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rest. Rsk-2 is required for Mos-MEK-1-p42 
MAPK-induced suppression of Cdc2 inactiva- 
tion and also for suppression of mitotic exit 
subsequent to Cdc2 inactivation. As shown in 
the accompanying report (26), an activated 
form of Rsk-1 is capable of causing a CSF 
arrest; thus, Rsk activation appears to be both 
necessary and sufficient for CSF arrest. Rsk 
proteins are therefore critical targets of p42 
MAPK in the regulation of cell cycle progres- 
sion and the development of fertilizable eggs. 
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Induction of Metaphase Arrest 
in Cleaving Xenopus Embryos 
by the Protein Kinase p90 Rsk 

Stefan D. Gross, Markus S. Schwab, Andrea L. Lewellyn, James L. Maller* 

Before fertilization, vertebrate eggs are arrested in metaphase of meiosis II by 
cytostatic factor (CSF), an activity that requires activation of the mitogen- 
activated protein kinase (MAPK) pathway. To investigate whether CSF arrest is 
mediated by the protein kinase p9ORSk, which is phosphorylated and activated 
by MAPK, a constitutively activated (CA) form of Rsk was expressed in Xenopus 
embryos. Expression of CA Rsk resulted in cleavage arrest, and cytological 
analysis showed that arrested blastomeres were in M phase with prominent 
spindles characteristic of meiotic metaphase. Thus, Rsk appears to be the 
mediator of MAPK-dependent CSF arrest in vertebrate unfertilized eggs. 

The unfertilized eggs of most vertebrates are 
naturally arrested at metaphase of meiosis 11. 
Upon fertilization, an increase in free calcium 
activates the anaphase-promoting complex, 
which drives exit from mitosis and entry into 
the first embryonic cell cycle. The enzymatic 
activity that causes metaphase arrest is CSF; 
it appears in meiosis I1 during oocyte matu- 
ration and disappears shortly after fertiliza- 
tion (1). Microinjection of CSF into blas- 
tomeres of cleaving embryos causes arrest in 
metaphase of the next cell cycle (CSF arrest). 

CSF has not been purified, and therefore its 
molecular composition is unknown. However, 
the MAPK pathway is required for the genera- 
tion of CSF activity. The c-mos proto-oncogene 
product (Mos), which is a MAPK kinase ki- 
nase, is synthesized during meiosis in Xenopus 
and mice, and its expression is sufficient to 
produce CSF arrest in injected blastomeres (2, 
3). CSF arrest can also be induced by a thiophos- 
phorylated, phosphatase-resistant form of 
MAPK (4). 

In Xenopus eggs and other systems, the 90- 
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kD ribosomal protein S6 kinase (p90hk) is di- 
rectly phosphorylated and activated by MAPK 
(5); during oocyte maturation, activation of 
p90R" closely parallels that of MAPK, and both 
enzymes are dephosphorylated and deactivated 
after fertilization, when CSF activity also disap- 
pears (3, 6). Cloning of p90hk in Xenopus and 
mammalian systems revealed a structure with 
two distinct kinase domains (7). Three different 
isoforms of p90hk, termed Rskl, Rsk2, and 
Rsk3, are present in mammalian cells, and all 
have the same basic two-domain structure (7, 8). 
Activation of p90r" requires phosphorylation at 
two specific sites (TP7O and SeP62) by MAPK 
and autophosphorylation at a specific site 
( S ~ I ~ ~ ' )  by the COOH-terminal kinase domain 
(Fig. 1A) (9). Activity also requires phosphoryl- 
ation by an unidentified kinase of a site in the 
middle of the activation loop of the NH2-termi- 
nal kinase domain (SerZ2O) (9). 

To evaluate a possible role for p90R" in 
mediating CSF arrest, we generated a constitu- 
tively active form of the enzyme. Inasmuch as 
the phosphorylation of exogenous substrates by 
p90hk is mediated by the NH2-terminal kinase 
domain (lo), we generated a construct in which 
the COOH-terminal domain was deleted com- 
pletely with or without a truncation of the NH2- 
terminal domain similar to that which causes 
constitutive activation of MAPK kinase (11, 
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12). To evaluate their activation in vivo, we 
injected mRNAs encoding FLAG-tagged ver- 
sions of these two constructs or the wild-type 
full-length enzyme (Fig. 1A) into resting stage 
VI oocytes. Some of the oocytes were then 
treated with progesterone to cause meiotic mat- 
uration, which activates endogenous Rsk to 
75% of its maximum activity by the time of 
germinal vesicle breakdown (GVBD) (6). Rsk 
proteins were isolated from resting and GVBD 
oocytes with antibody to FLAG coupled to 
agarose beads and assayed for kinase activity in 
vitro (13). The NH,- and COOH-terminally 
truncated enzyme (CA Rsk) was activated by 
progesterone treatment to a specific activity 4 
times that of wild-type Rsk and 12 times that 
of Rsk with only the COOH-terminal trunca- 
tion (ACT Rsk) (Fig. 1B). 

To assess whether MAPK could activate 
Rsk in vitro, we incubated with MAPK the 
FLAG-tagged wild-type protein recovered from 
a resting oocyte (13). MAPK activated the en- 
zyme 70-fold and a SeZ20 + AlaZz0 mutant was 
not activated at all (Fig. 2A). The sequence 
around SeZ2O is very closely related to a phos- 
phorylation site in the ~ 7 0 ~ ~ ~  that is phospho- 
rylated by 3-phosphatidylinositol-dependent ki- 
nase-1 (PDK-1) (14). When recombinant 
PDK-1 was incubated with FLAG-tagged Rsk 
from resting oocytes, activity increased mini- 
mally, by about twofold. However, when both 
PDK-1 and MAPK were incubated with Rsk, 
activity increased nearly 100-fold (Fig. 2). In 
contrast, the presence of both MAPK and 
PDK-1 caused only about a fivefold activation 
of CA Rsk and ACT Rsk, which lack the MAPK 
phosphorylation site at Th6'". Recombinant 
Rsk lacking Se820 was not activated. These 
results indicate that the kinase mediating the 
required phosphorylation at Set2' in Rsk may 
be PDK-1 (9) and this site is highly phospho- 
rylated even in resting oocytes. For a compari- 
son of the activation in vitro with that in vivo, 
oocytes expressing these constructs that had un- 
dergone GVBD were assayed for Rsk activity, 
which was compared to that in resting oocytes 
(Fig. 2B). Rsk was activated 55-fold whereas 
ACT Rsk and CA Rsk were activated almost 
25-fold despite their different specific activities 
(Fig. 1B). The activation of Rsk in vivo at 
GVBD may be less than that in vitro because 
only 50 to 75% of endogenous Rsk is activated 
at GVBD (6). 

Because CA Rsk had achieved a higher 
specific activity than the other Rsk variants in 
oocytes undergoing maturation, we evaluated 
its ability to cause CSF arrest after injection of 
mRNA encoding FLAG-tagged CA Rsk into 
one blastomere of a two-cell embryo (15). In- 
jected blastomeres ceased dividing after two or 
three divisions, whereas the uninjected side 
continued to divide (Fig. 3). Expression of 
P-galactosidase (P-Gal), Rsk, or ACT-Rsk 
did not cause cleavage arrest. The arrest 
caused by CA Rsk was similar to that seen 

A Rsk ACT Rsk CA Rsk 
NH,-terminal kinase domain COOH-lermlnel kinase domain 

= --- 
4or  

I 
ACT Rsk [w l  

Fig. 1. A truncation mutant of p9oRSk1 is hyperactivated in vivo. (A) Primary structure of Xp9ORSk 
and deletion constructs (72). For Rsk, the two kinase domains and known phosphorylation sites (P) 
are indicated. ACT Rsk denotes a construct in which the entire COOH-terminal kinase domain 
(ACT) has been removed. CA Rsk is a construct identical to  ACT except that 44 amino acids at the 
NHz-terminus were also deleted. All constructs have an identical NH,-terminal FLAG tag. (B) 
Hyperactivation of CA Rsk in vivo. Messenger RNAs encoding the FLAG-tagged constructs were 
injected into resting oocytes. After incubation for 18 hours, one group of oocytes was treated with 
progesterone to  induce maturation, and after GVBD, immunoprecipitates of the activated enzymes 
were assessed for kinase activity or blotted with antibodies to  FLAG to  determine the amount of 
expression of each construct (73). Specific activities were calculated by normalizing total kinase 
activity to  densitometric measurements of FLAG immunoreactivity and are shown relative to  the 
activity of Rsk at GVBD. 

Fig. 2. Activation of p90Rsk by A 
MAPK and PDK-1 in vitro or at l o o r  
GVBD. (A) In vitro activation of 
p90RSk1. Messenger RNAs encod- -*O 

ing FLAG-tagged full-length " 
wild-type Rsk, ACT Rsk, CA Rsk, z6' 
or SerZZo + AlaZZo Rsk (Serl 2 40 AlaZZO) were injected into resting - 
oocytes. After incubation for 18 'm hours, FLAG-tagged protein was 
immunoprecipitated and phos- 
phorylated with either MAPK or 

Alone 
FZ + MAPK 
OD + PDKl 
I +MAPK 8 PDKl 

.% 40 

20 

-%%!h%$ Ser/Ala220 O +.@ Q 8 e.$ 
PDK:~, or both, as indicated. 
Subsequently, the immunopre- 

P t?' 
cipitates were washed and assayed for 56 peptide kinase activity (73). To control for differences in 
expression of each construct, we expressed activation as fold activation over activity present in the 
absence of phosphorylation by either MAPK or PDK-1. (B) In vivo activation at GVBD. Messenger 
RNAs encoding the indicated constructs were injected, and Rsk proteins were isolated as immune 
precipitates from resting and GVBD oocytes. Subsequently, kinase assays were performed, and fold 
activation is expressed in relation to  that in resting oocytes. 

after injection of mRNA encoding Mos in 
both timing and appearance (Fig. 3) (2). 

Confocal microscopy of arrested embryos 
stained for DNA and a-tubulin revealed meta- 
phase spindles that exhibited a meiotic-like mor- 
phology in that they lacked prominent asters and 
exhibited the classical "barrel" morphology 
(Fig. 4) (16-18). In some cases, two spindles 
were seen in one large blastomere, perhaps re- 
flecting failure of cytokinesis as previously re- 
ported for Mos overexpression in somatic cells 
(18). The spindles present in blastomeres arrest- 
ed after the injection of Mos mRNA were very 
similar in morphology to those in blastomeres 
injected with CA Rsk (Fig. 4). These results 
indicate that arrested blastomeres are in meta- 
phase and that Rsk may be a mediator of CSF 
activity. 

During meiosis, MAPK is part of a feed- 
back loop that promotes synthesis of Mos, 
thereby strengthening signal transduction 
through the pathway (3, 19). In arrested blas- 
tomeres expressing CA Rsk, Mos was unde- 

tectable, and MAPK and endogenous Rsk 
were not activated, whereas both MAPK and 
Rsk were activated in Mos-expressing blas- 
tomeres (Fig. 5A). This suggests that expres- 
sion of CA Rsk did not induce expression of 
Mos to activate the MAPK pathway and pro- 
duce CSF arrest but rather is the immediate 
downstream component of this pathway me- 
diating the arrest. In CA Rsk- and Mos- 
arrested blastomeres, an increased fraction of 
cyclin B2 was present in a slower migrating 
form, characteristic of M phase (Fig. 5A) (3). 

To compare the level of total Rsk activity 
in embryos expressing @-Gal, Rsk, ACT Rsk, 
CA Rsk, and Mos, we assayed extracts of 
these embryos for total S6 kinase activity in 
vitro. CA Rsk expression resulted in a level 
of Rsk activity equivalent to 50% of that 
caused by the expression of Mos (Fig. 5B). 
Kinase assays of FLAG immunoprecipitates 
from these extracts revealed that only CA 
Rsk produced substantial kinase activity (Fig. 
5C), demonstrating the constitutive activation 
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Fig. 3. Cleavage arrest in blastomeres caused by CA Rsk. One blastomere of a two-cell embryo was 
injected with mRNA encoding either P-Gal, Rsk, ACT Rsk, CA Rsk, or Mos, as indicated (75). 
Development was monitored with a dissecting microscope and photographed when control 
embryos had reached stage 7. Similar results were obtained in six independent experiments. 

Fig. 4. Metaphase spin- 
dles in blastomeres ar- 
rested by CA Rsk or Mos. 
Blastomeres arrested af- 
ter injection of mRNA for 
either CA Rsk or Mos (Fig. 
3) were fixed 5 hours af- 
ter injection and analyzed 
by confocal microscopy 
for spindles as described 
(76). Red indicates a-tubulin, green indicates DNA, and yellow indicates an overlapping signal. Scale 
bar, 10 Fm. 

A RSK MW) 

- 

Fig. 5. CSF arrest induced by CA Rsk without activation of the endogenous MAPK pathway. (A) 
Biochemical analysis of CSF arrest. Both blastomeres of a two-cell embryo were injected with FLAG- 
tagged mRNA encoding P-Gal, Rsk, ACT Rsk, CA Rsk, or Mos, as indicated. Five hours after CSF arrest 
induced by either CA Rsk or Mos, arrested blastomeres were isolated and analyzed for the indicated 
individual components by protein immunoblotting. pMAPK, phosphorylated (active) MAPK; pRsk, Rsk 
phosphorylated on S e P ,  which denotes the activated state of endogenous Rsk (9, 27). (B) Total Rsk 
activity in eggs and embryos. Extracts from embryos expressing P-Gal, Rsk, ACT Rsk, CA Rsk, or Mos as 
in (A) were assayed for 56 peptide kinase activity. (C) 56 peptide kinase activity of FLAG immunopre- 
cipitates from embryos expressing P-Gal, Rsk, ACT Rsk, and CA Rsk. The same extracts as in (B) were also 
immunoprecipitated with antibodies to FLAG coupled to  agarose and assayed for 56 peptide kinase 
activity. 

of CA Rsk in blastomeres. Whether altered 
signaling, changes in localization, or some 
other mechanism accounts for the high CA 
Rsk activity in blastomeres versus that in 
resting oocytes remains to be determined. 

These results indicate that the meiotically 
activated MosMAPK pathway causes CSF 
arrest through the MAPK-dependent activa- 
tion of p9ORSk. Because Rsk expression did 
not activate the endogenous MAPK pathway, 
MAPK requires no other substrate for induc- 
tion of CSF arrest. The importance of Rsk in 
CSF activity is supported by a study by Bhatt 
and Ferrell (20), who show that Rsk is nec- 
essary for expression of CSF activity in egg 
extracts. Our data indicate that CSF arrest is 
not a consequence of direct regulation of the 
spindle assembly checkpoint or the anaphase- 
promoting complex by MAPK. 
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