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SUMMARY

In Xenopus oocytes, activation of MAP kinase occurs 
during meiotic maturation through a protein kinase 
cascade (the MAP kinase cascade), which is utilized 
commonly in various intracellular signaling pathways in 
eukaryotes. Studies with a neutralizing antibody against 
Xenopus MAP kinase kinase (MAPKK), a direct upstream

INTRODUCTION

Mitogen-activated protein (MAP) kinases are serine/threonine 
kinases highly conserved throughout evolution and are 
activated commonly by various extracellular stimuli inducing 
mitogenesis or differentiation (reviewed by Cobb et al., 1991; 
Nishida and Gotoh, 1992; Pelech and Sanghera, 1992; 
Ruderman, 1993; Thomas, 1992). They are supposed to play a 
central role in intracellular signal transduction pathways. Full 
activation of MAP kinases requires phosphorylation of both 
tyrosine and threonine residues (Anderson et al., 1990). These 
phosphorylation sites have been determined to be located in 
the TEY sequence between kinase subdomains VII and VIII 
(Payne et al., 1991). A 45 kDa protein factor that can induce 
phosphorylation and activation of inactive MAP kinases in 
vitro was purified first from Xenopus unfertilized eggs 
(Matsuda et al., 1992) and subsequently from mammalian cells 
(Crews and Erikson, 1992; Nakielny et al., 1992b; Seger et al., 
1992a; Shirakabe et al., 1992). This MAP kinase activating 
factor can undergo autophosphorylation on serine, threonine 
and tyrosine residues (Kosako et al., 1992; Nakielny et al., 
1992b) and phosphorylate the kinase-deficient mutant of MAP 
kinase on tyrosine and threonine residues (Crews and Erikson, 
1992; Kosako et al., 1993; Nakielny et al., 1992a; Seger et al, 
1992a). Therefore, this factor is a dual specificity kinase and 
has been named MAP kinase kinase (MAPKK). cDNA cloning 
of MAPKK (Ashworth et al., 1992; Crews et al; 1992; Kosako 
et al., 1993; Seger et al., 1992b; Wu et al., 1993) revealed that 
MAPKK shows high similarities to several yeast protein 
kinases functioning in various signal transduction pathways 
such as the mating process and osmotic regulation. This 
suggests that the MAPKK/MAP kinase cascade functions uni
versally in eukaryotic systems (reviewed by Errede and Levin, 
1993; Nishida and Gotoh, 1993).

It has been shown that the activation of MAPKK and MAP 
kinase occurs during Xenopus oocyte maturation (Ferrell et al., 
1991; Gotoh et al., 1991a,b; Matsuda et al., 1992; Posada et al.,

activator for MAP kinase, have shown that the MAP kinase 
cascade plays a crucial role in both initiating oocyte matu
ration and inducing metaphase arrest.
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1991). Fully grown Xenopus oocytes (immature oocytes) are 
arrested at the first meiotic prophase. Exposure to progesterone 
induces the resumption of the meiotic process, leading to the 
production of the unfertilized egg, which is arrested at the 
second meiotic metaphase (metaphase II). The key event in this 
oocyte maturation process is thought to be the activation of mat
uration promoting factor (MPF), a complex of p34cdc2 kinase 
and cyclin B, which is stored in immature oocytes as an inactive 
complex called pre-MPF (reviewed by Lohka, 1989; Mailer, 
1991; Nurse, 1990). MPF activity rises before germinal vesicle 
breakdown (GVBD), falls after metaphase I, and rises again and 
remains high during metaphase II. A cytostatic factor (CSF) is 
responsible for the metaphase II arrest with high MPF activity, 
and the product of the c-mos proto-oncogene, a 39 kDa 
serine/threonine protein kinase, is thought to be a component of 
CSF (Sagata et al., 1989). Translation of Mos is induced by 
progesterone and is necessary for meiosis I as well as for 
meiosis II and CSF arrest (Sagata et al., 1988). Moreover, bac
terially expressed Mos protein can promote oocyte maturation 
when injected into immature oocytes without any hormonal 
stimulation and induce CSF arrest when injected into a two-cell 
embryo (Yew et al., 1992). Recent studies shed light on the 
roles of these four protein kinases (MPF, Mos, MAPKK and 
MAP kinase) during oocyte maturation process.

REGULATORY MECHANISM OF THE MAP KINASE 
CASCADE IN OOCYTE MATURATION

Activities of MAPKK and MAP kinase are elevated at about the 
same time as MPF during the course of oocyte maturation, remain 
high in unfertilized eggs and decrease to a basal level after fer
tilization (Ferrell et al., 1991; Gotoh et al., 1991a,b; Matsuda et 
al., 1992; Posada et al., 1991). Activation of MAPKK during this 
process is accompanied by its phosphorylation on threonine and 
serine residues (Kosako et al., 1992). Since MAPKK is deacti
vated by protein phosphatase 2A treatment in vitro (Gomez and
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Cohen, 1991; Matsuda et a l, 1992), MAPKK itself is thought to 
be activated by phosphorylation catalyzed by an upstream 
serine/threonine kinase(s), MAPKK kinase. Recent work has 
shown that MAPKK is phosphorylated on serine residues by 
MAPKK kinase and on threonine residues by its target kinase, 
MAP kinase (Matsuda et al., 1993; see Fig. 1). In the Xenopus 
MAPKK sequence there are two serine residues, S222 and S218, 
located 9 and 13 amino acid residues upstream of the S(A)PE 
kinase motif, respectively. These two serine residues are 
conserved as serine or threonine residues among all the MAPKK 
homologs in vertebrates, Drosophila and yeasts. Site-directed 
mutagenesis studies have revealed that both or either of these 
serine residues may be important for activation of MAPKK by a 
variety of MAPKK kinases including Raf-1 (Gotoh et al., 1994). 
Xenopus MAPKK contains a single consensus sequence for 
phosphorylation by MAP kinase (PST388P), and this sequence is 
conserved in mammalian and Drosophila MAPKK (Tsuda et al., 
1993). A mutant MAPKK having threonine388 changed to 
alanine was not phosphorylated by MAP kinase purified from 
unfertilized eggs (Gotoh et al., 1994). This phosphorylation might 
have some regulatory role.

Recently, it has been revealed that Mos can work as a MAPKK 
kinase (Nebreda et al., 1993; Posada et al. 1993). Posada et al. 
(1993) showed that bacterially expressed Mos protein rapidly 
activates MAPKK and MAP kinase when injected into immature 
oocytes, and Nebreda and Hunt (1993) showed the activation of 
MAPKK and MAP kinase by adding recombinant Mos to cell- 
free extracts prepared from Xenopus immature oocytes. Both 
groups reported further that the recombinant Mos when 
expressed in Escherichia coli has no MAPKK kinase activity but 
it acquires the kinase activity after incubation with rabbit reticu
locyte lysate (Posada et al., 1993) or with Xenopus egg extracts 
(Nebreda et al., 1993). Synthesis of Mos in response to proges
terone may be responsible, at least in part, for activation of the 
MAPKK/MAP kinase cascade in oocyte maturation (Fig. 1).

On the other hand, it has been reported that the product of the 
c-raf-1 proto-oncogene, a 74-76 kDa serine/threonine protein 
kinase, lies upstream of the MAPKK/MAP kinase cascade and 
functions as a MAPKK kinase in various signal transduction 
systems of mammals and Drosophila (Dent et al., 1992; Kyriakis 
et al., 1992; Howe et al., 1992; Tsuda et al., 1993). Since 
expression of dominant-negative Raf-1 inhibits progesterone- 
induced activation of MAP kinase in Xenopus oocytes (Fabian 
et al., 1993; Muslin et al., 1993), Raf-1 has been suggested to 
lie upstream of the MAP kinase cascade in the oocyte matura
tion process. However, activation of Raf-1 kinase as MAPKK 
kinase has not been demonstrated during oocyte maturation, and 
Ras, a putative direct upstream factor of Raf-1 (Moodie et al., 
1993; Van Aelst et al., 1993; Vojtek et al., 1993; Zhang et al.,
1993), is not supposed to be involved in progesterone-induced 
oocyte maturation (Deshpande and Kung, 1987). Thus, partici
pation of Raf-1 in activation of the MAP kinase cascade during 
this process remains unclear (Fig. 1).

In yeasts, STE11, BCK1 and Byr2 are homologous 
serine/threonine protein kinases functioning upstream of each 
MAPKK homolog (STE7, MKK1/MKK2 and Byrl, respec
tively; reviewed by Errede and Levin, 1993; Nishida and 
Gotoh, 1993). A mammalian homolog of these putative yeast 
MAPKK kinases, termed MEKK, was shown to phosphorylate 
and activate MAPKK independently of Raf-1 (Lange-Carter et 
al., 1993). Xenopus MEKK has not been isolated yet, but bac-
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Fig. 1. Kinase cascade pathways resulting in MAP kinase activation 
during progesterone-induced oocyte maturation. Progesterone 
treatment induces synthesis o f Mos protein, one of the MAPKK 
kinases. Whether other MAPKK kinases (Raf-1 and putative 
Xenopus MEKK) are activated by progesterone is unknown. These 
MAPKK kinases activate 45 kDa MAPKK by its serine 
phosphorylation (Gotoh et al., 1994). Then MAPKK (a dual 
specificity kinase) activates MAP kinase by phosphorylation on 
threonine and tyrosine residues. Activated MAP kinase 
phosphorylates several proteins, including MAPKK (an upstream 
kinase; Matsuda et al., 1993), p90rsk (a downstream kinase; Sturgill 
et al., 1988) and p220 (a microtubule-associated protein; Shiina et 
al., 1992). It is likely that MAP kinase has other physiological 
substrates in maturing oocytes.

terially expressed STE11 protein can activate the MAP kinase 
cascade in cell-free extracts prepared from Xenopus immature 
oocytes (K. Takenaka et al., unpublished). Thus, MAPKK 
kinases other than Mos and Raf-1 could also function during 
oocyte maturation (Fig. 1).

Several groups have identified a family of mammalian dual 
specificity phosphatases that can specifically dephosphorylate 
and inactivate MAP kinase in vitro (reviewed by Nebreda,
1994). One of these phosphatases (3CH134 or CL100) is an 
immediate early gene product and is shown to be a physiolog
ical MAP kinase phosphatase by transient transfection studies 
(thus named MKP-1), suggesting a shut-off mechanism for the 
transient activation of MAP kinase in mitogenic stimulation 
(Sun et al., 1993). In Xenopus oocytes, the MAP kinase activity 
which is fully active during metaphase II arrest drops upon fer
tilization, but no gene expression occurs during early embryo
genesis. Therefore, inactivation of MAP kinase after fertiliza
tion may occur by a different mechanism. Interestingly, a 47 
kDa phosphatase purified from Xenopus eggs showed absolute 
specificity toward phosphotyrosine but not phosphothreonine 
of MAP kinase in vitro (Sarcevic et al., 1993). Regulation of 
this tyrosine phosphatase may provide an alternative 
mechanism for inactivation of MAP kinase.

FUNCTION OF THE MAP KINASE CASCADE IN 
XENOPUS OOCYTES 

Requirement of the MAP kinase cascade for 
initiation of oocyte maturation
Recently, we prepared many polyclonal and monoclonal anti-
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[  JOCES_ 1994_ S18_ 0115F1. tif] Fig. 1. Kinase cascade pathways resulting in MAP kinase activation during progesterone- induced oocyte maturation. Progesterone treatment induces synthesis of Mos protein, one of the MAPKK kinases. Whether other MAPKK kinases ( Raf- 1 and putative Xenopus MEKK) are activated by progesterone is unknown. These MAPKK kinases activate 45 kDa MAPKK by its serine phosphorylation ( Gotoh et al., 1994). Then MAPKK ( a dual specificity kinase) activates MAP kinase by phosphorylation on threonine and tyrosine residues. Activated MAP kinase phosphorylates several proteins, including MAPKK ( an upstream kinase; Matsuda et al., 1993), p90 rsk ( a downstream kinase; Sturgill et al., 1988) and p220 ( a microtubule- associated protein; Shiina et al., 1992). It is likely that MAP kinase has other physiological substrates in maturing oocytes.
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Fig. 2. A model for signal transduction pathways in oocyte 
maturation. This model proposes that progesterone-induced Mos, an 
essential protein for oocyte maturation, exerts its function through 
the MAPKK/MAP kinase cascade, resulting in MPF activation and 
GVBD. It is quite possible that other signaling pathways are required 
for progesterone-induced MPF activation.

bodies against bacterially expressed Xenopus 45 kDa MAPKK, 
one of which was found to be a neutralizing antibody that can 
specifically and efficiently inhibit Xenopus MAPKK activity 
in vitro (Kosako et al., 1994). This neutralizing antibody 
inhibited Mos- or okadaic acid-induced activation of MAP 
kinase when added to cell-free extracts prepared from Xenopus 
immature oocytes, suggesting that these agents activate MAP 
kinase through the 45 kDa MAPKK in a cell-free system. Fur
thermore, microinjection of this antibody into immature 
oocytes prevented progesterone- or Mos-induced activation of 
MAP kinase (Kosako et al., 1994). Our previous report showed 
that microinjection of the purified Xenopus MAPKK into 
immature oocytes resulted in rapid activation of endogenous 
MAP kinase (Matsuda et al., 1992). Thus, it is suggested that 
MAPKK, originally identified by its ability to activate MAP 
kinase in vitro, is the only direct activator of MAP kinase in 
Xenopus oocytes in vivo. Since there exist several putative 
MAPKK kinases (Raf-1, Mos and MEKK), MAPKK may 
function at a convergent point in various signaling pathways 
resulting in activation of MAP kinase (see Fig. 1).

The inhibition of activation of the MAP kinase cascade by 
microinjecting immature oocytes with the neutralizing 
antibody against MAPKK blocked the progesterone- or Mos- 
induced activation of MPF, as judged by inhibition of both 
GVBD and histone HI kinase activation (Kosako et al., 1994). 
This suggests that the MAP kinase cascade plays a critical role 
in MPF activation during oocyte maturation and that there 
exists a signal transduction pathway consisting of Mos, 
MAPKK, MAP kinase and MPF (Fig. 2). The activated MAP 
kinase in this pathway may directly or indirectly regulate some 
proteins controlling MPF activity, such as cdc25, weel and 
CAK (reviewed by Solomon, 1993). However, whether MAP 
kinase activation is sufficient for MPF activation is unknown. 
It is possible that the MAP kinase cascade-independent 
pathways are also required for progesterone-induced MPF 
activation. It has been reported that p70s6k, which is shown to 
be activated by mitogenic stimulation independently of the 
MAP kinase cascade in mammalian cultured cells (Ballou et

al., 1991), is rapidly activated by progesterone treatment in 
Xenopus oocytes (Lane et al., 1992). Other signaling pathways, 
such as inactivation of cAMP-dependent protein kinase, may 
also be necessary for progesterone-induced MPF activation 
(Daar et al., 1993).

We showed previously that purified MPF can activate 
MAPKK and MAP kinase when microinjected into immature 
oocytes or added to cell-free extracts prepared from interphase 
eggs (Gotoh et al., 1991b; Matsuda et al., 1992). Therefore, it 
is supposed that the MAPKK/MAP kinase cascade and MPF 
form a positive feedback loop (Fig. 2). This might explain the 
synchronous activation of MAP kinase and MPF during prog
esterone-induced oocyte maturation (Nebreda and Hunt, 1993).

Function of the MAP kinase cascade in CSF arrest
Mos, one of the MAPKK kinases, functions not only as an 
initiator of oocyte maturation but also as a component of cyto
static factor (CSF) that causes the natural arrest of unfertilized 
eggs in second meiotic metaphase (metaphase II arrest; Sagata 
et al., 1988, 1989). Recently, Haccard et al. (1993) reported 
that microinjection of thiophosphorylated MAP kinase (thio- 
phosphorylated proteins are generally resistant to dephospho
rylation by protein phosphatases) into one blastomere of a two
cell embryo induced metaphase arrest similar to that induced 
by Mos. This assay is the only index of CSF activity, and their 
result reveals that active MAP kinase is sufficient for 
metaphase arrest in Xenopus fertilized eggs. It is suggested that 
active MAP kinase in mature oocytes (unfertilized eggs) 
functions, downstream of Mos, to induce metaphase II arrest 
(Fig. 3). Interestingly, MAP kinase is deactivated before 
GVBD in clam oocytes that are not arrested at metaphase II 
(Shibuya et al., 1992a). We have shown by using the neutral
izing antibody against MAPKK that the CSF activity of Mos 
is mediated by the MAP kinase cascade (H. Kosako, Y. Gotoh 
and E. Nishida, unpublished). Microinjection of bacterially 
expressed Mos protein into one blastomere of a two-cell 
embryo induced metaphase arrest as had been reported by Yew 
et al. (1992), but coinjection of Mos and the neutralizing 
antibody prevented the Mos-induced metaphase arrest. The 
previous report that Ras has CSF activity (Daar et al., 1991) 
may also be explained by Ras-induced activation of the MAP 
kinase cascade (Hattori et al., 1992; Itoh et al., 1993; Leevers 
and Marshall, 1992; Shibuya et al., 1992b; Fig. 3). Thus, the 
MAP kinase cascade is thought to play a pivotal role in both 
initiating oocyte maturation by hormonal stimulation and 
maintaining metaphase arrest in mature oocytes (Figs 2 and 3). 
The mechanism by which the same kinase cascade induces 
apparently different cellular responses is unclear, but MAP 
kinase may regulate, directly or indirectly, a factor(s) involved 
in both activation and stabilization of MPF.
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PROSPECTS

In vertebrates, the MAP kinase cascade is activated down
stream of several proto-oncogene products in various intracel
lular signal transduction pathways, but its significance for 
cellular function was unclear. The study utilizing the neutral
izing antibody against Xenopus MAPKK has shown the phys
iological significance of the MAP kinase cascade in Xenopus 
oocyte maturation. However, target proteins of MAP kinase
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Fig. 3. A model for signal transduction pathways inducing 
metaphase arrest. This model proposes that the CSF activity o f Mos 
is mediated by the MAP kinase cascade. The CSF activity of Ras 
may also be mediated by this kinase cascade probably through Raf-1, 
another MAPKK kinase.

during the oocyte maturation process have not been identified 
fully. It has been reported that MAP kinase phosphorylates a 
downstream kinase (p90rsk or S6 kinase II; Sturgill et al., 1988) 
and a microtubule-associated protein (p220; Shiina et al., 1992) 
present in Xenopus oocytes. Elucidation of a catalog of MAP 
kinase substrates and their function will increase our under
standing of the function of the MAP kinase cascade not only 
in oocyte maturation but also in other cellular processes.

This work was supported by grants-in-aid from the Ministry of 
Education, Science and Culture of Japan, the Asahi Glass Foundation 
and the Toray Science Foundation.

REFERENCES

Anderson, N. G., M ailer, J. L., Tonks, N. K. and Sturgill, T. W. (1990). 
Requirement for integration of signals from two distinct phosphorylation 
pathways for activation of MAP kinase. Nature 343, 651-653.

Ashworth, A., Nakielny, S., Cohen, P. and M arshall, C. (1992). The amino 
acid sequence of a mammalian MAP kinase kinase. Oncogene 7 , 2555-2556. 

Ballou, L. M., Luther, H. and Thomas, G. (1991). MAP2 kinase and 70K S6 
kinase lie on distinct signalling pathways. Nature 349, 348-350.

Cobb, M. H., Boulton, T. G. and Robbins, D. J . (1991). Extracellular signal
regulated kinases: ERKs in progress. Cell Regul. 2,965-978.

Crews, C. M., Alessandrini, A. and Erikson, R. L. (1992). The primary 
structure of MEK, a protein kinase that phosphorylates the ERK gene 
product. Science 258, 478-480.

Crews, C. M. and Erikson, R. L. (1992). Purification of a murine protein- 
tyrosine/threonine kinase that phosphorylates and activates the Erk-l gene 
product: Relationship to the fission yeast byrl gene product. Proc. Nat. Acad. 
Sci. USA 89, 8205-8209.

D aar, I., Nebreda, A. R., Yew, N., Sass, P., Paules, R., Santos, E., Wigler, 
M. and Vande Woude, G. F. (1991). The ras oncoprotein and M-phase 
activity. Science 253,74-76.

D aar, I., Yew, N. and Vande Woude, G. F. (1993). Inhibition of mas-induced 
oocyte maturation by protein kinase A. J. Cell Biol. 120, 1197-1202.

Dent, P., Haser, W., Haystead, T. A. J ., Vincent, L. A., Roberts, T. M. and 
Sturgill, T. W. (1992). Activation of mitogen-activated protein kinase 
kinase by v-Raf in NIH 3T3 cells and in vitro. Science 257, 1404-1407. 

Deshpande, A. K. and Kung, H.-F. (1987). Insulin induction of Xenopus 
laevis oocyte maturation is inhibited by monoclonal antibody against p21 ras 
proteins. Mol. Cell. Biol. 7 , 1285-1288.

Errede, B. and Levin, D. E. (1993). A conserved kinase cascade for MAP 
kinase activation in yeast. Curr. Opin. Cell Biol. 5, 254-260.

Fabian, J . R., M orrison, D. K. and D aar, I. O. (1993). Requirement for Raf 
and MAP kinase function during the meiotic maturation of Xenopus oocytes. 
J. Cell Biol. 122,645-652.

Ferrell, J . E., Wu, M., G erhart, J . C. and M artin, G. S. (1991). Cell cycle 
tyrosine phosphorylation of p34cdc2 and a microtubule-associated protein 
kinase homolog in Xenopus oocytes and eggs. Mol. Cell. Biol. 11, 1965
1971.

Gomez, N. and Cohen, P. (1991). Dissection of the protein kinase cascade by 
which nerve growth factor activates MAP kinases. Nature 353, 170-173.

Gotoh, Y., Nishida, E., M atsuda, S., Shiina, N., Kosako, H., Shiokawa, K., 
Akiyama, T., Ohta, K. and Sakai, H. (1991a). In vitro effects on 
microtubule dynamics of purified Xenopus M phase-activated MAP kinase. 
Nature 349, 251-254.

Gotoh, Y., Moriyama, K., M atsuda, S., Okum ura, E., Kishimoto, T., 
Kawasaki, H., Suzuki, K., Y ahara, I., Sakai, H. and Nishida, E. (1991b). 
Xenopus M phase MAP kinase: isolation of its cDNA and activation by MPF. 
EMBOJ. 10, 2661-2668.

Gotoh, Y., M atsuda, S., Takenaka, K., Hattori, S., Iwamatsu, A., Ishikawa, 
M., Kosako, H. and Nishida, E. (1994). Characterization of recombinant 
Xenopus MAP kinase kinases mutated at potential phosphorylation sites. 
Oncogene 9, 1891-1898.

H accard, O., Sarcevic, B., Lewellyn, A., Hartley, R., Roy, L., Izumi, T., 
Erikson, E. and Mailer, J. L. (1993). Induction of metaphase arrest in 
cleaving Xenopus embryos by MAP kinase. Science 262, 1262-1265.

H attori, S., Fukuda, M., Yamashita, T., Nakam ura, S., Gotoh, Y. and 
Nishida, E. (1992). Activation of mitogen-activated protein kinase and its 
activator by ras in intact cells and in a cell-free system. J. Biol. Chem. 267, 
20346-20351.

Howe, L. R., Leevers, S. J., Gomez, N., Nakielny, S., Cohen, P. and 
M arshall, C. J . (1992). Activation of the MAP kinase pathway by the 
protein kinase raf. Cell 71, 335-342.

Itoh, T., Kaibuchi, K., Masuda, T., Yamamoto, T., M atsuura, Y., M aeda, 
A., Shimizu, K. and Takai, Y. (1993). A protein factor for ras p21- 
dependent activation of mitogen-activated protein (MAP) kinase through 
MAP kinase kinase. Proc. Nat. Acad. Sci. USA 90, 975-979.

Kosako, H., Gotoh, Y., M atsuda, S., Ishikawa, M. and Nishida, E. (1992). 
Xenopus MAP kinase activator is a serine/threonine/tyrosine kinase activated 
by threonine phosphorylation. EMBO J. 11, 2903-2908.

Kosako, H., Nishida, E. and Gotoh, Y. (1993). cDNA cloning of MAP kinase 
kinase reveals kinase cascade pathways in yeasts to vertebrates. EMBO J. 12, 
787-794.

Kosako, H., Gotoh, Y. and Nishida, E. (1994). Requirement for the MAP
kinase kinase/MAP kinase cascade in Xenopus oocyte maturation. EMBO J. 
13,2131-2138.

Kyriakis, J. M., App, H., Zhang, Z.-F., Banerjee, P., Brautigan, D. L., 
Rapp, U. and Avruch, J . (1992). Raf-1 activates MAP kinase-kinase. 
Nature 358, 417-421.

Lane, H. A., Morley, S. J., Doree, M., Kozma, S. C. and Thomas, G. (1992). 
Identification and early activation of a Xenopus laevis p70s1® following 
progesterone-induced meiotic maturation. EMBOJ. 11, 1743-1749.

Lange-Carter, C. A., Pleiman, C. M., G ardner, A. M., Blumer, K. J . and 
Johnson, G. L. (1993). A divergence in the MAP kinase regulatory network 
defined by MEK kinase and Raf. Science 260, 315-319.

Leevers, S. J. and M arshall, C. J . (1992). Activation of extracellular signal
regulated kinase, ERK2, by p21raj oncoprotein. EMBO J. 11, 569-574.

Lohka, M. J. (1989). Mitotic control by metaphase-promoting factor and cdc 
proteins. J. Cell Sci. 92, 131-135.

M ailer, J . L. (1991). Mitotic control. Curr. Opin. Cell Biol. 3 , 269-275.
M atsuda, S., Kosako, H., Takenaka, K., Moriyama, K., Sakai, H., 

Akiyama, T., Gotoh, Y. and Nishida, E. (1992). Xenopus MAP kinase 
activator: identification and function as a key intermediate in the 
phosphorylation cascade. EMBO J. 11, 973-982.

M atsuda, S., Gotoh, Y. and Nishida, E. (1993). Phosphorylation of Xenopus 
mitogen-activated protein (MAP) kinase kinase by MAP kinase kinase 
kinase and MAP kinase. J. Biol. Chem. 268 , 3277-3281.

Moodie, S. A., Wiliumsen, B. M., W eber, M. J. and Wolfman, A. (1993). 
Complexes of Ras*GTP with Raf-1 and mitogen-activated protein kinase 
kinase. Science 260, 1658-1661.

Muslin, A. J., MacNicol, A. M. and Williams, L. T. (1993). Raf-1 protein 
kinase is important for progesterone-induced Xenopus oocyte maturation and 
acts downstream of mos. Mol. Cell. Biol. 13, 4197-4202.

Nakielny, S., Cohen, P., Wu, J. and Sturgill, T. (1992a). MAP kinase

undefined
p90 rsk

undefined
under- standing

undefined
ACKNOWLEDGEMENTS

undefined
JOCES_ 1994_ S18_ 0115C1 journal

undefined
G. ,

undefined
L. ,

undefined
343,651–

undefined
JOCES_ 1994_ S18_ 0115C2 journal

undefined
A. ,

undefined
S. ,

undefined
7,2555–

undefined
JOCES_ 1994_ S18_ 0115C3 journal

undefined
M. , Luther,

undefined
348–

undefined
JOCES_ 1994_ S18_ 0115C4 journal

undefined
H. ,

undefined
signal- regulated

undefined
2,965–

undefined
JOCES_ 1994_ S18_ 0115C5 journal

undefined
M. ,

undefined
258,478–

undefined
JOCES_ 1994_ S18_ 0115C6 journal

undefined
1

undefined
8205–

undefined
JOCES_ 1994_ S18_ 0115C7 journal

undefined
I. ,

undefined
R. ,

undefined
N. ,

undefined
P. ,

undefined
R. ,

undefined
E. ,

undefined
M ,

undefined
253,74–

undefined
JOCES_ 1994_ S18_ 0115C8 journal

undefined
I. ,

undefined
mos-

undefined
1197–

undefined
JOCES_ 1994_ S18_ 0115C9 journal

undefined
P. ,

undefined
W. ,

undefined
J. ,

undefined
A. ,

undefined
mitogen-activated

undefined
257,1404–

undefined
JOCES_ 1994_ S18_ 0115C10 journal

undefined
1285–

undefined
JOCES_ 1994_ S18_ 0115C11 journal

undefined
5,254–

undefined
JOCES_ 1994_ S18_ 0115C12 journal

undefined
R. ,

undefined
Daar, L

undefined
122,645–

undefined
JOCES_ 1994_ S18_ 0115C13 journal

undefined
E. ,

undefined
M. ,

undefined
p34 cdc2

undefined
1965– 1971. JOCES_ 1994_ S18_ 0115C14 journal

undefined
170–

undefined
JOCES_ 1994_ S18_ 0115C15 journal

undefined
Y. ,

undefined
E. ,

undefined
S. ,

undefined
N. ,

undefined
H. ,

undefined
K. ,

undefined
T. ,

undefined
phase-activated

undefined
251–

undefined
JOCES_ 1994_ S18_ 0115C16 journal

undefined
Y. ,

undefined
K. ,

undefined
S. ,

undefined
E. ,

undefined
T. ,

undefined
H. ,

undefined
K. , Yahara, L ,

undefined
EMBO J. 10,2661–

undefined
JOCES_ 1994_ S18_ 0115C17 other

undefined
Y. ,

undefined
S. ,

undefined
K. ,

undefined
S. ,

undefined
A. ,

undefined
M. ,

undefined
Oncogene?, 1891–

undefined
JOCES_ 1994_ S18_ 0115C18 journal

undefined
O. ,

undefined
B. ,

undefined
A. ,

undefined
R. ,

undefined
L. ,

undefined
T. ,

undefined
1262–

undefined
JOCES_ 1994_ S18_ 0115C19 journal

undefined
S. ,

undefined
M. ,

undefined
T. ,

undefined
S. ,

undefined
20346–

undefined
JOCES_ 1994_ S18_ 0115C20 journal

undefined
R. ,

undefined
J. ,

undefined
N. ,

undefined
S. ,

undefined
335–

undefined
JOCES_ 1994_ S18_ 0115C21 journal

undefined
T. ,

undefined
K. ,

undefined
T. ,

undefined
T. ,

undefined
Y. ,

undefined
A. ,

undefined
975–

undefined
JOCES_ 1994_ S18_ 0115C22 journal

undefined
H. ,

undefined
Y. ,

undefined
S. ,

undefined
2903–

undefined
JOCES_ 1994_ S18_ 0115C23 journal

undefined
H. ,

undefined
787–

undefined
JOCES_ 1994_ S18_ 0115C24 journal

undefined
H. ,

undefined
13,2131–

undefined
JOCES_ 1994_ S18_ 0115C25 journal

undefined
M. ,

undefined
H. ,

undefined
F. ,

undefined
P. ,

undefined
L. ,

undefined
358,417–

undefined
JOCES_ 1994_ S18_ 0115C26 journal

undefined
A. ,

undefined
J. ,

undefined
M. ,

undefined
pl( y 6k

undefined
EMBO J.

undefined
1743–

undefined
JOCES_ 1994_ S18_ 0115C27 journal

undefined
A. ,

undefined
M. ,

undefined
M. ,

undefined
315–

undefined
JOCES_ 1994_ S18_ 0115C28 journal

undefined
signal- regulated

undefined
p21ras

undefined
11,569–

undefined
JOCES_ 1994_ S18_ 0115C29 journal

undefined
131–

undefined
JOCES_ 1994_ S18_ 0115C30 journal

undefined
269–

undefined
JOCES_ 1994_ S18_ 0115C31 journal

undefined
S. ,

undefined
H. ,

undefined
K. ,

undefined
K. ,

undefined
H. ,

undefined
T. ,

undefined
11,973–

undefined
JOCES_ 1994_ S18_ 0115C32 journal

undefined
S. ,

undefined
3277–

undefined
JOCES_ 1994_ S18_ 0115C33 journal

undefined
A. ,

undefined
M. ,

undefined
Ras’GTP

undefined
mitogen-activated

undefined
1658–

undefined
JOCES_ 1994_ S18_ 0115C34 journal

undefined
J. ,

undefined
progesterone-induced

undefined
13,4197–

undefined
JOCES_ 1994_ S18_ 0115C35 journal

undefined
S. ,

undefined
P. ,

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined



MAP kinase cascade in Xenopus oocytes 119
activator from insulin-stimulated skeletal muscle is a protein 
threonine/tyrosine kinase. EMBOJ. 11, 2123-2129.

Nakielny, S., Campbell, D. G. and Cohen, P. (1992b). MAP kinase kinase 
from rabbit skeletal muscle. FEBS Lett. 308, 183-189.

Nebreda, A. R., Hill, C., Gomez, N., Cohen, P. and Hunt, T. (1993). The 
protein kinase mos activates MAP kinase kinase in vitro and stimulates the 
MAP kinase pathway in mammalian somatic cells in vivo. FEBS Lett. 333, 
183-187.

Nebreda, A. R. and Hunt, T. (1993). The c-mos proto-oncogene protein 
kinase turns on and maintains the activity of MAP kinase, but not MPF, in 
cell-free extracts of Xenopus oocytes and eggs. EMBO J. 12, 1979-1986.

Nebreda, A. R. (1994). Inactivation of MAP kinases. Trends Biochem. Sci. 19, 
1- 2 .

Nishida, E. and Gotoh, Y. (1992). Mitogen-activated protein kinase and 
cytoskeleton in mitogenic signal transduction. Int. Rev. Cytol. 138, 211-238.

Nishida, E. and Gotoh, Y. (1993). The MAP kinase cascade is essential for 
diverse signal transduction pathways. Trends Biochem. Sci. 18, 128-131.

Nurse, P. (1990). Universal control mechanism regulating onset of M-phase. 
Nature 344, 503-508.

Payne, D. M., Rossomando, A. J., M artino, P., Erickson, A. K., Her, J.-H., 
Shabanowitz, J., H unt, D. F., W eber, M. J. and Sturgill, T. W. (1991). 
Identification of the regulatory phosphorylation sites in pp42/mitogen- 
activated protein kinase (MAP kinase). EMBO J. 10, 885-892.

Pelech, S. L. and Sanghera, J . S. (1992). Mitogen-activated protein kinases: 
versatile transducers for cell signaling. Trends Biochem. Sci. 17, 233-238.

Posada, J., Sanghera, J., Pelech, S., Aebersold, R. and Cooper, J . A. (1991). 
Tyrosine phosphorylation and activation of homologous protein kinases 
during oocyte maturation and mitogenic activation of fibroblasts. Mol. Cell. 
Biol. 11, 2517-2528.

Posada, J., Yew, N., Ahn, N. G., Vande Woude, G. F. and Cooper, J . A. 
(1993). Mos stimulates MAP kinase in Xenopus oocytes and activates a MAP 
kinase kinase in vitro. Mol. Cell. Biol. 13, 2546-2553.

Ruderman, J . V. (1993). MAP kinase and the activation of quiescent cells. 
Curr. Opin. Cell Biol. 5, 207-213.

Sagata, N., Oskarsson, M., Copeland, T., Brum baugh, J. and Vande 
Woude, G. F. (1988). Function of c-mos proto-oncogene product in meiotic 
maturation in Xenopus oocytes. Nature 335, 519-525.

Sagata, N., W atanabe, N., Vande Woude, G. F. and Ikawa, Y. (1989). The c
mos proto-oncogene product is a cytostatic factor responsible for meiotic 
arrest in vertebrate eggs. Nature 342,512-518.

Sarcevic, B., Erikson, E. and Mailer, J. L. (1993). Purification and 
characterization of a mitogen-activated protein kinase tyrosine phosphatase 
from Xenopus eggs. J. Biol. Chem. 268, 25075-25083.

Seger, R., Ahn, N. G., Posada, J., M unar, E. S., Jensen, A.M ., Cooper, J . A., 
Cobb, M. H. and Krebs, E. G. (1992a). Purification and characterization of 
mitogen-activated protein kinase activator(s) from epidermal growth factor- 
stimulated A431 cells. J. Biol. Chem. 267, 14373-14381.

Seger, R., Seger, D., Lozeman, F. J., Ahn, N. G., Graves, L. M., Campbell, 
J . S., Ericsson, L., Harrylock, M., Jensen, A. M. and Krebs, E. G.
(1992b). Human T-cell mitogen-activated protein kinase kinases are related 
to yeast signal transduction kinases. J. Biol. Chem. 267, 25628-25631. 

Shibuya, E. K., Boulton, T. G., Cobb, M. H. and Ruderm an, J . V. (1992a). 
Activation of p42 MAP kinase and the release of oocytes from cell cycle 
arrest. EMBOJ. 11, 3963-3975.

Shibuya, E. K., Polverino, A. J., Chang, E., Wigler, M. and Ruderman, J. 
V. (1992b). Oncogenic Ras triggers the activation of 42-kDa mitogen- 
activated protein kinase in extracts of quiescent Xenopus oocytes. Proc. Nat. 
Acad. Sci. USA 89, 9831-9835.

Shiina, N., Moriguchi, T., Ohta, K., Gotoh, Y. and Nishida, E. (1992). 
Regulation of a major microtubule-associated protein by MPF and MAP 
kinase. EMBO J. 11, 3977-3984.

Shirakabe, K., Gotoh, Y. and Nishida, E. (1992). A mitogen-activated 
protein (MAP) kinase activating factor in mammalian mitogen-stimulated 
cells is homologous to Xenopus M phase MAP kinase activator. J. Biol. 
Chem. 267 , 16685-16690.

Solomon, M. J. (1993). Activation of the various cyclin/cdc2 protein kinases.
Curr. Opin. Cell Biol. 5 , 180-186.

Sturgill, T. W., Ray, L. B., Erikson, E. and Maller, J. L. (1988). Insulin- 
stimulated MAP-2 kinase phosphorylates and activates ribosomal protein S6 
kinase II. Nature 334, 715-718.

Sun, H., Charles, C. H., Lau, L. F. and Tonks, N. K. (1993). MKP-1 
(3CH134), an immediate early gene product, is a dual specificity phosphatase 
that dephosphorylates MAP kinase in vivo. Cell 75,487-493.

Thomas, G. (1992). MAP kinase by any other name smells just as sweet. Cell 
68, 3-6.

Tsuda, L., Inoue, Y. H., Yoo, M.-A., Mizuno, M., Hata, M., Lim, Y.-M., 
Adachi-Yamada, T., Ryo, H., Masamune, Y. and Nishida, Y. (1993). A 
protein kinase similar to MAP kinase activator acts downstream of the Raf 
kinase in Drosophila. Cell 72,407-414.

Van Aelst, L., B arr, M., M arcus, S., Polverino, A. and Wigler, M. (1993). 
Complex formation between RAS and RAF and other protein kinases. Proc. 
Nat. Acad. Sci. USA 90, 6213-6217.

Vojtek, A. B., Hollenberg, S. M. and Cooper, J. A. (1993). Mammalian Ras 
interacts directly with the serine/threonine kinase Raf. Cell 74, 205-214.

Wu, J., Harrison, J. K., Vincent, L. A., Haystead, C., Haystead, T., Michel, 
H., Hunt, D., Lynch, K. R. and Sturgill, T. W. (1993). Molecular structure of 
a protein-tyrosine/threonine kinase activating p42 mitogen-activated protein 
(MAP) kinase: MAP kinase kinase. Proc. Nat. Acad. Sci. USA 90, 173-177. 

Yew, N., Mellini, M. L. and Vande Woude, G. F. (1992). Meiotic initiation by 
the mos protein in Xenopus. Nature 355, 649-652.

Zhang, X.-F., Settleman, J., Kyriakis, J . M., Takeuchi-Suzuki, E., Elledge, 
S. J., M arshall, M. S., Bruder, J . T., Rapp, U. R. and Avruch, J . (1993). 
Normal and oncogenic p21ras proteins bind to the amino-terminal regulatory 
domain of c-Raf-1. Nature 364, 308-313.

undefined
EMBO J.

undefined
2123–

undefined
JOCES_ 1994_ S18_ 0115C36 journal

undefined
S. ,

undefined
183–

undefined
JOCES_ 1994_ S18_ 0115C37 journal

undefined
R. ,

undefined
C. ,

undefined
N. ,

undefined
183–

undefined
JOCES_ 1994_ S18_ 0115C38 journal

undefined
c-mos

undefined
12,1979–

undefined
JOCES_ 1994_ S18_ 0115C39 journal

undefined
1–

undefined
JOCES_ 1994_ S18_ 0115C40 journal

undefined
Mitogen-activated

undefined
138,211–

undefined
JOCES_ 1994_ S18_ 0115C41 journal

undefined
128–

undefined
JOCES_ 1994_ S18_ 0115C42 journal

undefined
503–

undefined
JOCES_ 1994_ S18_ 0115C43 journal

undefined
M. ,

undefined
J. ,

undefined
P. ,

undefined
K. ,

undefined
H. ,

undefined
J. ,

undefined
F. ,

undefined
mitogen- activated

undefined
885–

undefined
JOCES_ 1994_ S18_ 0115C44 journal

undefined
233–

undefined
JOCES_ 1994_ S18_ 0115C45 journal

undefined
J. ,

undefined
J. ,

undefined
S. ,

undefined
11,2517–

undefined
JOCES_ 1994_ S18_ 0115C46 journal

undefined
J. ,

undefined
N. ,

undefined
G. ,

undefined
2546–

undefined
JOCES_ 1994_ S18_ 0115C47 journal

undefined
207–

undefined
JOCES_ 1994_ S18_ 0115C48 journal

undefined
N. ,

undefined
M. ,

undefined
T. ,

undefined
519–

undefined
JOCES_ 1994_ S18_ 0115C49 journal

undefined
N. ,

undefined
N. ,

undefined
c- mos

undefined
342,512–

undefined
JOCES_ 1994_ S18_ 0115C50 journal

undefined
B. ,

undefined
268,25075–

undefined
JOCES_ 1994_ S18_ 0115C51 journal

undefined
R. ,

undefined
G. ,

undefined
J. ,

undefined
S. ,

undefined
M. ,

undefined
A. ,

undefined
267,14373–

undefined
JOCES_ 1994_ S18_ 0115C52 journal

undefined
R. ,

undefined
D. ,

undefined
J. ,

undefined
G. ,

undefined
M. ,

undefined
S. ,

undefined
L. ,

undefined
M. ,

undefined
T-cell

undefined
25628–

undefined
JOCES_ 1994_ S18_ 0115C53 journal

undefined
K. ,

undefined
G. ,

undefined
EMBO J.

undefined
3963–

undefined
JOCES_ 1994_ S18_ 0115C54 journal

undefined
K. ,

undefined
J. ,

undefined
E. ,

undefined
mitogen- activated

undefined
89,9831–

undefined
JOCES_ 1994_ S18_ 0115C55 journal

undefined
N. ,

undefined
T. ,

undefined
K. ,

undefined
microtubule-associated

undefined
3977–

undefined
JOCES_ 1994_ S18_ 0115C56 journal

undefined
K. ,

undefined
16685–

undefined
JOCES_ 1994_ S18_ 0115C57 journal

undefined
180–

undefined
JOCES_ 1994_ S18_ 0115C58 journal

undefined
W. ,

undefined
B. ,

undefined
Mailer,

undefined
Insulin- stimulated

undefined
715–

undefined
JOCES_ 1994_ S18_ 0115C59 journal

undefined
H. ,

undefined
H. ,

undefined
75,487–

undefined
JOCES_ 1994_ S18_ 0115C60 journal

undefined
3–

undefined
JOCES_ 1994_ S18_ 0115C61 journal

undefined
L. ,

undefined
H. ,

undefined
A. ,

undefined
M. ,

undefined
M. ,

undefined
M. ,

undefined
T. ,

undefined
H. ,

undefined
72,407–

undefined
JOCES_ 1994_ S18_ 0115C62 journal

undefined
L. ,

undefined
M. ,

undefined
S. ,

undefined
M ,

undefined
6213–

undefined
JOCES_ 1994_ S18_ 0115C63 journal

undefined
B. ,

undefined
74,205–

undefined
JOCES_ 1994_ S18_ 0115C64 journal

undefined
J. ,

undefined
K. ,

undefined
A. ,

undefined
C. ,

undefined
T. ,

undefined
H. ,

undefined
D. ,

undefined
protein-tyrosine/

undefined
90,173–

undefined
JOCES_ 1994_ S18_ 0115C65 journal

undefined
N. ,

undefined
649–

undefined
JOCES_ 1994_ S18_ 0115C66 journal

undefined
F. ,

undefined
J. ,

undefined
M. ,

undefined
E. ,

undefined
J. ,

undefined
S. ,

undefined
T. , Rapp,

undefined
p21 ras

undefined
308–

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined




