see also
reference 29 for a recent review). Clearly Xenopus p42 is a
likely candidate for the Xenopus S6 kinase II activator.
Whether Xenopus p42 regulates other key substrates re-
mains to be determined. Activated S6 kinase II can phos-
phorylate ribosomal protein S6 (15) and lamin C (48). This
raises the possibility that p42 and S6 kinase II are involved in
the regulation of protein synthesis and nuclear envelope
structure. It may be possible to test these ideas by microin-
jection of antibodies or antisense RNA in the Xenopus
system. Alternatively, if homologs of these proteins are
present in genetically tractable organisms, a genetic analysis
of the function of p42 and S6 kinase II may be feasible.
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