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A small number of oocytes in the female germline will
ultimately undergo fertilization and successful develop-
ment, but the vast majority will die. The fate of oocytes
in the ovary depends on follicle cells that enclose and
nourish them until their release at ovulation. Follicle cells
provide cytokines, such as IGF-1, that are essential to the
survival of oocytes in culture. They also provide inhibitory
signals that keep oocytes arrested in the cell cycle, for
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We have identified new members (X-PAKs) of the
Ste20/PAK family of protein kinases in Xenopus and
investigated their role in the process that maintains
oocytes arrested in the cell cycle. Microinjection of a
catalytically inactive mutant of X-PAK1 with a K/R
substitution in the ATP binding site, also deleted of its
Nter-half that contains the conserved domains respons-
ible for binding of both Cdc42/Rac GTPases and SH3-
containing proteins, greatly facilitates oocyte release
from G./prophase arrest by progesterone and insulin.
Addition of the same X-PAK1 mutant to cell cycle
extracts from unfertilized eggs induced apoptosis, as
shown by activation of caspases and cytological changes
in in vitro-assembled nuclei. This was suppressed by
adding Bcl-2 or the DEVD peptide inhibitor of caspases,
and rescued by competing the dominant-negative
mutant with its constitutively active X-PAK1 counter-
part. Such results indicate that X-PAK1 (or another
member of the XenopusSte20/PAK family of protein
kinases) is involved in arrest of oocytes at @prophase
and prevention of apoptosis; thus death by apoptosis
and release of healthy oocytes from cell cycle arrest
may be linked. That cell cycle arrest protects oocytes
from apoptosis is consistent with the finding that
extracts from metaphase ll-arrested oocytes are less
sensitive to apoptotic signals than those from activ-
ated eggs.

Keywords apoptosis/cell cycle arrest/meiotic maturation/
oocyte release/X-PAK1

Introduction

follicle is sufficient to induce the previously enclosed
mammalian oocyte to escape arrest at first meiotic prophase
and to undergo meiotic maturatioim vitro (Edwards,
1965). However, oocytes frequently exhibit germinal
vesicle breakdowrin vivo in atretic follicles (Gougeon
and Testart, 1986). When oocytes initiate meiotic matur-
ation under physiological conditions, due to some change
in the balance of systemic regulatory mechanisms, contacts
between follicle cells and the oocyte are disrupted, sup-
pressing the conveyance of both survival and antiprolifer-
ative factors. Besides the well-known relationships
between meiotic maturation and successful fertilization
(reviewed in Masui and Clarke, 1979), there should thus
exist some link between the release from cell cycle arrest
and the death of a majority of oocytes.

How contacts with follicle cells can contribute to the
arrest of oocytes at the Jfprophase boundary of the
meiotic cell cycle has not been thoroughly investigated.
A likely possibility is that these inhibitory contacts may
involve in the oocyte plasma membrane G-protein-coupled
components of the serpentine family of receptor proteins.
Indeed, there is some evidence that heterotrimeric
G-proteins may mediate the effect of hormones, progester-
one and 1-methyladenine, both synthesized within follicle
cells, and responsible for meiosis reinitiation in amphibian
and starfish oocytes respectively, through interaction with
plasma membrane receptors (Chibkal, 1993; Gallo
et al, 1995). On the other hand, hormonal signals that
induce oocyte maturation have been proposed to prime
follicle-cell-enclosed oocytes for apoptosis, and this pro-
vided the rationale for the development of a cell-free
assay to investigate apoptotic mechanismsX&nopus
oocytes (Newmeyeet al., 1994).

Another example of G-protein-associated serpentine

Quiescent cells have been reported to be poorly sensitivereceptor responsible for cell cycle arrest is the pheromone
to apoptosis, while many signals that stimulate prolifer- receptor of budding yeast. In this case, binding of phero-
ation may also induce a cell to enter apoptosis. None themones to receptors releasefydrom the heterotrimeric
less, relationships between cell cycle and apoptosis remaincomplex, and the signalling subunit activates a MAP
poorly understood (for review, see Evanhal.,, 1995) in kinase cascade through the action of Ste20 protein kinase
spite of potential implications for the chemotherapeutic (Lebereret al, 1992). Ste20-like kinases are not unique
treatment of cancers. to yeast: homologues have been discovered in a wide
Oocytes are cells that naturally arrest for long periods variety of mammalian systems. For example, human
of time at G in the ovary, and release of,Grrest has  PAK1 is able to functionally complement Ste20 in yeast
been shown to be associated with apoptosis in some(reviewed in Brownet al., 1996).
somatic cells (Abenckt al, 1996; Sit and Chen, 1997). In the present work, we have identified new members
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of the Ste20/PAK family of protein kinases Kenopus results on the role played by the kinase domain of
oocytes, and investigated their possible role in the processSte20p and its C-terminal tail in pheromone signalling,

that maintains oocytes arrested in the cell cycle. Specific- independently of the Cdc42p binding siteet(Réter
ally, we found that microinjection of a catalytically inactive 1996; Lebereet al., 1997).
mutant of X-PAK1, aXenopusSte20/PAK homologue, Antibodies developed against the specific C-terminal

facilitates escape of progesterone-treated oocytes frompeptide GKQIAKGGH (not conserved in other members
cell cycle arrest. As release of oocytes fromdbrest has

been proposed to prime them for apoptosis, and MAP  oyctgagagegogogacaccttattcttttocagatoctanatatgtocaacaataettt:

kinase families downstream of human PAKs are suggested M SNNAL
to regulate apoptosis (Xiet al., 1995; Zhanget al., 1995; QUtgAL LgRAGACAAQOCCCOgOCtaCACCa b gaggAL CAACAGCACCAEAGIOIITIY
Teramotoet al, 1996; Tibbleset al, 1996). We also VIEDKPPPPPMRINSTIGGG
investigated the possible involvement Xénopushomo- caatacgaacqat tagaattttogonctanacctCtgtotaCGaACCaagaNgAAAAgUA
logues in this process and found that catalytically inactve N T ¥ P WNF G T X P LSTNQEEKE
X-PAK1, acting as a dominant-negative mutant, readily  asagaaaangasanaggex Aac e gaCCgt togagat

. .. K X K D K
induces apoptosis iXenopusegg extracts. KXKKKGQKNNEK ¥FPRLEL

atCcagtoogtttggetat gageatatctatcacataaagat toacceagetacoggags
S S PFGYEHIYHVGIDPATGE

Results atttactggaa

FTGMPNQWARSLKHANISKIt
Identification of Ste20/PAK homologues in .

Xenopus oocytes

Recently, a number of groups have pointed out the growing
importance of MAP kinase cascade regulation by Ste20/ %Wﬁ%wwﬁtg
PAK kinase family members (reviewed in Kyriakis and .
Avruch, 1996). Because of our interest in the regulation ?tﬁtﬁw?ﬂ?ﬁwm?
of oocyte maturation inXenopus we decided to search

for Xenopushomologues of p21-activated kinase. PCRs WWWKWS 1
were performed with degenerate oligonucleotides designed

in the conserved kinase domain. Single-strand cDNAs EW?W??%
prepared from mRNAs from metaphase ll-arrested eggs ABBLgIOACELOagecacy

were used as a template. Several different clones sharing N G T s AT D G A E s s V D KI,XKKP
a strong homology to known PAK proteins were isolated, . : . : : :

tgatmgaagugawccamggcwttc tctacnocbctmc
DQKKNPQAVLELLNTPFYSSET

indicating that XenopusPAKs (X-PAK) are likely to KMTDEEILEKLRSIVSVGDP
belong to a kinase family. Of these clones, three Were  asgmmassatacacaagatttoagasgattogacagamagagtctogoactgtttatat
chosen to screen &gtl0 library from stage 6 oocytes. A KKKYTRFEKIGQGESGTVYTI

full-length clone was isolated using the first probe, and Wmmmmmttﬁm tttgcagcagea
its deduced amino acid sequence encodes fora 524-amino A VDV A TG Q@ EV AL KQMNLOQQOQ
acid protein, which we have named X-PAK1. TWo Other  googaagaaagagttaattatcaacgagatocttgtaatgagggaaaachancacccgaa
full-length sequences encoding for X-PAK2 and X-PAK3 PXKKELIINEBEILVMRENKHEPN
were reconstructed by a combination of screening d@nd 5 cattgtoaattacctggatagttacttogttogggasgagctatoggtogtoatogaata

RACE PCR techniques. X-PAK1, 2 and 3 share overall ¥ VYN YL DS YLV GEELWYVVMEY
identities to human PAK1 (Manset al, 1994) of 71%, tetageaggtagatototeactgatgt tgtoacagaganct gt LgcRAGagIggagat
88% and 41% respectively (data not shown). Inthisreport, “* ¢ ¢S L TDVVTETCLQEGETI
we wish to focus on X-PAK1 characterization. tgoageagtgtaoagagagttet boagaetotggaat LCtacat teaaaccaagtgat

The N-terminal region of X-PAK1 (Figure 1) is likely AAVCRECLOQALEFLHESNQUVI

to be a regulatory domain as it bears both a putative acALCOgIALALtAsgAgOTACEAL AL LCECCEIIITALITACIIOICLILIAAACEGAC
Cdc42/Racl binding site (starting at position 64) and three HRDIKSDNILLGHN ,D crverr
potential SH3 binding sites (starting at positions 162/ ‘g“;“’gwgmw MM?WW
173/194). The C-terminal region contains the XI kinase erTrFEOGRRSTVET
subdomains identified by Hanks and Hunter (1995), as ?MW?W
well as—C-terminal to the catalytic domain—a small

peptide SLTPYI which is conserved in most known PAK ‘;ﬁf%ﬁwfﬁtﬁWﬁwﬁ?

sequences. In this regard, it is interesting to note recent
aaatcc

t:cwaqggmctgtaoct tgctmatggaacbaxgagtw
NPLRALYLIATNGTPELOQQ QTP
Fig. 1. Nucleotide and predicted amino acid sequencX@fiopus

X-PAK1. The underlined N-terminal 22 amino acid sequence W&WEW s Htgg"tg“‘ga
corresponds to the putative Cdc42/Racl binding site, the three dashed

amino acid sequences to potential SH3 binding sites, and the aaagagagt Wmmmm
underlined C-terminal six amino acid sequence to a motif conservedin ¥ R V. S A R D L L Q H P FL X TIAKTPL
most known PAK sequences, the function of which is as yet unknown. GtCAAGCCtEACACOgLALALASL LACAOIAAAQCARAL S

Lys279 (in bold) is located in the putative ATP binding site. The S SLTPYIITGXOQTIAKGG
substitution K/R abolished the kinase activity of X-PAK1. The two - - - -
domains enclosed by arrows show the X-PAK1 N-terminal and GRAGLCACAGIAUACE LCTOUACTACACT LACACCEOC CECEEEEEAE EOOOOCARE
C-terminal domains which are expressed in pMal-p2 vectors. The AtCtocagoct et gggCACCLARCARAEAARACT LA AR TALAAALOCLITLEECAAL
sequence of X-PAK1 has been submitted to DDBJ/EMBL/Genbank

under the accession number AF 000 239. teat
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Fig. 2. Western blot analysis of X-PAKL1 in protein extracts prepared
from Xenopusoocytes through oogenesis (stages 1-2; stage 6;
unfertilized laid eggs) and froriXenopusembryos through early
development (from fertilization to gastrulation). Identical amounts of
proteins (150ug) were separated by SDS—PAGE before Western blot
analysis.
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Fig. 3. Cdc42 and Rac bind to the N-terminal region of X-PAK1. The
N-terminal (residues 2—222) and the C-terminal (residues 229-524)
domains of X-PAK1 were expressed as fusion proteins with Mal-BP.
Samples (1Qug) of Mal-BP, X-PAK1-Cter and X-PAK1-Nter were
separated by SDS—-PAGE, Western-blotted on PVDF membranes and
overlaid with [-3°S]GTP-labelled Cdc42 (left panel) or Rac1 (right
panel): both GTPases bind only to X-PAK-1-Nter.

of the XenopusX-PAK family) allowed us to study
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Fig. 4. Constitutive kinase activity of X-PAK1-Cter. Recombinant
X-PAK1-Cter and X-PAK1-Cter K/R Mal-BP fusion proteins were
tested for their ability to autophosphorylat)(or to phosphorylate
exogenous substrate MBB)(by in-gel kinase assay. Xenopus

extract was incubated at room temperature for 30 min without any
addition (control), with X-PAK1-Cter, or with X-PAK1-Cter K/R. gl

of extract were loaded on SDS—PAGE containing no substrate (A) or
MBP at 0.5 mg/ml (B). After the run, gels were subjected to a cycle
of denaturing and renaturing conditions, then incubated with
[y-32P]ATP, washed, dried and processed for autoradiography.

substitution in the putative ATP binding site was tested
in parallel as a further control. Both autophosphorylation
(Figure 4A) and phosphorylation of the exogenous sub-
strate Myelin Basic Protein (MBP) (Figure 4B) could be
observed after incubation, for 30 min, of X-PAK1-Cter in
a Xenopusextract (Figure 4, right-hand lanes). However,
no signal could be detected when the recombinant constitu-
tive kinase was omitted (left-hand lanes) or replaced by
its K/R mutant (centre lanes), thus confirming that the
K/R mutation abolished the kinase activity, resulting in a
kinase-dead mutant.

the expression of X-PAK1 during early embryogenesis. A catalytically inactive mutant of X-PAK1

Western blot analysis, using purified antibodies, of protein facilitates progesterone-induced meiotic

extracts made from small oocytes (stage | and Il), stage maturation independently of Cdc42/Rac

VI oocytes, eggs and embryos up to the gastrula stageThe small Rho family GTPase Cdc42 has been proposed

(Gerhart, 1980), show that X-PAK1 is present at a compar-

to be an essential signalling element responsible for

able level throughout oogenesis and early embryogenesisactivation of Ste20 in response to stimulation of the

(Figure 2). X-PAK1 migrates as a single band of apparent

mol wt 65 kDa, which co-migrates with thi& vitro-
translated $°S]methionine-labelled X-PAK1 full-length

pheromone seven transmembrane receptor in budding
yeast (Simoret al,, 1995; Zhacet al., 1995). We showed,
in the preceding section, that a bacterially-expressed

clone (data not shown). No shift of the electrophoretic polypeptide encoding the N-terminal segment of X-PAK1

mobility of X-PAK1 could be detected during early
development.

In order to characterize X-PAK1 domains further, we

in fusion with Mal-BP binds human Cdc42 and Racl
GTPases efficiently. As Cdc42 and Rac proteins are
highly conserved in vertebrates, this polypeptide could be

expressed the N-terminal regulatory domain (X-PAK1- expected to bincKenopusCdc42 and Rac proteins at least

Nter, residues 1-222), the C-terminal half comprising the
kinase domain (X-PAK1-Cter, residues 229-524) and a

mutant of the latter with a substitution K/R at position
279 in the putative ATP binding site (X-PAK1-Cter K/R)

as fusion proteins with maltose-binding protein (Mal-BP).

Purified X-PAK1-Nter, X-PAK1-Cter, and Mal-BP alone

were tested for their ability to bind in overlay assays the

small GTPases Cdc42 and Racl loaded WitR°E]GTP.

As expected, Figure 3 shows that X-PAK1-Nter can bind

as efficiently.
To investigate the possible involvement of these
G-proteins in the release of oocytes fromrr€st,
X-PAK1-Nter was microinjected to the final concentration
of ®Yml, and microinjected oocytes were scored for
germinal vesicle breakdown (GVBD) as a function of
time in the absence or presence of progesterone. As shown
in Figure 5, the recombinant protein neither induced
meiotic maturation by itself, nor modified the kinetics of

both Racl and Cdc42, while neither X-PAK1-Cter nor GVBD due to progesterone.

Mal-BP control are capable of any detectable interaction

with the small GTP-binding proteins.
The constitutive catalytic activity of the C-terminal half
of X-PAK1, deleted of its N-terminal regulatory region,

was tested by in-gel kinase assay. The mutant with a K/R
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As the amount of microinjected protein was in excess
of endogenous X-PAK 1, and sufficient to titrate as much
as 5 pmol of Cdc42/Rac proteins per microinjected oocyte
(not shown), the above results make it very unlikely that
small GTPases of the Cdc42/Rac subfamily are required
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Fig. 5. Time course of germinal vesicle breakdown (GVBD) following
progesterone stimulation (1@y/ml) of control non-injected oocytes

(®) or of oocytes injected with the recombinant X-PAK1-Nter protein
at the final intracellular concentration of 2@/ml (). Microinjected
oocytes non-treated with progesterone failed to undergo GVBD at any
time (). A total of 84 microinjected oocytes were scored for this
experiment.

for release oKenopuwocytes from Garrestin response to
progesterone. The recombinant X-PAK1-Nter polypeptide
contains specific proline-rich sequences that are potentiall(:li%- G-ITi:?efcourfe Iof GVBD ftolljowimijlt p:gesteronf sti_m_ulattic()jn
_hi i H i H H ug/mi) or control non-injected oocyte Or oocytes Injecte:
ShHe:f:lE Thdemgbslllﬁiséf;g(?giéi_ﬁ?gf?gI?ng Cg?o?eﬂacsjlrgg:ll}/ with (A)_ the recombinant X-PAK1-Cter prote_imo or (B) the _
= 8 . recombinant X-PAK1-Cter K/R mutant proteifll), both at the final
taining SH3 domains, our experiments suggest that SH3 intracellular concentration of 20g/ml. In this experiment, oocytes
domains may not be essential signalling elements of microinjected with X-PAK1-Cter K/R and not treated with
Xenopusoocytes in response to progesterone, confirming Progesteronel() (B) failed to undergo GVBD. A total of
previous results (Pomeranet al., 1996). 108 microinjected oocytes were scored for these experiments.
Recently, it was shown that the conserved Cdc42 A
binding domain of Ste20 is dispensable for heterotrimeric 10
G-protein-mediated pheromone signalling in budding yeast
(Peter et al, 1996; Lebereret al, 1997). In fact a
N-terminally deleted Ste20/PAK mutant was shown still
to be regulated by @ in yeast, demonstrating that \
molecular determinants which specify regulation of Ste20/ P s "
PAK by Gy lie within either the kinase domain or, more 0 1 2 3 4 5 6
likely, the non-catalytic sequence C-terminal to the kinase hours after insulin
domain (Peteet al., 1996; Lebereet al., 1997). This led
us to examine, in spite of the above negative results, the B
possible effect of microinjecting the N-terminally deleted,
constitutively active X-PAK1-Cter recombinant protein 8
kinase (in fusion with Mal-BP) on meiotic maturation of o
Xenopusocytes. When microinjected at a final intracellu- ©
lar concentration o5 pg/ml, the recombinant protein ol
had no detectable effect, either in the absence or in the 0
presence of progesterone (not shown). In contrast, oocytes hours after insulin
microinjected with the X-PAK1-Cter recombinant protein  rig. 7. Time course of GVBD following insulin stimulation (M) of
at a final intracellular concentration of 20g/ml were control non-injected oocyted®) or oocytes injected withX) the
found to be completely refractory to stimulation by pro- recombinant X-PAK1-Cter proteind() or (B) the recombinant
gesterone, as they failed to activate Maturation Promoting X-PAK1-Cter K/R mutant protein((), both at the final intracellular
Factor (MPF) and remained arrested at &/en when the CQnCEI:]tI’atIOI:] of 2Qug/ml. In this experiment, oocytes microinjected
- with X-PAK1-Cter K/R and not treated with insulin+) (B) failed to
hormone was used at 1fag/ml (Figure 6A). Oocytes  undergo GVBD. A total of 95 microinjected oocytes were scored for
microinjected with 2Qug/ml of the X-PAK1-Cter recom-  these experiments.
binant protein were also found to suppress meiotic matura-
tion by insulin (Figure 7A). Suppression of meiotic homologue may contribute to cell cycle arrest at the first
maturation was not due to irreversible damage of oocytes meiotic G/prophase boundary by inhibiting some step
following microinjection of a relatively large amount of essential for meiotic maturation in the cascade of common
protein of bacterial origin (~0.3tM, final intracellular events triggered by both insulin and progesterone.
concentration) for two reasons. First, microinjection of an If X-PAK1, or possibly another member of the same
even larger amount (50g/ml) of recombinant Mal-BP  family, is indeed involved in arrest of oocytes ajf, &Ghe
had no effect on hormone-induced meiotic maturation. microinjection of an inactive form of the kinase as its
Second, part of the oocytes microinjected with X-PAK- X-PAK1-Cter K/R mutant (see Figure 4) should either
Cter were observed in some experiments (not shown) to induce GVBD by itself, or facilitate exit fyamest
escape the block after overnight incubation in the presencedue to either progesterone or insulin action. X-PAK1-
of progesterone. Cter K/R was indeed found to induce maturation by itself
The above results suggested that an endogenous X-PAKin a few batches of oocytes. In most cases, however, it

hours after progesterone

GVBD%
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The catalytically inactive X-PAK1 mutant triggers
apoptosis in Xenopus egg extracts, independently
of its N-terminal regulatory domain
The localization of Bcl-2 in the outer mitochondrial
membrane (Monaghaet al, 1992; Krajewsket al., 1993;
de Jonget al., 1994) suggested a role for mitochondria in
apoptosis. Newmeyegt al. (1994) reported inXenopus

. egg extracts that efficient induction of apoptoisisvitro
Cleaved X-PAK1— - 39 depends on a heavy membrane-containing fraction, mainly

_ _ mitochondria. According to the authors, to lay eggs
Fig. 8. Time course of full-length X-PAK1 cleavage Kenopuseggs suitable for apoptotic extracts, the toads should be primed

extract undergoing apoptosis. An apoptotic egg extract was incubated . . . .
in the presence of Mock- or Bcl2-transfected Cos cells lysate for in vivo to start the atretic programme by aIIowmg a

15 min before addition offS]methionine-labelled full-length (FL) long interval between the hormonal stimulus for oocyte
X-PAK1 generated byn vitro transcription/translation. gl samples maturation and induction of ovulation.
were removed at 60 (a), 90 (b), 150 (c), 210 (d) min and analysed by ~ As emphasized by Liwt al (1996), cell-free systems
SDS-PAGE and autoradiography. A 39 kDa X-PAK1 proteolytic derived from cells that were already engaged in the
fragment is generated during the course of apoptosis. . .
apoptotic programme suffer the disadvantage that they
cannot be used to detect triggering factors. In contrast to
was found reproducibly to speed up GVBD following Newmeyeret al., however, we found that readily fertiliz-
either progesterone (Figure 6B) or insulin addition (Figure able eggs, not primed to undergo apoptosis, can be used
7B). The time for GVBR, was reduced by between 35— to prepare a cell-free system that induces apoptotic changes
65% and this was consistently associated with earlier in the added nuclei. In fact, even the widely used egg
activation of MPF as compared with controls (not shown). extracts developed by Murray (1991) to reconstitute cell
Thus, the addition of the mutated kinase led to a dominant- cycle processefiro can be induced to undergo
negative effect, presumably because the protein titratesapoptosis reproducibly simply by increasing the ratio of
the partners and/or the substrates of X-PAK1, or a related the heavy membranes to the cytosol fraction. Cell cycle
kinase. The titrated component is certainly not a member extracts, prepared by recovering, after centrifugation at
of the Cdc42/Rac subfamily of GTPases or a protein with 15 §0moth the supernatant and the full membrane
SH3 domains, as microinjection of the N-terminal fragment fraction (that contain both mitochondria and other mem-
of X-PAK1, that binds such components, had no effect brane vesicles), do not normally enter apoptosis but rather
on meiotic maturation. Possible candidates may include assemble from permeabilized sperm heads, healthy nuclei
heterotrimeric G-proteins, asGwas claimed to bind that can be induced to assemble functional spindles
directly Ste20/PAK in budding yeast (Lebergral,, 1997). (Figure 9B). If the amount of mitochondria is increased
However, it remains unclear whethef@teracts directly 2-fold, however, by adding a concentrated suspension of
with members of the Ste20/PAK family in vertebrates, purified mitochondria prepared from the same eggs (see
even though several isoforms have been shown to be Materials and method#), vhm-assembled nuclei
regulated downstream of G-protein-coupled receptors undergo fragmentation and form characteristic apoptotic
(Knauset al., 1995; Teoet al., 1995). bodies (Figure 9A).

As the K/R mutant of X-PAK1-Cter has no kinase Even though they are useful to visualize apoptotic
activity (Figure 4), the above results strongly suggest events in cell cycle extracts receiving excess mitochondria,
that, even deleted from its well-documented N-terminal added nuclei are unnecessary for apoptosis to occur.
regulatory domain, it binds both GTPases of the Cdc42/ Indeeth thigo-translated and®fS]methionine-labelled
Rac subfamily and, probably, proteins with SH3-domains; Xenopugpoly-ADPR polymerase (PARP, 113 kDa) readily
and that the X-PAK1-Cter K/R mutant could titrate some generated a conserved proteolytic fragment of 89 kDa (de
component of the oocyte machinery that contributes to Murcia et al, 1994), after adding the mitochondrial
cell cycle arrest at the first meioticprophase boundary. fraction, even in the absence of added nuclei (Figure 10).

Recently, Newmeyeet al. (1994) reported the develop- In the same way, degradation 6f$]methionine-labelled
ment of anin vitro assay derived fronXenopuseggs that mammalian procaspase YAMA (CPP32) was found to
support activation of caspases and reproduce apoptoticyield proteolytic fragments of 20, 16 and 12 kDa
eventsin vitro. As shown in Figure 8, in experiments (Fernandes-Alneatrial, 1994; Tewariet al, 1995),
using 3°S-labelledin vitro translated full-length X-PAK1, respectively (Figure 10). As noted previously by Cosulich
we showed that full-length X-PAK1 is cleavedXenopus et al(1996), proteolysis of PARP occurred a few minutes
egg extracts undergoing the apoptotic process, and thatbefore that of CPP32, suggesting thaXenopuscaspase
this cleavage was suppressed if the extract was pre- which degrades PARP is activated before that responsible
incubated with a Bcl-2-transfected Cos cell lysate. Cleav- for CPP32 activation in the cascade of apoptotic events.
age of endogenous X-PAK1 during apoptosis was also Proteolysis of both PARP and CPP32 (Figure 10) could
detected by Western immunoblotting (data not shown). be prevented by adding a COS cell lysate containing Bcl-2
As we were interested in mechanisms that may possibly or the DEVD peptide inhibitor of caspases (Nicholson
link death by apoptosis of most ovarian oocytes with their et al., 1995) before the mitochondrial fraction.
release after months or years from cell cycle arrest Our data show that specific priming of the toads, in
(see Introduction), we investigated—as reported later— order to induce atresia, is not required to prepare apoptotic
the possibility that this link may involve a member of the extracts. The latter can readily be made from unprimed
X-PAK family. laid eggs and thus are suitable to screen triggering factors.
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120min

+HM

Fig. 9. In vitro-assembled nuclei form apoptotic bodiesianopusegg extracts to which a heavy membrane fraction (HM) has been added.

(A) Sperm heads were added at zero time to an extract to which a HM fraction was added. Samples were collected after 45 min (left micrograph)
and 120 min (middle and right micrograph), and nuclear morphology examined after staining DNA with the Hoechst dye. The right-hand micrograph
is taken at a 2.5-fold higher magnification than that in the cenBeCpntrol: sperm heads were added at zero time to the same extract, but to

which no HM fraction was added. This extract does not become apoptotic and readily supports assembly of meiotic spindles upon addition of CSF
extract. Left micrograph: nuclear morphology after 45 min. Right micrograph: 0.5 vol of CSF extract was added at 90 min: 30 min later, metaphase
spindles were assembled, as shown by incorporation of rhodamine-labelled tubulin in the spindle microtubules (right micrograph). Bars in (A), left
micrograph, 5um; right micrograph, 2um.

As we were interested in the link that might exist between
the release of oocytes from cell cycle arrest and the

triggering of apoptosis, we investigated in the following Control oeD Pt

experiments the effect of adding the catalytically inactive extrat,  HEOE elIL  VHM

X-PAK1 mutant into Murray extracts. s bcdabedabedabcd, 113
While control extracts did not enter apoptosis, even PARP W & [N g

after a 4 h incubation at room temperature, they readily o £ e A S
underwent an apoptosis (Figure 11) indistinguishable from
that caused by addition of mitochondrial fraction in o
excess, when recombinant X-PAK1-Cter K/R was added — YAMA — #haaiaiie & « - S & 88w & — 32
(0.2 mg/ml). In both cases (compare Figures 10 and 11), . %Y Sthadetor:

CPP32 underwent proteolysis ~90 min after adding either

the recombinant protein or the mitochondrial fraction, : - — 20
while sperm nuclei underwent fragmentation and formed :onabe. SE B S L]
characteristic apoptotic bodies. All these events were .‘.“. 'im'““.
suppressed by Bcl-2 or the DEVD peptide (data not 0 D . !
shown).

In contrast, the catalytically active X-PAK1-Cter protein  Fig. 10.Time course of PARP and YAMA/CPP32 cleavage in
kinase failed to induce apoptosis under the same conditionsXenoPusegg extracts. PSICPP32 and*SIPARP were generated by

. in vitro transcription/translation and added at the start of incubation to
(F|gure 11)- As the X-PAK1-Cter K/R mutant was the extracts without (control) or simultaneously with 0.1 vol of a

expressed in fusion with Mal-BP, Mal-BP alone was added concentrated heavy membrane fractiarHM) prepared from the
as a further control. In contrast to X-PAK1-Cter K/R, same eggs, in the absence or presence of either the DEVD peptide
Mal-BP neither induced CPP32 proteolysis nor any other inhibitor (10 nM) or Bcl-2 in a COS cell extract. Samples|(3 were

. removed at 60 (a), 90 (b), 150 (c) and 210 min (d) and analysed by
event of apoptosis (nOt Shown)' even when used at aSDS—PAGE and autoradiography. The molecular weights (kDa)

higher concentration. ] ) ) indicated on the right were estimated from the position of marker
We were concerned that induction of apoptotic events proteins run on the same gel.
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Fig. 11. Time course of YAMA/CCP32 cleavage Kenopusegg extracts.PS]CPP32 was added at the start of incubation without (control) or
simultaneously with the recombinant X-PAK1-Cter K/R mutant (0.2 mg/ml), the recombinant X-PAK1-Cter kinase (0.2 mg/ml) or both X-PAK1-Cter
(0.2 mg/ml) and X-PAK1-Cter K/R (0.2 mg/ml).In this last case, extracts first received the X-PAK1-Cter kinase, and 30 min later (time 0) the
kinase-dead mutant was added, simultaneously WaB]JCPP32. Samples were removed at 60 (a), 90 (b), 150 (c) and 210 min (d)*a&}ERP32

addition and analysed by SDS—PAGE and autoradiography. The micrograph on the right shows the characteristic apoptotic bodies originating from
sperm nuclei left for 120 min in egg extract containing the X-PAK1-Cter K/R mutant.

by the kinase-dead mutant could still have been an ERTARI O BT —

‘unspecific’ effect due to addition of a possibly misfolded my +HM +HM
recombinant protein. This hypothesis was difficult to
evaluate, as the K/R mutation that suppressed protein
kinase activity also suppressed an easy way to check the
protein for correct folding. We reasoned that, if the
catalytically inactive X-PAK1-Cter mutant acts ‘specific- -
ally’, it should do so by competing with som¥enopus VRN _m )
homologue of the Ste20/PAK family of protein kinases
(possibly X-PAK1 itself) for some unknown component —20
in the egg extract. This led us to investigate whether -=
the catalytically active X-PAK1-Cter recombinant protein '
could suppress induction of apoptosis by its catalytically - “" . | i
inactive counterpart.

As shown in Figur.e. 11, this was in-deed fOl-md to b-e Fig. 12. Time course of CPP32 cleavage following addition of
the case, as prior addition Of.the Catalytha.l”y active pTOte'” X-PAK1-Cter K/R toXenopusegg extracts containing mitochondria
prevented CPP32 proteolysis upon addition of the kinase- (+Hwm) or not (-HM). B5S]CPP32 was added at the start of
dead mutant protein. Rescue was not observed on priorincubation, simultaneously with X-PAK1-Cter K/R, into a reconstituted
addition of Mal-BP or a Mal-BP fusion protein encoding extract free of mitochondria (—_HM: cytosolic ig supernatantt the
the N-terminal domain of X-PAK1 (not shown). light membranes) or a reconstituted extract with mitochond+aiii:

. ytosolic 1§ g supernatant+ light and heavy membranes) in the

Taken together, the above experiments demonstrate that;bsencef,_,,v,) or presence {Bcl2 + HM) of a COS lysate
apoptosis can be triggered by at least two procedures incontaining Bcl2. Samples were removed at 60, 90, 150 and 210 min
Xenopuseggs extracts. The first one consists of adding a after f°S|CPP32 addition and analysed by SDS-PAGE and
mitochondrial fraction in excess. The second consists of autoradiography.
adding a kinase-dead mutant of X-PAK1 deleted of its
N-terminal domain. To investigate whether mitochondria extract reconstituted with mitochondria if X-PAK1-Cter
were still required for apoptosis to occur in the second K/R was not added (not shown).
procedure, the control extracts were further centrifuged at  In another set of experiments, the crude extract was
100 000g for 1 h, after which the cytosolic supernatant incubated for 90 min with the dead-kinase mutant, before
and light-membranes layer was recovered and mixed, while further fractionation at 250 00§. The resulting cytosolic
the mitochondrial pellet was removed. When X-PAK1- fraction (devoid of any membrane) was recovered and
Cter K/R was added to the reconstituted extract free of tested for its capacity to induce CCP32 cleavage and
mitochondria, apoptosis did not occur (Figure 12). Further apoptosis in freshly prepared nuclei, assembled from
addition of the mitochondrial pellet to its usual concentra- sperm chromatin in 100 00§ cytosol containing light
tion in the extract restored responsiveness to X-PAK1- membranes but no mitochondria. CCP32 cleavage was
Cter K/R (Figure 12), and this was suppressed by Bcl-2 indeed observed in the next 10 min following the addition
(Figure 12). No cleavage of CPP32 was detected in the of the primed ultra-high-speed supernatant, and nuclear

abcdabcdahboced Kb
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et B s which specific role each of them plays in the fate of
+HM +HM Xenopusoocytes. The link between release of meiotic G
a b ¢ d a b ¢ d KkDa arrest and apoptosis has a precedent, as ceramide, a
reported inducer of apoptosis in many systems (Martin
et al, 1995; Cuuvillieret al, 1996; Verheijet al., 1996),
ST _P.-“—-‘Z was shown recently to induce meiotic maturation in

Xenopusoocytes (De Smedet al, 1995; Strumet al,
1995).

One of the most important results in the present work
is that it is unnecessary to prime the toads with a specific
hormonal regimen in order for them to lay eggs suitable

" for apoptotic extracts, in contrast to previous claims. For
- —-—— — .
> this reasonXenopusegg extracts can be used to search
. - for apoptosis-triggering signals. Any extract prepared from
Fig. 13. Failure of CSF extracts to cleave CPP32 after addition of a parthenogenetlcally_ actllvated eggs, that WOU"?' othefW|se
heavy membrane mitochondrial fraction. A CSF extract was prepared faithfully reproducein vitro cell cycle progression, will
from unfertilized eggs in the presence of EGTA to prevent crushing  enter apoptosis, if mitochondria are added in excess to
triggering parthenogenetic activation. A control extract was prepared cytosol. This implies that eggs contain anti-apoptotic

from the same eggs in the absence of EGTA. Both extracts received at ; o
zero time 0.1 vol of a heavy membrane fraction (prepared in parallel factors that neutralize the spontaneous tendency of mito

—20
— 16

from a control extract) and®}S]CPP32. Samples were removed at chondria to release ) pro-apoptotic factors such as
60 (a), 90 (b), 150 (c) and 210 min (d) aftéP$]CPP32 addition and cytochrome c, that activates the cascade of caspases in
processed for determination of CPP32 cleavage. cytosol (Liuet al, 1996; Klucket al., 1997).

In the present work, we have been able to titrate one
events of apoptosis readily occurred under such conditionsof these anti-apoptotic factors, using a dominant-negative

(not shown). strategy. This factor may regulate the activity of an anti-

We conclude that mitochondria are required for the apoptotic member of the X-PAK/Ste20 family of protein
catalytically inactive X-PAK1 mutant to trigger apoptosis kinases. Alternatively, it could be a substrate mediating
in Xenopusegg extracts, but once this has occurred, its anti-apoptotic activity. Work is in progress to identify
mitochondria are no longer required to maintain apop- this factor and to analyse the cascade of events that links
totic activity. protein kinase activity of X-PAKs to the suppression of

mitochondrial pro-apoptotic activity. Preliminary experi-
CSF extracts are less sensitive to apoptosis than ments suggest that several protein kinases, the activities
interphase extracts of which change dramatically when extracts are induced

The extracts used in the above experiments were preparedo switch from cycling to apoptosis, are under the control
from eggs that were crushed in the absence of & Ca of X-PAKs in Xenopusegg extracts. It is tempting to
chelator, and thus entered interphase after cyclin degrad-speculate that one of them may be involved in the post-
ation and MAPK inactivation (for review, see Loreaal., translational control of Bcl-2 or of one of its cognates in
1994 and references therein). In the next experiments, Xenopusoocytes. For example, phosphorylation of death

6 mM EGTA was included in the crushing buffer, to agonist BAD might prevent it from interacting with Bcl-2
prevent cyclin degradation and MAPK inactivation. This or Bcl-xL homologues (NUez and Clarke, 1994; Reed,

‘CSF extract’ (Masui and Markert, 1971) was processed 1994), and free them to execute their anti-apoptotic
as described in the above section and assayed for inductiorfunction at the level of the outer mitochondrial membrane

of apoptosis after increasing the ratio of the mitochondrial (Gajewski and Thompson, 1996;et\aingl996; Zha

to the cytosol fraction, in parallel with an interphase etal, 1996). Ablation of Bcl-2 gene expression has indeed
extract. As shown in Figure 13, the interphase extract been shown to increase the number of oocytes undergoing
readily entered apoptosis, as shown by CPP32 proteolysis,apoptosis in the mouse gonad (Rattsal, 1995), and

when the amount of mitochondria was increased 2-fold Xenopuoocytes indeed express Bcl-2 related genes (Cruz-

by adding a concentrated suspension of purified mitochon- Reyes and Tata, 1995). Besides c-Raf (Wahgl., 1996)

dria. In contrast, the CSF extract was resistant to this and c-Akt (Ahatedl, 1997; Dudeket al, 1997,
treatment. This was not due to the presence of EGTA in Kauffmann-Zehet al., 1997; Kennedt al., 1997) proto-

the CSF extract only, as addition of EGTA to the interphase oncogenes, X-PAK is thus the third serine/threonine kinase
extract before mitochondria neither prevented nor delayed shown to deliver anti-apoptotic signals.
CPP32 proteolysis. Both facilitation of progesterone-dependent release of

oocytes from G arrest and induction of apoptosis in cell-
free extracts were observed using an inactive kinase

Discussion mutant that was deleted of its 228-amino acid N-terminal
In this report, we have shown that microinjection of a half, located very close (22 amino acids) to the subdomain
catalytically inactive mutant of X-PAK1, a member of | of the catalytic domain, thus lacking the conserved
the XenopusSte20/PAK family of protein kinases, both domains responsible for binding of both Cdc42/Rac
facilitates release of oocytes from meiotic &rrest and GTPases and SH3-containing proteins. In addition, micro-
triggers apoptosis in cell-free extracts prepared from injection into oocytes of a recombinant protein correspond-
unfertilized eggs. Besides X-PAK1, this family contains at ing to the N-terminal half, or its addition to cell-free

least five other members, and we have not yet investigatedextracts, neither facilitated release from, @rrest nor
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induced apoptosis. The dominant-negative effect of the Ste20. Interestingly, the short tail C-terminal to the cata-
X-PAK1 mutant was thus exerted either through its mut- lytic domain has been reported to be essential for Ste20
ated catalytic domain or its short C-terminal tail. to respond fy G.ebereret al, 1997). @y was also
Interestingly, it was shown recently that nearly all of the shown to stimulate an isotype of phosphoinositide 3-
N-terminal non-catalytic half of Ste20 could be removed kinase, that positively controls activity of c-Akt, another
without affecting mating-specific responses in budding anti-apoptotic serine/threonine kinase (Stoyaresval.,
yeast (Peteet al.,, 1996; Lebereet al.,, 1997), indicating 1995).
that molecular determinants which specify the pheromone In the present work, we have begun to unravel mechan-
signalling function of Ste20, including its regulation by isms which may possibly link in many species the rapid
the activated3- andy-subunits of the mating response G- death by apoptosis of a majority of healthy oocytes, with
protein, must lie within either the kinase domain or the the release after months or years from cell cycle arrest.
non-catalytic sequence C-terminal to the kinase domain. Indeed, X-PAK1 or another member of tkenopusste20/
The mating response of budding yeast may be a paradigm PAK family of protein kinases appears to be involved in
for understanding how interaction of plasma membrane both arrest of oocytes atfprophase of the first meiotic
receptors with maturation-specific hormones (Kanatani prophase and prevention of apoptosis, although its mechan-
and Hiramoto, 1970; Doree and Guerrier, 1975) is trans- ism of action remains to be elucidated. In contrast to the
duced into signals that control a major transition of the mechanisms of meiotic arrest and its release, the question
meiotic cell cycle in oocytes. of why oocytes of most vertebrate species arrest again at
Heterotrimeric G-proteins have been reported to be second meiotic metaphase has scarcely been addressed
involved in release of oocytes from,Grrest in both and has long remained a mystery. Recent studies on
invertebrates and vertebrates. Microinjection @yGnto Xenopusand mice have suggested that metaphase arrest
starfish oocytes mimic hormonal stimulation by 1-MeAde may occur to prevent inappropriate DNA replication prior
(Chibaet al., 1993). That of an antibody directed against to fertilization (Colledge, 1994; Fuetinal, 1994;
Gas mimics both progesterone and insulin Xenopus Hashimotoet al, 1994; Sagata, 1996).
oocytes and induces meiotic maturation in a protein The present results suggest an alternative interpretation.
synthesis-dependent manner. Our finding that a dominant-Indeed, we found that extracts prepared from metaphase
negative mutant of X-PAK1 deleted of its N-terminal ll-arrested eggs, in contrast to those prepared from par-
domain facilitates induction of meiotic maturation by both thenogenetically activated eggs, fail to enter apoptosis
progesterone and insulin suggests that an endogenous when mitochondria are added in excess to cytosol. More-
X-PAK homologue (not necessarily X-PAK1), regulated over, fully mature oocytes that do not undergo fertilization
through interactions of its C-terminal domain by rapidly die by apoptosis in species such as starfish that
G-proteins, may contribute, besides protein kinase A do not arrest at metaphase Il (A.Picard, personal com-
(Maller and Krebs, 1977) to cell cycle arrest at the first munication). Finally, the most obvious consequence of
meiotic G/prophase boundary. Such effect might occur disrupting c-mosin mouse oocytes, besides suppression
by X-PAK inhibiting a step which is essential for meiotic of metaphase Il arrest, is a high incidence of so-called
maturation and common to the cascade of events triggeredcytoplasmic fragmentation’ (Colledge, 1994), also
either by progesterone or insulin, as previously reported observed in oocytes late in the apoptotic process (see
for protein kinase A (Mattert al., 1994). Figure 2C in Tilly et al., 1997) and possibly similar to
In budding yeast, activation off§y-dependent activation fragmentation of apoptotic cells before phagocytosis by
of Ste20 may also involve the adaptor protein Ste5, a neighbouring cells or nearby macrophages (Ketral.,
scaffold protein which has been shown to interact with 1972). Hence, mechanisms for metaphase arrest may also
the kinases of the MAP kinase module (reviewed by have been selected during evolution because they protect
Elion, 1995), to co-immunoprecipitate with Ste20 (Leeuw oocytes from premature apoptosis before fertilization.
et al, 1995), and to associate withBGWhiteway et al.,
1995). A homologue of Ste5 has, however, not yet been
described in higher eukaryotes. Materials and methods
Since this work was submitted for publication it has -\ . cloning of X-PAK1
been ShOWﬂ—_COhSIStem:‘ with our re_SUIts_that Jurkat cell Total MRNAs from metaphase |l-arrested eggs were prepared according
lines expressing a dominant-negative PAK2 mutant had to the method developed by Melton and Cortese (1979). Single-strand
an enhanced externalization of phosphatidylserine at thecDNAs were synthesized by reverse transcription, using a First Strand
cell surface in response to anti-Fas IgM (Rudel and cDNAs Synthesis Kit (Pharmacia) and used as a template in PCRs.

N . . .. Degenerated oligonucleotides derived from the peptides sequences V A
Bokoch, 1997). Externalization of phosphatidylserine is | KIQ M N (primer 1: 5 gtxgexathaarmaratga3and E M IV E G E

an early and caspase-dependent event during apoptosis Ofprimer 2: 5ggytcxceytedaycatytcc3were chosen in the best conserved
cells from numerous lineages (Koopmat al., 1994; region of the kinase domains of Shkl (Marces al, 1995), Ste20
Martin et al.,, 1995, 1996; Vermest al., 1995). Rudel and  (Lebereret al, 1992) and PAK65 (Mansest al,, 1994). The amplified
Bokoch (1997) used a catalytically inactive PAK mutant PCR prpduct (480 t_)p) was subcloned in pBlue-Script vector (Stratagene).

. . . Approximately 20 independent clones were sequenced by T3 and T7
that, I|I_<_e our X_-PAKl-Cter KIR mUtar_‘t’ was deficient in primers using a T7 sequenase kit (USB). Three clones, X1, X2 and X3
the ability to bind cdc42/Rac. Most likely, both mutants with different nucleotide sequences but sharing a strong homology to
exert their dominant-negative effect by titrating some the kinase domain of Ste20 were chosen and used as probes to screen a
cellular component that interacts with their C-terminal Agt10 brary of stage 6 docytes éth bD/g;M%“O?géﬁgs(%?;gsowf;e

. . - ransferred to duplicate filters and hybridized at 50° ,0.1%
dor_nam. BOth mammal!an PAK2 and X-PAK1 contain N Sps, 5¢ Denhardt, 100ug/ml of salmon sperm DNA), to thé%P-
their C-terminal domain a stretch of conserved amino |apelled random primed PCR inserts of either X1, X2 or X3. Filters

acids (SLTPYI, see Figure 1), also observed in yeast were washed (in 2 SSC, 0.1% SDS) at 37°C and 50°C, for 2 h. Three
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rounds of plaque purification were performed. The partial X1 PCR probe
yielded four positive plaques. Purification ®fphages from master plate
infection, and ofA double-strand DNA were performed according to
standard cloning protocol€carl digests ofA DNA were cloned in
pBlue-Script KS2. The sequences of the four clones revealed identical

X-PAK in G2/prophase arrest and apoptosis

After electrophoresis the gel was transferred to PVDF membrane. The
membrane was incubated in PBS, 1% BSA, 0.1% Triton X-100 and
5 mM DTT. Purified recombinant proteins GST—-Racl and GST-Cdc42
were expressed and purified as described by Magtselr (1992). 10ug
of purified recombinant GTPase was incubataMiti°S]GTP

overlaps sequences. One of them had a complete open reading frame ofin 25 mM MES, pH 6.5, 50 mM NaCl, 5 mM EDTA, 0.05% Triton

1572 bp, encoding for a putative 524-amino acids protein and a 3
untranslated region bearing a AATAAAA poly(A) signal. This clone
was named PBKS/X-PAKL.

Mal-BP constructs

Oligonucleotides XPAK1N5 (ggcccggatcctccaacaatgctttggtgattg) and
XPAK1N3' (ggcccgtecgactcatcatgtettgtctacgetgce); XPAK1@Hgcccgaa-
ttcacagacgaggagatcttagag) and XPAK1@E®cggcaagcttgtgctcctgtgactt-
cactcag), were used to amplify the N-terminal and C-terminal domains
of X-PAK1 respectively. PCR products were subcloned B&orH| and

Sal (for the N-terminal domain)EcaRl andHindlll (for the C-terminal
domain), cloning sites of pMal-p2 (Biolabs) prokaryotic expression
vector. The resulting plasmids were named pMal/X-PAK1-Cter and
pMal/X-PAK1-Nter. The Mal-BP—XPAK fusion proteins were expressed
and purified according to the manufacturer’s recommendations (Biolabs).

Site-directed mutagenesis
CompetentEscherichia coliCJ236 (dut ung) cells were transformed by
PBKS/X-PAK1 and used to prepare single-strand DNA with R408 helper

X-100) for 30 min at room temperature, before dilution in 10 ml of
binding buffer (25 mM MES, pH 6.5, 0.5 mM GTP, 5 mM Mggl

50 mM NaCl, 5 mM DTT). Incubation with the PVDF membrane was
performed for 15 min at room temperature (Maréhal., 1995). The
blot was washed several times (in 25 mM MES, pH 6.5, 5 mM MgCl
0.05% Triton X-100). Hyperfilm was exposed to the filter for 48 h.

In order to test the kinase activity of X-PAK1-Cter or its mutant, 2
or 3 ul of extract containing the recombinant proteins was loaded on
15% polyacrylamide SDS gels polymerized in the presence or absence
of the MBP substrate. Gels were processed as described by Shibuya
et al. (1992).

Embryos and Western blot analysis

Sexually mature adulXenopus laevisvere obtained from the CNRS
local farm. Females were induced to ovulate by injection of 500 units
of HCG (human chorionic gonadotropin). Eggs were fertilized artificially
and embryos dejellied in 2% cysteine (pH 7.8) as described by Newport
and Kirschner (1982). Embryos were cultured in MMR/4. Pools of

phage, according to the manufacturer's (Stratagene) protocol. The several embryos were homogenized in lysis buffer (50 mM Tris, pH 7.5,

oligonucleotide X-PAK1K/R (5gctgcaaattcatctgtctaatcgccacctettgg3

150 mM NacCl, 2 mM DTT, 1qug/ml aprotinin/leupeptin). Lysates were

was used for site-directed mutagenesis of the lysine residue 279, locategcentrifuged at 13 000 r.p.m. for 10 min at 4°C. Supernatants were

in the putative ATP binding site of the kinase domain of X-PAK1, using
the protocol developed by Kunket al. (1987). A mutant clone (verified

by sequence analysis) was further used to reconstruct a pMal/X-PAK1-
Cter K/R clone.

Xenopus egg extracts, apoptotic assays

Crude Xenopusegg extracts were prepared according to a modification
(Morin et al., 1994) of Murray’s procedure (Murray, 1991). 100 0§0
extracts were prepared by further fractionation, for 1 h, of the crude
extract at 29 000 r.p.m. in the TST60 rotor of a Beckman centrifuge.
Cytosolic and light membrane fractions were mixed, leading to the
100 000 g extract. The tan-coloured heavy membrane fraction was
recovered separately, diluted in a 10-fold excess of ELB buffer (250 mM
sucrose, 2.5 mM MgG] 50 mMKCI, 1 mM DTT, 10 mM HEPES,
pH 7.7), layered over lysis buffer plus 0.5 M sucrose and centrifuged at
22 000 r.p.m. for 20 min at 4°C in a TST60 rotor. The membrane pellet

was resuspended, aliquoted, and frozen in liquid nitrogen. The heavy

membrane fraction was added at a ratio of 1 to 10 to a fresh crude
extract in order to induce the apoptotic process.

The tetrapeptide aldehyde AcNH2-DEVD-CHO (synthesized by
SYNTEM, Nimes, France) was used at a final concentration of 10 nM.
Typically, 1 pg of human Bcl-2, cloned in pRC-CMV (a kind gift of Dr

recovered and protein concentrations estimated by spectrophotometry.
150 pg of total protein were separated by 10% SDS-PAGE and
immunoblotted with purified polyclonal antibodies developed in rabbit
against the C-terminal peptide of X-PAK1 at a 1/1000 dilution. Binding
was visualized by a secondary antibody linked to horseradish peroxidase
and chemiluminescence (ECL, Amersham).

Xenopus oocytes and microinjection

Females were injected with 100 units pregnant mare’s serum gonadotropin
(PMSG, Sigma), 48 h before oocyte removal. Females were anaesthetized
with MS222 and fragments of ovary removed through a small incision
in the abdominal wall. Stage 6 oocytes were prepared using 2.0 mg/ml
collagenase to release the oocytes from the ovarian follicles. Oocytes
were washed in OR2 (Unkelesst al, 1985). Typically, 40 nl of
recombinant protein at 0.5g/ul was microinjected per oocyte.
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