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In somatic cells, the Raf-1 serine/threonine protein kinase is activated by several polypeptide growth factors.
We investigated the role of Raf-1 in progesterone-induced meiotic maturation of Xenopus laevis oocytes. Raf-1
enzymatic activity and phosphorylation (reflected by a mobility shift on sodium dodecyl sulfate gels) were
increased in oocytes following progesterone stimulation. The increase in Raf-1 activity was concurrent with an
elevation in the activity of mitogen-activated protein (MAP) kinase. When RNA encoding an oncogenic form
of Raf-1 (v-Raf) was injected into immature oocytes, MAP kinase mobility shift, germinal vesicle breakdown,
and histone H1 phosphorylation increased markedly. When RNA encoding a dominant-negative version of
Raf-1 was injected, progesterone-induced oocyte maturation was blocked. When RNA encoding Xenopus mos
(mos™©) was injected into oocytes, Raf-1 and MAP kinase mobility shifts were observed after several hours.
Also, when antisense mos™® oligonucleotides were injected into oocytes, progesterone-induced Raf-1 and MAP
kinase mobility shifts were blocked. Finally, when antisense mos™® oligonucleotides were coinjected with v-Raf
RNA into oocytes, histone H1 kinase activation, germinal vesicle breakdown, and MAP kinase mobility shift
occurred. These findings suggest that Raf-1 activity is required for progesterone-induced oocyte maturation

and that Raf-1 is downstream of mos™ activity.

The Raf-1 serine/threonine protein kinase is activated in
cultured cells by a variety of growth factors (18, 19, 21).
Raf-1 activity is necessary for somatic cell transformation by
a variety of oncogenes and is also necessary for growth
factor-induced proliferation of certain cultured cells (9).
Raf-1 consists of an amino-terminal regulatory domain and a
carboxyl-terminal kinase domain. An oncogenic form of
Raf-1, v-Raf, has an amino-terminal deletion of much of the
putative regulatory domain (22, 26).

When wild-type Raf-1 is activated, it has the ability to
phosphorylate and activate mitogen-activated protein (MAP)
kinase kinase in vitro and in cultured cells (2, 6, 12). This
activity of Raf-1 on MAP kinase kinase is thought to be an
important step in mitogenic signal transduction. The Raf-1
amino acid sequence is highly conserved among vertebrate
species and is closely related to the Drosophila Draf se-
quence (16). Recently, it was demonstrated that Raf-1
mRNA is present in Xenopus laevis oocytes and embryos
(13). The importance of Raf-1 in somatic cell signal trans-
duction led us to hypothesize that Raf-1 also plays an
important role in the regulation of meiosis in oocytes.

The maturation of Xenopus oocytes has been used previ-
ously as a model system for the study of cell cycle regula-
tion. The process of maturation is triggered by exposure to
progesterone, which causes the oocytes to undergo a series
of biochemical alterations, including the synthesis and acti-
vation of Xenopus mos (mos*®) protein kinase (23, 24). The
progesterone-induced signal cascade culminates in the com-
pletion of meiosis I and the progression to metaphase of
meiosis II (25). Entry into meiosis I is associated with
germinal vesicle breakdown (GVBD) and correlates with
histone H1 kinase activation and MAP kinase phosphoryla-
tion (reflected by a mobility shift on sodium dodecyl sulfate
[SDS] gels) (3, 20).
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Given the importance of Raf-1 in growth factor-stimulated
mitogenesis of somatic cells, we speculated that Raf-1 may
play an important role in progesterone-induced oocyte mei-
otic maturation. To test this hypothesis, we have used an
oncogenic Raf-1 cDNA (v-Raf) and a dominant-negative
Raf-1 cDNA (9, 15). Employing such constructs, we have
determined that Raf-1 activity is required for progesterone-
induced Xenopus oocyte maturation and that Raf-1 activity
is downstream of mos™®.

MATERIALS AND METHODS

Antibodies. We used a previously described (15) antipep-
tide mouse monoclonal antibody against the last 12 amino
acids of human Raf-1. A commercial (Zymed) anti-MAP
kinase mouse monoclonal antibody was used for Western
immunoblotting. The mouse monoclonal antibody used for
MAP kinase immunoprecipitation was kindly obtained from
Jonathan A. Cooper (Fred Hutchinson Cancer Research
Center). The Raf-1 and MAP kinase antibodies used for
immunoprecipitations recognized the phosphorylated and
unphosphorylated forms of the proteins with equal affinity.

Plasmid constructs and RNA transcription. The v-Raf
construct was made by site-directed mutagenesis (Amer-
sham), using a human full-length Raf-1 cDNA as a template.
An amino-terminal deletion of the protein was made by
introducing an Ncol site into the coding sequence at amino
acid 320. This converted the proline to methionine (P320M).
The v-Raf construct was excised by digestion with Ncol and
Xbal (from the 3’ polylinker of the vector) and subcloned
into pSP64T, a vector which includes 5’ and 3’ Xenopus
B-globin untranslated sequence (11). Additionally, a double-
stranded oligonucleotide encoding the KT3 peptide TPPP-
EPET (14) and an in-frame termination codon was inserted
into the construct at the 3’ end of the v-Raf coding sequence.

The NAF construct consists of an ATP binding site
mutation in the human c-Raf-1 catalytic domain and was
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made by performing M13 site-directed mutagenesis, convert-
ing lysine 375 to methionine (K375M) as described previ-
ously (15). The NAF and wild-type Raf-1 cDNAs were
inserted into the pSP64T vector, and the constructs were
modified by insertion of an oligonucleotide encoding the
KT3 peptide at the 3’ ends of the coding regions.

The full-length mos* cDNA construct and the mos™®
antisense oligonucleotides were generous gifts of Daniel J.
Donoghue (University of California, San Diego) (4, 5, 7).

RNA containing a 5'-GpppG cap (Pharmacia LKB Bio-
technology Inc.) was made by using linearized plasmid with
the SP6 RNA polymerase (Bochringer Mannheim) as de-
scribed previously (17) and resuspended in water.

Oocyte injections. Large oocytes (Dumont stage VI) were
removed from adult female frogs by using established tech-
niques. Oocytes were manually dissected and collagenase
treated (Sigma type II, 1 mg/ml). Oocytes were maintained in
1x modified Barth’s saline with N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid (HEPES) [MBSH; 88 mM
NaCl, 1 mM KCl, 2.4 mM NaHCO,, 0.82 mM MgSO,, 0.33
mM Ca(NO,;),, 0.41 mM CaCl,, 10 mM HEPES (pH 7.4)],
bovine serum albumin (BSA; 1 mg/ml), Ficoll 400 (1 mg/ml),
and antibiotics (27). Each oocyte was injected with 10 ng of
RNA (except for the NAF/wild-type-injected oocytes, which
were injected with 10 ng of each type of RNA for a total of
20 ng) in 1x MBSH with added Ficoll, BSA, and antibiotics
as described previously (1). Oocytes were incubated for 24 h
at 18°C, and then some were stimulated with progesterone (2
p.g/ml).

Isolation and analysis of protein. Clarified oocyte lysates
were made by using 10 pl of ice-cold Nonidet P-40 lysis
buffer (137 mM NaCl, 50 mM NaF, 0.5% Nonidet P-40, 10
mM Tris-HCI [pH 7.5], 2 mM phenylmethylsulfonyl fluoride,
0.2 U of aprotinin per ml, 25 mM leupeptin) per oocyte.
Insoluble material and lipid were separated by centrifugation
at 13,000 x g for 10 min at 4°C. Lysates were loaded onto
SDS-polyacrylamide gels. Equal amounts of total protein
were loaded into all lanes. Proteins were transferred to 0.2
mM nitrocellulose paper (Schleicher & Schuell). The blots
were blocked with 2% nonfat dry milk and were treated
overnight in primary antibody at 4°C. Bands were visualized
by using an alkaline phosphatase-conjugated secondary an-
tibody and the appropriate color-developing reagents
(Promega).

Raf-1 kinase assay. To perform the Syntide assay (10, 18),
anti-Raf-1 monoclonal antibody or preimmune mouse (con-
trol) serum was added to oocyte or egg lysates (1 pg of
antibody per 500 pl of lysate), and the mixture was rocked
overnight at 4°C; 25 pl of resuspended protein A-Sepharose
beads was added to each lysate, and the mixture was rocked
for 1 h. The beads were washed with 0.5 M LiCl and water,
resuspended in 38 pl of kinase buffer (25 mM Tris-HCI [pH
7.5], 10 mM MnCl,, 10 pM ATP, 1 mM dithiothreitol, 25 mM
B-glycerophosphate), 1 pl of 4 mM Syntide II peptide
(GIBCO BRL), and 1 pl of [y-**PJATP (6,000 Ci/mmol;
Amersham), and incubated for 20 min at room temperature.
The kinase reaction mix was spotted onto Whatman P81
paper and air dried. The paper was extensively washed with
0.85% phosphoric acid and then counted in scintillation fluid.
Control immunoprecipitate counts were subtracted from
Raf-1 immunoprecipitate counts.

MAP Kkinase assay. Anti-MAP kinase monoclonal antibody
(or preimmune mouse immunoglobulin G for mock immuno-
precipitation) and protein A-Sepharose beads were added to
500 ul of oocyte lysate, and the mixture was rocked for 3 h
at 4°C. Immunoprecipitates were washed twice in 1 M NaCl
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and once in 25 mM HEPES (pH 7.5). The beads were
resuspended in 36 pl of kinase buffer (25 mM HEPES [pH
7.5], 10 mM MgCl,, 1 mM dithiothreitol, 50 uM ATP), 2 pl
of [y-**P]JATP (6,000 Ci/mmol; Amersham), and 2 ul (1
mg/ml) of myelin basic protein (Sigma), and the kinase
reaction mix was incubated at room temperature for 30 min.
The beads were spun, and the supernatant was spotted onto
P81 paper. The paper was washed in 0.85% phosphoric acid
and evaluated by scintigraphy.

Histone H1 kinase assay. The histone H1 kinase assay was
performed as follows. Ten microliters of clarified lysate was
added to 35 pl of kinase buffer (20 mM HEPES [pH 7.4], 1
mM dithiothreitol, 10 mM MgCl,, 100 pM ATP), 3 ul (1
mg/ml) of histone H1 (Sigma), and 2 pl of [y->2P]JATP (6,000
Ci/mmol; Amersham). This kinase reaction mix was incu-
bated for 20 min at room temperature. Sample buffer was
added, and each sample was run on an SDS-12% polyacryl-
amide gel. The gel was dried and evaluated by autoradiog-
raphy.

RESULTS

Endogenous Raf-1 protein is phosphorylated following pro-
gesterone stimulation of immature oocytes. We first examined
whether Raf-1 phosphorylation is increased during oocyte
maturation. Lysates were made from oocytes at several
intervals following the addition of progesterone. These ly-
sates were examined for a change in the mobility of Raf-1 by
Western blotting analysis using a monoclonal anti-human
Raf-1 antibody (Fig. 1A). In untreated immature oocytes, the
mobility of Raf-1 was characteristic of its unphosphorylated
state. Several hours after progesterone stimulation, Raf-1
mobility was largely retarded. The level of Raf-1 protein
appeared constant for the first few hours following proges-
terone addition; however, an approximately twofold in-
crease in Raf-1 protein was noted following GVBD. MAP
kinase mobility shift coincided with Raf-1 mobility shift
following progesterone stimulation (Fig. 1B). Raf-1 from egg
lysates treated with potato acid phosphatase had a faster
mobility than did Raf-1 from untreated egg lysates, demon-
strating that the shift in Raf-1 mobility is due to phosphory-
lation (data not shown).

Endogenous Raf-1 and MAP kinase activities increase fol-
lowing progesterone stimulation of immature oocytes. We
next examined whether the Raf-1 mobility shift in oocytes
correlated with Raf-1 activity. Raf-1 was immunoprecipi-
tated from lysates of control and progesterone-treated
oocytes, and an in vitro kinase assay was performed with the
Syntide II peptide as a substrate. The kinase activity was
increased significantly in the hyperphosphorylated (retarded
mobility) form of Raf-1 found in progesterone-treated
oocytes (Fig. 1C). To analyze whether the MAP kinase
mobility shift in oocytes was indicative of increased activity,
we tested the ability of MAP kinase immunoprecipitates to
phosphorylate myelin basic protein in vitro. The kinase
activity was substantially increased in the hyperphosphory-
lated (retarded mobility) form of MAP kinase found in
progesterone-treated oocytes (Fig. 2A).

Introduction of an oncogenic form of Raf-1 into immature
oocytes results in MAP kinase phosphorylation and meiotic
maturation. Given that Raf-1 activity increased in parallel
with MAP kinase activity during oocyte maturation, we
considered the possibility that Raf-1 activity is upstream of
MAP kinase activity. When 10 ng of RNA encoding an
oncogenic mutant of Raf-1, v-Raf, was injected into oocytes,
MAP kinase mobility was retarded (Fig. 2B). We further
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FIG. 1. (A) Shift in Raf-1 mobility during progesterone-induced
oocyte maturation. Western blot analysis of oocyte lysates obtained
at several intervals following progesterone stimulation and from
unfertilized egg lysate (E) is shown. Approximately 50% of oocytes
exhibited GVBD 7 h after progesterone stimulation. The anti-Raf-1
monoclonal antibody was used at a dilution of 1:500. (B) Shift in
MAP kinase mobility during progesterone-induced oocyte matura-
tion. Shown is a Western blot of the lower portion of the gel used in
panel A. The commercial monoclonal anti-human MAP kinase
antibody was used at a dilution of 1:1,000. Sizes in panels A and B
are indicated in kilodaltons. (C) Increase in Raf-1 kinase activity
during progesterone-induced oocyte (Ooc) maturation. Raf-1 immu-
noprecipitates from oocyte lysates were analyzed in an in vitro
kinase assay using the Syntide II peptide as a substrate.

hypothesized that Raf-1 activity could induce oocyte matu-
ration. When v-Raf RNA was injected, GVBD was observed
in over 90% of oocytes in the absence of progesterone (Fig.
3). Compared with uninjected control oocytes or oocytes
injected with wild-type Raf-1 RNA, this increase in GVBD
was statistically significant by chi-square analysis with con-
tinuity correction (P = 0.0001). Histone H1 kinase activity
was increased approximately eightfold 12 h after the injec-
tion of v-Raf RNA in the absence of progesterone stimula-
tion as measured in vitro (Fig. 4A).

We next tested whether wild-type Raf-1 RNA could in-
duce oocyte maturation. When 10 ng of RNA encoding
wild-type Raf-1 was injected into each oocyte, no shift in
MAP kinase mobility was observed (data not shown), and
the increase in GVBD was very slight compared with that of
uninjected oocytes (Fig. 3). When a high dose (50 ng per
oocyte) of RNA encoding wild-type Raf-1 was injected,
GVBD was observed in a majority of oocytes (63%), and
histone H1 kinase activation was noted (Fig. 4B).

Introduction of a dominant-negative Raf-1 mutant into
oocytes blocks progesterone-induced meiotic maturation. We
next considered the possibility that a dominant-negative
version of Raf-1, termed NAF (not a functional Raf-1), could
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FIG. 2. (A) MAP kinase activity in uninjected and NAF RNA-
injected oocytes. Oocytes were injected as for Fig. 1, and some were
stimulated with progesterone for 8 h before lysates were made.
Lysates were assayed for MAP kinase activity. Each column
represents the average + standard error of duplicate assays. (B)
MAP kinase mobility shift in uninjected oocytes (control [Cont]) or
oocytes injected with v-Raf, NAF, wild-type Raf-1 RNA (wt), or a
combination of NAF and wild-type Raf-1 RNA. Oocytes were
injected with RNA, incubated for 24 h, and either not treated (—) or
stimulated with progesterone at 2 mg/mi (+). Protein encoded by the
fusion of each RNA with the KT3 sequence was detected by
Western blot analysis of oocyte lysates by using monoclonal anti-
bodies (not shown). Sizes are indicated in kilodaltons.

inhibit progesterone-induced MAP kinase activation and
oocyte maturation. The NAF construct encodes a mutant
Raf-1 that has a single amino acid substitution at the con-
served ATP binding site. A similar mutant has been demon-
strated to be a dominant-negative form of Raf-1 that blocks
growth factor-induced mitogenesis in mammalian cell lines
(9). The NAF mutant appears to function by specifically
blocking activation of endogenous Raf-1 protein in Xenopus
oocytes but does not directly block other kinases (15).

When oocytes were injected with 10 ng of NAF-encoding
RNA and incubated for 24 h, NAF protein was easily
detected by Western blotting with either an anti-KT3 or
anti-Raf antibody. NAF has an apparent molecular mass 4 to
5 kDa greater than that of endogenous Raf-1. Approximately
two- to threefold more NAF protein than endogenous Raf-1
protein was detected in oocytes injected with 10 ng of RNA
(data not shown).

When progesterone was added to oocytes previously
injected with 10 ng of RNA encoding NAF, MAP kinase
mobility shift and activation did not occur (Fig. 2). Also,
GVBD was less in NAF-injected oocytes following proges-
terone stimulation than in uninjected oocytes or oocytes
injected with wild-type Raf-1 RNA (Fig. 3). This reduction in
GVBD was significant by chi-square analysis (P = 0.0001).
Histone H1 kinase activation was blocked in NAF-injected
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FIG. 3. GVBD in uninjected oocytes (cont) or oocytes injected
with v-Raf, NAF, wild-type Raf-1 (wt), or a combination of NAF
and wild-type Raf-1 RNA. Each percentage reflects the analysis of
at least 75 injected oocytes. Oocytes were injected with RNA,
incubated for 24 h, and either not treated (—) or stimulated with
progesterone (+). Oocytes were evaluated for the presence of
GVBD 8 h later on the basis of the appearance of a white spot on the
animal pole.

oocytes stimulated with progesterone (Fig. 4C). Therefore,
NAF-injected oocytes had a markedly diminished response
to progesterone stimulation.

When NAF and wild-type Raf-1 are cointroduced into
oocytes, response to progesterone is rescued. When proges-
terone was added to oocytes previously injected with equi-
molar concentrations of NAF and wild-type Raf-1 RNA,
MAP kinase mobility was shifted (Fig. 2B), GVBD occurred
at nearly the same rate as in uninjected oocytes (Fig. 3), and
histone H1 kinase activity increased (Fig. 4C), indicating
that wild-type Raf-1 overcame the effect of NAF. These
results suggest that the effect of NAF on GVBD is specifi-
cally due to the inhibition of Raf-1 kinase activity.

Mos™® activity is upstream of Raf-1 phosphorylation. Other
investigators have shown that when mos*® RNA or protein is
injected into oocytes, GVBD and MPF activation occur
within a few hours (5, 24, 28). We injected mos™® RNA into
immature oocytes in the absence of progesterone and ob-
tained lysates at several time points. Raf-1 and MAP kinase
exhibited mobility shifts characteristic of the activated states
several hours after RNA injection (Fig. 5).

It is possible to block progesterone-induced oocyte matu-
ration by injecting antisense oligonucleotides directed
against mos** mRNA (24). We injected oocytes with such an
antisense mos*® oligonucleotide and added progesterone.
Under the conditions used, antisense mos™® oligonucleotides
markedly reduced progesterone-induced GVBD. After 8 h of
progesterone stimulation, GVBD was observed in 19% (12 of
62) of oocytes injected with antisense mos*® oligonucleo-
tides, compared with 91% (64 of 70) of control oocytes.
Western blot analysis revealed that the antisense mos*®
oligonucleotides blocked progesterone-induced Raf-1 and
MAP kinase mobility shifts (Fig. 5).

We also examined whether NAF could block GVBD
induced by mos*® RNA injection. We first injected oocytes
with NAF or wild-type Raf-1 RNA. The next day, oocytes
were injected a second time with mos* RNA. Oocytes
injected with NAF and mos*® exhibited significantly less
GVBD than did oocytes injected with wild-type Raf-1 and
mos*® or with mos™® alone (Fig. 6). This reduction in GVBD
was significant by chi-square analysis (P = 0.0001).

We next examined whether v-Raf RNA could induce
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FIG. 4. (A) Histone H1 kinase activity in uninjected oocytes
(control [cont]) or in oocytes injected with NAF or v-Raf RNA (10
ng per oocyte). Injected oocytes were incubated for 12 h at 18°C.
Oocyte lysates were used in a histone H1 assay as described in the
text. Sizes are indicated in kilodaltons. (B) Histone H1 kinase
activity in oocytes injected with high-dose NAF RNA (50 ng per
oocyte) or high-dose wild-type Raf-1 RNA (wt; 50 ng per oocyte).
Injected oocytes were incubated for 12 h at 18°C. Oocyte lysates
were used in a histone H1 assay as described in the text. (C) Histone
H1 kinase activity in uninjected oocytes or in oocytes injected with
NAF RNA alone (10 ng per oocyte) or with an equimolar mixture of
NAF and wild-type Raf-1 RNA (wt; 20 ng per oocyte). Injected
oocytes were incubated for 24 h at 18°C, and some were stimulated
for 8 h with progesterone. Oocyte lysates were used in a histone H1
assay as described in the text, and the histone band was analyzed by
densitometry. Each column represents the average + standard error
of triplicate determinations.

Control

oocyte maturation in the absence of mos protein. Oocytes
coinjected with v-Raf RNA and mos*® oligonucleotides
exhibited a shift in MAP kinase mobility (data not shown), a
high rate of GVBD (Fig. 7A), and prominent histone H1
kinase activation (Fig. 7B).

DISCUSSION

The findings described above suggest that Raf-1 activation
is an important regulatory step in Xenopus oocyte matura-
tion and in MAP kinase activation. When immature oocytes
are stimulated with progesterone, endogenous Raf-1 is phos-
phorylated and activated after several hours, concurrent
with MAP Kkinase activation. Introduction of oncogenic
Raf-1 RNA into immature oocytes results in GVBD, matu-
ration promoting factor (MPF) activation, and MAP kinase
phosphorylation. Introduction of dominant-negative Raf-1
(NAF) RNA into immature oocytes results in blockade of
progesterone-induced GVBD, MPF activation, and MAP
kinase activation. Cointroduction of wild-type and domi-
nant-negative Raf-1 RNA into oocytes results in the rescue
of progesterone responsiveness, implying that the effects of
NAF are specific to Raf-1 inhibition.
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FIG. 5. Raf-1 and MAP kinase mobilities in oocytes injected with
mos™® antisense oligonucleotides (20 ng per oocyte) or with full-
length mos™ sense RNA (10 ng per oocyte). Oocytes injected with
antisense mos™® oligonucleotides and control oocytes were stimu-
lated with progesterone for 8 h (+). Oocytes injected with full-length
sense mos™ RNA were not stimulated, and lysates were made at
several intervals. In oocytes injected with full-length mos™, GVBD
was observed in 50% of oocytes at 6 h. Oocyte lysates were
analyzed by Western blotting as described in the text. The upper and
lower panels represent different portions of the same gel. cont—,
unstimulated control; cont+, stimulated control.

The results of these experiments strengthen observations
made in vitro and with cultured mammalian cells that Raf-1
can activate MAP kinase (2, 6, 12). A precise definition of
the mechanism by which Raf-1 activates MAP kinase in
oocytes cannot be determined from these results. Interme-
diary molecules, such as the recently identified MAP kinase
activator, may be involved in the Raf-1-induced MAP kinase
activation in oocytes. Furthermore, the immediate down-
stream effects of MAP kinase activation in oocytes remain
uncertain. Raf-1 kinase activity may not be limited to the
activation of MAP kinase but may also be important in the
activation of another enzyme that is critical for cell cycle
progression.

When oocytes are stimulated by progesterone, the mos™®
protein is synthesized and activated (23). Recently, oocyte
injection experiments demonstrated that mos*® protein is
necessary for the initiation of oocyte maturation and that
mos™® injection leads to MPF activation in the absence of
protein synthesis (28). We hypothesized that Raf-1 and

100
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FIG. 6. GVBD in uninjected oocytes (cont) or in oocytes in-
jected with mos*® RNA alone, mos* and NAF RNA, or mos™ and
wild-type Raf-1 RNA (wt). Each percentage reflects the analysis of
at least 150 injected oocytes. Oocytes were initially injected with
water, NAF RNA (10 ng), or wild-type Raf-1 RNA (10 ng); 24 h
later, oocytes were injected with mos* RNA (10 ng). Oocytes were
observed for 8 h and were scored for the appearance of a white spot
on the animal pole.
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FIG. 7. (A) GVBD in uninjected oocytes (Cont) or in oocytes
injected with v-Raf RNA alone or with a mixture of v-Raf RNA (10
ng per oocyte) and antisense mos™ (AsMos) oligonucleotides (20 ng
per oocyte). Each percentage reflects the analysis of at least 75
injected oocytes. Oocytes were injected with RNA as described for
Fig. 6, incubated for 12 h, and then scored for the appearance of a
white spot on the animal pole. (B) Histone H1 kinase activity in
uninjected oocytes (cont) or in oocytes injected with v-Raf RNA
alone (10 ng per oocyte), with a mixture of v-Raf RNA (10 ng per
oocyte) and antisense mos™ (AsMos) oligonucleotides (20 ng per
oocyte), or with antisense mos™ oligonucleotides alone (20 ng per
oocyte). Oocytes were incubated in the presence (+) or absence (—)
of progesterone (2 pg/ml) for 12 h at 18°C. Oocyte lysates were used
in a histone H1 assay as described in the text.

mos™® kinase activities were in the same signal transduction
pathway. In this study, when mos* RNA was injected into
oocytes, a Raf-1 mobility shift was observed. When an-
tisense mos*® oligonucleotides were injected into oocytes,
progesterone-induced Raf-1 mobility shift was blocked.
When oocytes were preinjected with NAF RNA, mos™-
induced GVBD was blocked. Finally, oocytes coinjected
with antisense mos™® oligonucleotides and v-Raf RNA ex-
hibited a high rate of GVBD and histone H1 kinase activa-
tion. These findings suggest that mos™® activity is upstream
of Raf-1 activity in progesterone-induced oocyte maturation.
Also, there is now evidence in mos-transformed somatic
cells that Raf-1 activity is downstream of mos (8).

An important question is whether mos*® directly activates
Raf-1 or whether it activates intermediary kinases which, in
turn, activate Raf-1. Experiments are ongoing in our labora-
tory to determine the identity of the activator of Raf-1 in
oocytes. The timing of Raf-1 activation in oocytes following
progesterone stimulation is considerably delayed in compar-
ison with growth factor-stimulated somatic cells. For exam-
ple, when platelet-derived growth factor is added to cultured
cells, Raf-1 activation occurs within 5 min (18). The delay in
Raf-1 activation in oocytes may be a result of the time
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required for mos™® synthesis to occur following progesterone
stimulation.

ACKNOWLEDGMENTS

This work was supported by NIH grant K11HI.02571-01A1 and
by the NHLBI Program of Excellence in Molecular Biology (grant
H1.43821).

We thank Jonathan A. Cooper for the anti-MAP kinase antibody
used in the in vitro kinase assay. We thank Daniel J. Donoghue for
the mos™ cDNA construct and the antisense oligonucleotides. We
thank Shaun R. Coughlin, Wendy J. Fantl, Daniel E. Johnson, and
Kevin G. Peters for helpful discussions and critical reading of the
manuscript.

10.

11.

12.

REFERENCES

. Colman, A. 1984. Translation of eukaryotic messenger RNA in

Xenopus oocytes, p. 271-302. In B. D. Hames and S. J. Higgins
(ed.), Transcription and translation: a practical approach. IRL
Press, Washington, D.C.

. Dent, P., W. Haser, T. A. Haystead, L. A. Vincent, T. M.

Roberts, and T. W. Sturgill. 1992. Activation of mitogen-
activated protein kinase kinase by v-Raf in NIH 3T3 cells and in
vitro. Science 257:1404-1407.

. Ferrell, J. E., M. Wu, J. C. Gerhart, and G. S. Martin. 1991.

Cell cycle tyrosine phosphorylation of p34°4°? and a microtu-
bule-associated protein kinase homolog in Xenopus oocytes and
eggs. Mol. Cell. Biol. 11:1965-1971.

. Freeman, R. S., A. N. Meyer, J. Li, and D. J. Donoghue. 1992.

Phosphorylation of conserved serine residues does not regulate
the ability of mos*® protein kinase to induce oocyte maturation
or function as cytostatic factor. J. Cell Biol. 116:725-735.

. Freeman, R. S., K. M. Pickham, J. P. Kanki, B. A. Lee, S. V.

Pena, and D. J. Donoghue. 1989. Xenopus homologue of the
Mos proto-oncogene transforms mammalian fibroblasts and
induces maturation of Xenopus oocytes. Proc. Natl. Acad. Sci.
USA 86:5805-5809.

. Howe, L. R., S. J. Leevers, N. Gomez, S. Nakielny, P. Cohen,

and C. J. Marshall. 1992. Activation of the MAP kinase pathway
by the protein kinase raf. Cell 71:335-342.

. Kanki, J. P., and D. J. Donoghue. 1991. Progression from

meiosis I to meiosis II in Xenopus oocytes requires de novo
translation of the mos™® protooncogene. Proc. Natl. Acad. Sci.
USA 88:5794-5798.

. Kizaka-Kondow, S., K. Sato, K. Tamura, H. Nojima, and H.

Okayama. 1992. Raf-1 protein kinase is an integral component of
the oncogenic signal cascade shared by epidermal growth factor
and platelet-derived growth factor. Mol. Cell. Biol. 12:5078-
5086.

. Kolch, W., G. Heidecker, P. Lloyd, and U. R. Rapp. 1991. Raf-1

Kinase is required for growth of induced NIH/3T3 cells. Nature
(London) 349:426-428.

Kovacina, K. S., K. Yonezawa, D. L. Brautigan, N. K. Tonks,
U. R. Rapp, and R. A. Roth. 1990. Insulin activates the kinase
activity of the Raf-1 proto-oncogene by increasing its serine
phosphorylation. J. Biol. Chem. 265:12115-12118.

Krieg, P. A., and D. A. Melton. 1984. Functional messenger
RNAs are produced by SP6 in vitro transcription of cloned
cDNAs. Nucleic Acids Res. 12:7057-7070.

Kyriakis, J. M., H. App, X. F. Zhang, P. Banerjee, D. L.
Brautigan, U. R. Rapp, and J. Avruch. 1992. Raf-1 activates

13.

14.

15.

16.

17.

18.

19.

21.

22.

23.

24.

25.

26.

217.

28.

MoL. CELL. BioL.

MAP kinase kinase. Nature (London) 358:417-421.

Le Guellec, R., A. Couturier, K. Le Guellec, J. Paris, N. Le Fur,
and M. Philippe. 1991. Xenopus c-raf proto-oncogene: cloning
and expression during oogenesis and early development. Biol.
Cell 72:39-45.

MacArthur, H., and G. Walter. 1984. Monoclonal antibodies
specific for the carboxy terminus of simian virus 40 large T
antigen. J. Virol. 52:483-491.

MacNicol, A. M., A. J. Muslin, and L. T. Williams. 1993. Raf-1
kinase is essential for early Xenopus development and mediates
the induction of mesoderm by FGF. Cell 73:571-585.

Mark, G. E., R. J. Maclntyre, M. E. Digan, L. Ambrosio, and N.
Perrimon. 1987. Drosophila melanogaster homologs of the raf
oncogene. Mol. Cell. Biol. 7:2134-2140.

Melton, D. A., P. A. Krieg, M. R. Rebagliati, T. Maniatis, K.
Zinn, and M. R. Green. 1984. Efficient in vitro synthesis of
biologically active RNA and RNA hybridization probes from
plasmids containing a bacteriophage SP6 promoter. Nucleic
Acids Res. 12:7035-7056.

Morrison, D. K., D. R. Kaplan, J. A. Escobedo, U. R. Rapp,
T. M. Roberts, and L. T. Williams. 1989. Direct activation of the
serine/threonine kinase activity of Raf-1 through tyrosine phos-
phorylation by the PDGF B-receptor. Cell 58:649-657.
Morrison, D. M., D. R. Kaplan, U. R. Rapp, and T. M. Roberts.
1988. Signal transduction from membrane to cytoplasm: growth
factor and membrane-bound oncogene products increase Raf-1
phosphorylation and associated protein kinase activity. Proc.
Natl. Acad. Sci. USA 85:8855-8859.

. Posada, J., and J. A. Cooper. 1992. Requirements for phos-

phorylation of MAP kinase during meiosis in Xenopus oocytes.
Science 255:212-215.

Rapp, U. R. 1991. Role of Raf-1 serine/threonine protein kinase
in growth factor signal transduction. Oncogene 6:495-500.
Rapp, U. R., M. D. Goldsborough, G. E. Mark, T. 1. Bonner, J.
Groffen, F. H. Reynolds, Jr., and J. R. Stephenson. 1983.
Structure and biological activity of v-raf, a unique oncogene
transduced by a retrovirus. Proc. Natl. Acad. Sci. USA 80:
4218-4222.

Sagata, N., I. Daar, M. Oskarsson, S. D. Showalter, and G. F.
Vande Woude. 1989. The product of the mos proto-oncogene as
a candidate ““initiator’” for oocyte maturation. Science 245:643—
646.

Sagata, N., M. Oskarsson, T. Copeland, J. Brumbaugh, and
G. F. Vande Woude. 1988. Function of the c-mos proto-onco-
gene product in meiotic maturation in Xenopus oocytes. Nature
(London) 335:519-525.

Smith, L. D. 1989. The induction of oocyte maturation: trans-
membrane signaling events and regulation of the cell cycle.
Development 107:685-699.

Stanton, V. P., D. W. Nichols, A. P. Laudano, and G. M.
Cooper. 1989. Definition of the human raf amino-terminal regu-
latory region by deletion mutagenesis. Mol. Cell. Biol. 9:639-
647.

Ueno, H., M. Gunn, K. Dell, A. Tseng, and L. T. Williams. 1992.
A truncated form of fibroblast growth factor receptor 1 inhibits
signal transduction by multiple types of fibroblast growth factor
receptor. J. Biol. Chem. 267:1470-1476.

Yew, N., M. L. Mellini, and G. F. Vande Woude. 1992. Meiotic
initiation by the mos protein in Xenopus. Nature (London)
342:505-511.



