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Activation of an 85 kDa ribosomal 56 kinase during
serotonin-induced oocyte maturation
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ABSTRACT Oocytes from the Japanese clam Ruditapes philippinarum are naturally blocked at
the prophase-! stage of meiosis. Following physiological activation by the neurohormone sero-
tonin (5HT). oocytes undergo germinal vesicle breakdown (GVBOI and reach a second cell cycle
arrest in metaphase-I. To identify the kinases activated during meiosis reinitiation. we used a phos-
phorylation assay following sodium dodecyl sulphate-polyacrylamide gel electrophoresis and in
situ renaturation. A soluble 85.kDa serine/threonine kinase (PK85) was highly and consistently
activated (up to 17~fold) within 5 minutes following addition of the hormone. This activation
occurred 5 to 10 minutes before GVBD and only when 5HT concentration was sufficient to induce
meiosis reinitiation. The calcium ionophore A23187 and NH4CI. two compounds known to induce
GVBD by increasing intracellular calcium concentration. also activate PK85. In crude oocyte
extracts. the presence of B-glycerophosphate. NaF. okadaic acid, calyculin A or microcystin, pre-
vented inactivation of PK8S, suggesting that it is activated by phosphorylation. Partial purification
of PK85 followed by Western blotting showed that this kinase is related to the ribosomal 56 kinase
pp90rsk. PK85 phosphorylates the peptides lRRASLGIkemptidel and PLARTLSVAGlPGGK(syntide-2), and
to a lesser extent the synthetic polyamino acids polyIR3:S,) while myelin basic protein (MBP). his-
tone III-S, casein, the peptides PEKRPSORSKYL(lpGlu4}.MBP 4.141. GTFRASIRRLAARRRINIMA kinase sub-
strate), the protein kinase C {PKCIsubstrate LRTLRRand the synthetic polyaminoacids poly{R,:P,:T,1
were poor substrates. 5HT-induced GVBD and PK85 activation are both inhibited by the phorbol
ester 12.myristate 13.acetate (PMAJ and this inhibition can be reversed by 5 ~M of the bisindolyl-
maleimide GF109203X. a potent PKC inhibitor. PMA inhibitory action appears to take place
between 5HT binding to its receptor and the intracellular calcium surge since it has no effect on
GVBD induced by calcium ionophore A23187 and thapsigargin. Taken together. these results sug.
gest that serotonin-induced activation of PK85 occurs after the intracellular calcium surge in a
PKC-independent pathway.
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Introduction depends upon activation of the universal M phase-promoting fac-
tor (MPF) (for reviews see Eckberg, 1988: Guerrier et al., 1990;

Protein phosphorylation plays a major role in the regulation of
cell cycle progression during meiosis and mitosis (for review, see
Pelech et al., (990). The use of oocytes from marine inverte-
brates has become a system of choice for studies on protein
kinase cascades activated during meiotic and mitotic cell cycle
progression, since they can be easily obtained in large amounts
and because they respond quite synchronously to external stim-
uli. In oocytes from various bivalve species which are blocked at
the first meiotic prophase stage, the neurohormone serotonin
(5HT) is the natural signal that induces the G2IM transition in the
cell cycle (Hirai et al., (988). This event is accompanied by an
easily observable phenomenon, the dissolution of their huge
nucleus, also termed germinal vesicle breakdown (GVBD), and

.\bl/lt1.'i'ltimH IISNI ill ,lImr !m/wr: AS\\", artificial 'Ita ,,-;lIer; C\I'S. :\-[C)do-
hexyl-;\lninoJ-I-propal1c-'sulfun3tc: O.\G. diacyl~lyn'rc)l: [RK. l'xtl,lcdlular
...ig:nal rq~lJla(l'rI kina<,e; 5HT. :'-hrdrox~tI:plamilit'; II)~, I110,i101 1.4,;}..
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Pelech et al., 1990; Honi9berg et al., 1993). In oocytes of the
Japanese clam Ruditapes philippinarum. 5HT binding to a spe-
cific membrane receptor induces GVBD within 12-18 m;n and
formation of the metaphase-I spindle. A second arrest in the cell
cycle then occurs which can be released by binding and pene-
tration of the spermatozoa, leading to extrusion of the two polar
bodies, formation of the male and female pronuclei, and cell divi-
sion.

The intracellular mediators that link stimulation of the 5HT-
receptors to dissolution of the nuclear envelope are presently
unknown. Recent work suggests that an intracellular calcium
surge constitutes an essential step preceding GVBD in both
Ruditapes philippinarum and the surl clam Spisu/a solidis5ima
(tor review see Abdelmajid et a/., 1993). Indeed drugs such as
calcium ionophores, thapsigargin, ammonia and procaine, which
trigger an elevation of intracellular calcium, also induce
prophase-i arrested oocytes to resume meiosis (Dube, 1992;
Guerrier et al., 1993). In Spi5U/a oocytes, protein kinase C (PKC)
is suspected to playa role in the process of meiosis reinitiation
since the phorbol ester PMA can induce GVBD (Dube et al.,
1987; Eckberg et al., 1987). On the other hand, the intracellular
cascade induced by 5HT differs in Rudilape5 as PMA inhibits
5HT-induced maturation in a dose-dependent fashion (Gobet et
al., 1994).

In this study, we used an in situ renaturation method after pro-
tein electrophoresis (Kameshifa and Fujisawa, 1989; Durocher
et a/., 1992) to characterize the modulation of protein kinase
activities that follows addition of 5HT to Ruditape5 philippinarum
oocytes. Our results show that among multiple renatured kinas-
es. a major soluble serine/threonine kinase of 85 kDa (PK85) is
rapidly activated. The same activation may be obtained following
treatment with ionophore A23187 or NH,CI, suggesting that it fol-
lows the intracellular calcium surge. Partial purification followed
by Western blotling and substrate specificity assays showed that

this kinase is related to the ribosomal S6 kinase pp90"k. Finally,
it appears that the intracellular pathway leading to its activation
is independent ot PKC.
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Results

Early activation of an 85 kDa kinase by 5HT
The pattern of renatured protein kinases modulated in vivo

by 5HT is shown in Figure 1A. Among multiple renatured kinas-
es, a strong activation (11.6~4.2-fold, n= 5) of an 85 kDa
(PK85) one consistently occurred within 5 min following the
addition of the hormone, and remained over basal activity for at
least 60 min. Figure 1B shows the relationship between the
kinetics of PK85 activation and GVBD. While GVBD occurred in
about 12-18 min at room temperature, maximal PK85 activation
was observed within 5 min after 5HT addition. A decrease in
PK85 activity was then observed and varied among different
batches of oocytes. ranging between 20% and 90% of the peak
level. Slight activation of two other kinases of 67 kDa and 60
kDa, together with an increase in the apparent molecular
weight of PK160 after 20 min also occurred, Activation of a 33
kDa kinase after 20 min of treatment and inhibition of two kinas-
es of 63 kDa and 43 kDa was also observed, but somewhat less
consistently.

Serotonin concentration dependence for GVBD and PK85
activation

Forty minutes after the addition of increasing 5HT concentra-
tions, the percentage of oocytes which underwent GVBD was
estimated (Fig. 2, upper panel); the activity of PK85 was moni-
tored in parallel using the renaturation assay following SDS-
PAGE (lower panel). Comparison of panel A with panel B shows
that the minimum 5HT concentration required to induce oocyte
maturation (10.7 M) is the same as that required for full PK85 acti-
vation. This concentration is in the physiological range already
described for 5HT-competent oocytes (Guerrier et a/" 1993).

PK85 is activated by mimetics
Previous studies have shown that an increase in intracellular

free calcium is an essential step for meiosis reinitiation in clam
oocytes (Dube, 1992; Guerrier et a/., 1993). Indeed, the calcium

Fig. 1. Time course of SHT.
induced GVBD and kinases
modulation in Ruditapes
oocytes. Oocytes were
exposed to 1 /.1.\15HT and
rapidly harvested by centrifu-
gation followed by solubiliza-
tion in 50S-sample buffer for
in situ renaturation and phos-
phoryfa tion following elec-
trophoresis as described in
Materials and Methods. (AI
31P-fabelmg was revealed by
autoradiography (4 h expo-
sure at -80'C). (B) 31p incor-
poration in PK85 was deter-
mined by liquid scintillation
(open squares) and com-
pared to oocyte activation as
determined by GV8D esti-
mation (open cIrcles'.
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Fig. 2. Serotonin concentration dependence for GVBD and activa.
tion of PK85. Oocytes were treated with the Indicated concentrations
of 5HT and aliquots were kept for GVBDdeterminationafter 40 min
(upper panel!. The rema;nmg oocytes were harvested 20 min after 5HT
addition and processed for in situ renaturation and phosphorylation
!lower panel).

ionophore A23187 and ammonia, two compounds known to
induce an intracellular calcium surge in Ruditapes oocytes, also
induce GVBD (Guerrier et al_, 1993). Their eHects on PK85 acti-
vation were thus monitored. As shown in Figure 3, both A23187
(lane 3) and NH,CI (lane 4) induced GVBD (upper panel) and
PK85 activation (lower panel).

PK85 activity is stabilized by phosphatase inhibitors
Since the activated state of PK85 resists heat-denaturation in

the presence of SDS and ~-mercaptoethanol, a covalent modifi-
cation of the enzyme should be responsible for its activation. In
view of the important loss of kinase activity that occurs when
crude homogenates are prepared in the absence of phos-
phatase inhibitors (Fig. 4: compare lane 2 with lane 1), this mod-
ification is likely to be a phosphorylation. Indeed, PK85 activity
can be effectively stabilized by the presence of 50 mM ~-glyc-
erophosphate (lane 4), 50 mM sodium fluoride (lane 5), 200 nM
okadaic acid (lane 6), 200 nM calyculin A (lane 7) and 200 nM
microcystin (lane 8). Quantification of 32P-incorporation into
PK85 is graphically represented in the upper panel. Molybdate
(50 mM)and vanadate (500 ~M)were ineffective as inhibitors (not
shown).

PK85 has a strict 5errrhr-kinase activity
Phosphoamino acid analysis of the major renatured kinases

observed in Figure 1 (PK160, PK120, PK85, PK67, PK60,
PK47 and PK33) revealed that the y phosphate transferred from
(y_32P)ATP occurred exclusively on serine and threonine
residues (not shown). To ascertain that PK85 has a strict
SerlThr-kinase activity and to detect a putative protein tyrosine
kinase (PTK) activity, we added the tyrosine-containing syn-
thetic copolymer pOly(E,:Y,) directly to the gel prior to polymer-
ization (Durocher et al., 1992). Following electrophoresis and in

---
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situ renaturation and phosphorylation. two main phosphotrans-
ferases of 85 and 47 kDa were detected in the presence of this
polymer (Fig. 5), but PK85 activity appeared lower than that
seen without the synthetic substrate. Phosphoamino acid
analysis demonstrates that while PK47 is able to phosphorylate
tyrosine residues present in the added copolymer, PK85 has a
strict SerlThr-kinase activity. However, PK47 activity did not
appear to increase following 5HT stimulation since its phos-
photyrosine content remained constant for up to 20 min (not
shown).

PK85 is related to the ribosomal 56 kinase /I
Subcellular fractionation of 5HT-treated oocytes into particu-

late (P) and soluble (S) fractions showed that PK85 is a soluble
kinase (Fig. 6B). Further characterization of PK85 was under-
taken by partial purification on a cation exchange chromatogra-
phy column (Fig. 6A). Renaturation of aliquots from collected

fractions was pertormed in order to detect PK85 activity. Figure
6B shows that PK85 is mainly found in the NaCI eluate (SE) from
the Fast-S Sepharose cation exchange column. Preliminary
studies using various antibodies directed toward potentially acti-
vated kinases during serotonin-induced oocyte activation
(MEKK, B-Raf1, PKC~, pp90"', p70/p85'" and NIMA) showed

that only anti-pp90rsk clearly recognized a protein of 85 kDa in
oocyte Iysates. Immunodetection of the same fractions as in
panel 8 shows that an 85 kDa immunoreactive band co-elutes
with PK85 (Fig. 6C). This eluate was then precipitated with
ammonium sulfate. applied on a Mono-Q anion exchange col-

. .- PK85

45- ... - ---

31-

Fig. 3. PK85 activation by mimetics. Oocytes were stimulated with
the following drugs for 20 min: (1) control; (2) 1 JJ'-15HT: (3) 10 JJM
A23187; (4) 20 mM NH.JCI (In ASW buffered with 5 mM Tris pH 8,0).
GVBO was estimated on an aliquot fraction (upper panel) and the
remaining oocytes were processed for in Situ renaturation and phos-
phorylation (lower panel).
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Fig_ 4. Stabilization of PK85 activity in the presence of phosphatase
inhibitors. Oocytes were actIvated for 20 min with 1 IJM5HT and solu-
bilized in a non-denaturing buffer containing 20 mM MOPS pH 7.2, 0.2%
Thesi~. 50 J.lg/ml SBT!. 50 /.lg/mlleupeptln and 20 /.lg/ml pepsratin
Lysares were incubated in the absence (lane 2) or presence of 10 m~.f(3-
glycerophosphate (lane 3). 50 m.\.f f3-glycerophosphare (lane 4), 50 mM
NaF (lane 5), 200 nM okadaic acid (lane 6), 200 nM calyculm A (lane 7) or
200 nM microcystin (lane 8). After 30 mm incubation at room tempera-
ture, the reactions were stopped by addition of 2X SDS+sample buffer
and boiling_ For the control (lane n. 2X 50S-sample buffer was immedl'
ately added to the lysate. The samples were then processed for in situ
renaturarion and phosphorylarion !lower panel!. Radioactivity incorpo-
rated into PK85 was quantified by liquid sCintillation countmg (upper
panel).

umn and eluted using a linear NaCI gradient (Fig. 60).
Renaturation and immunodetection of the collected fractions
(Fig. 6E and 6F, respectively) clearly show that PK85, eluting in
fractions 19-21, is indeed related to the ribosomal S6 kinase
pp90fSk, since an 85 kDa protein present in the same fractions is
strongly recognized by the anti-RSK antiserum.

Substrate specificity of PKB5
Crude cytosolic extracts from resting or 5HT-treated oocytes

were first assayed toward exogenous substrates. Figure 7A
shows that 5HT-treatment significantly increases phospho-
transferase activities toward MBP, kemptide and histone III-S,
Kemptide kinase activation was further evidenced when the
assay was performed in the presence of 500 nM PKI, a potent
protein kinase A inhibitor. Fractions 19.21 from the Mono-Q
column were then pooled and assayed to determine the sub.
strate specificity of PK85 (Fig. 7B). Among substrates tested
and as already described for pp90'" (Erikson and Maller, 1988;

Erikson ef al" 1991), kemptide was the best phosphoacceptor
for PK85. This figure also shows that the purified fraction is
essentially devoid of MBP, histone and PKI-sensitive kinase
activities.

5HT-induced GVBD and PKB5 activation are blocked by
phorbol ester

The phorbol ester PMA has been shown to induce GVBD in
oocytes from various species. However, in the Japanese clam
Rudilapes philippinarum, PMA alone is unable to promote
meiosis reinitiation, but rather blocks the effect of 5HT in a
dose-dependent fashion (Gobet ef al., 1994). Figure 8A shows
that the inhibitory effect of PMA on GVBD can be partially
reversed by increasing 5HT concentration while the biological.
Iy inactive phorbol ester PMAmet is without effect. Moreover,
while 5 ~M of the potent PKC inhibitor GF109203X (Toullec ef
al., 1991) has no effect on GVBD, it completely prevents PMA-
mediated inhibition, showing that this phorbol ester acts
through the activation of a PKC. We previously showed that
PMA must be added during the 5HT-dependent period to exert
its negative effect, which results in the inhibition of the intraeel.
lular calcium surge (Gobet ef al., 1994). To further support the
hypothesis that the inhibition occurs before the intracellular cal-
cium surge, we showed that PMA has no effect on GVBD
induced by the calcium ionophore A23187 and thapsigargin
(Fig. 8B), an inhibitor of microsomal Ca2<ATPases (Thastrup et
al., 1989).

The effect of PMA on 5HT-induced activation of PK85 was
also studied, Figure 9 shows that while PMA alone cannot
induce GVBD (lane 3, upper panel) nor modulate the activity of
renatured kinases (lower panel, compare with lane 1), it strong-
ly inhibits 5HT-induced PK85 activation (lane 4). While the bisin-
dolylmaleimide GF109203X has no effect on 5HT-induced PK85
activation (compare lane 5 with lane 2), it reverses the inhibitory
action of PMA on this kinase (lane 6).

Discussion

Using a method for renaturing protein within the gel matrix fol-
lowing SDS-PAGE, we have evidenced a soluble SerfThr-kinase
of 85 kDa (PK85) whose activity increased up to 17-fold within 5
min following serotonin addition to Ruditapes philippinarum
oocytes. Since PK85 is also activated by calcium ionophore
A23187 and ammonia, two compounds which increase intracel-
lular free calcium in Ruditapes philippinarum (Guerrier et al.,
1993), this suggests that PK85 activation occurs downstream of
the calcium surge. The observed stability of PK85 activity in the
presence of SerfThr-phosphatase inhibitors suggests that phos-
phorylation by an upstream kinase is responsible for its activa-
tion. Partial purification of PK85 by ion exchange chromatogra-
phies followed by Western blotting using a polyclonal antiserum
(Rachie ef al., 1993) directed against residues 707-724 of the
mouse rskl gene (Alcorta et al., 1989) showed that it is immuno-
logically related to the ribosomal S6 kinase pp90"'. This was
further supported by substrate specificity where kemptide is the
best phosphoacceptor assayed. Thus, PK85 represents a
marine invertebrate homolog of the growing family of ribosomal
S6 kinases (for review see Pelech and Shangera, 1992; Blenis,
1993).



- 31 -
,', I

" I pY
L- '.' .

+ 5HT +

Mr x 10'3

-200--- -116 -
97 f-PK85---1

67

- 45-
f-PK47 \,

5HT-induced RSK actimtirm 561

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

pS

pT

,

.. ~ ,

.
. '. ,

'.'

,-..' .pY :.. ..1

pS

pT

Fig. 5. PK85 has a strict Ser/Thr kinase activity, Oocytes were stimulated (+) or not H with 1 J.l1.1SHT for 10 min and processed for renaturation

and in situ phosphorylation (left panels) in a control gel t.poly(E1:Y,4)}or a gel containing 100 tJg/ml pOly(E,:Y) as a substrate for putative renatured
PTKs as described in Materials and Methods. PK85 and PK47 from 5HT-rreated ooeytes were excised from the gels for phosphoamino acids analy-
sis by two-dimensional thin layer electrophoresis (right panels). pS. phosphosenne: pT; phosphothreonine; py. phosphotyrosine.

Signal transduction cascade linking 5HT receptors to PK85
activation and GVBa

Recent data suggest that 5HT receptors of Ruditapes philip-
pinarum must be coupled to G proteins to be functional (Gobet
etal., 1994). Indeed, mastoparan and mas-7, two G-protein acti-
vators (Higashijima et al., 1990), facilitate oocyte maturation
when delivered simultaneously with subthreshold levels of 5HT.
Iontophoresis at GTP and GTPrS triggered GVBD in 14 out of 19
oocytes tested. Also, a significant increase of inositol 1.4.5-
trisphosphate (IP,) has been clearly demonstrated which peaks
3 min after addition of 5HT. Thus, 5HT signal transduction is
mediated via phospholipase C which produces IP, and diacyl-
glycerol (OAG), the former inducing the observed intracellular
calcium surge (Guerrier et a/., 1993) while the latter would acti-
vate a phorbol ester/DAG-sensitive PKC, Indeed, PMA has been
shown to induce GVBD in oocytes tram the surf clam Spisula
solidissima (Dube et al., 1987: Eckberg et al.. 1987), the annelid
Chaetopterus (Eckberg and Palazzo, 1992) and the frog
Xenopus laevis (Stith and Maller, 1987; Chung et al., 1992). It
has also been reported to activate MAP kinase and pp90fSk in

vivo (Meier et al., 1991: Gause et al., 1993) and in vitro when
added to a mixture containing recombinant PKC, Raf and MEK
(Marquardt et al., 1994). In Ruditapes philippinarum however,
PKC is unlikely to be required for PK85 activation and GVBD:
first, those phenomena were never induced under the influence
of PMA: second, both 5HT-induced PK85 activation and GVBD
are abolished in vivo by this phorbol ester, and third. the PKC-
specitic inhibitor GF109203X neither blocks 5HT-induced PK85
activation nor GVBD (when present at 5 ~M) but rather releases

oocytes from PMA-induced inhibition. The PMA inhibitory action
on RUditapes oocytes is similar to that found in starfish oocytes
where it has been shown to block 1-methyladenine-induced
GVBD (Kishimoto et al., 1985).

We also showed that PMA-induced inhibition of GVBD
represses the 5HT-generated intracellular calcium surge in
Ruditapes philippinarum (Gobet et al., 1994), a situation which
has also been described in hamster eggs (Miyazaki et al.,
1990). The observationthat PMA must be added within 3 min
after 5HT addition to effectively block GVBD, an interval which
corresponds to the hormone-dependent period for 5HT and
which is immediately followed by the intracellular calcium surge
(Gobet et al., 1994), could explain why PMA has no effect on
meiosis reinitiations induced by calcium ionophore A23187 or
thapsigargin. Thus, PKC may inhibit transduction of the 5HT
signal through phosphorylation of the receptor itself, its associ-
ated G-proteins or phospholipase C. Taken together, these
results also suggest that PK85 activation occurs following the
elevation of intracellular calcium, As already described for RSK
(Erikson, 1991), PK85 activity appears to be positively regulat-
ed by its phosphorylation. Since MAP kinase may participate in
the phosphorylation and activation of RSK and has been shown
to be activated in less than 3 min following 5HT-induced meio-
sis reinitiation (Abdelmajid et al., 1994), it may be the kinase
responsible for PK85 phosphorylation and activation.
Interestingly, a calcium-dependent but PKC-independent activa-
tion of MAP kinase has been demonstrated in fibroblasts and
A431 cells using thapsigargin (Friedman et al., 1989; Chao et
al.. 1992).
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el A, as well as particulate and soluble fracrions were submitted to electrophoresis for in situ renaturation and phosphorylation {panel BI or Western
blotting using anri-pp9(}'Sk antiserum (panel C). Further purification of pooled SE fractions was performed on a Mono-Q column as described In
Materials and Methods rD, protein elution profile; E, in situ renaturation and phosphorylation; F, Immunodetection wirh anrl-pp9CP< antiserum).
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Potential Intracellular substrates of RSK
In progesterone-treated Xenopus oocytes, maximal activa-

tion of a 92 kDa ribosomal 56 kinase occurs just prior to GVBD
(Cicirelli et al., 1988; Martin-Perez el al., 1988; Erikson and
Maller, 1989) while in 1-methyladenine treated starfish oocytes
maximal 56 kinase activation occurs shortly after GVBD
(Pelech et al., 1987). This contrastswith the situationobserved
in Ruditapes phifippinarum where maximal activity of PK85
clearly precedes GVBD. While one of the best known in vitro
substrates of R5K is the ribosomal protein 56, this protein
instead appears to be the physiological substrate of p70'"
(Blenis, 1993). Accordingly, in progesterone-treated Xenopus
oocytes, a 10-fold activation of p70'" occurs within 1 h, 3 hear-
lier than that of pp90"k (Lane et al., 1992), and would be
responsible for the early 56 phosphorylation observed during
meiotic maturation in this species (Cicirelli et al., 1990). Among
physiological substrates for R5K, nuclear lamins have been
described as potent candidates (Ward and Kirschner, 1990).
Lamin phosphorylation is indeed causally related to the tran-
sient disassembly of the nuclear lamina during mitosis (for
reviews see Gerace and Burke, 1988; Nigg, 1992; Moir and

--
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Goldman, 1993). However, in the clam Spisula sofidissima, the
p34cdc2/cyclinB complex alone appears sufficient for the release
of the 67 kDa lamin (L67) from isolated oocyte nuclei (Dessev
et al., 1991). A 49-kDa nucleoplasmin-like protein which is
extensively phosphorylated 5 min after activation of Spisula
oocytes has been identified (Herlands and Maul, 1994).
Whether this protein could be a substrate for PK85 remains to
be verified.

In conclusion, 5HT-induced meiosis reinitiation in Ruditapes
philippinarum is associated with an early and PKC-independent
activation of an 85 kDa 56 kinase. Its role in the phosphorylation
cascade linking G-protein coupled membrane receptors to the
dissolution of the germinal vesicle remains to be elucidated.

Materials and Methods

Materials
(1-32P)ATP (5000 Ci/mmol) was purchased from Amersham. SDS

was purchased from Serva and N,N-bisacrylamide from BOH. Molecular
weight markers and Tween-20 were obtained from Bjo-Aad and leu-
peptin from Boehringer Mannheim. Cellulose thin-layer plates and
propano!-2 were purchased from Merck. PVOF membranes, QMA Sep-
Pa~-Light and C18 Sep-Pa~ cartridges were from Waters (Millipore
Corp.). Calyculin A, GF109203X and microcystinwere from BioMoland
okadaic acid from Gibeo BAL. All other chemicals were from Sigma. A
stock solution of imidazole/iminodiacetic acid (500 mM/280 mM) was
made and purified over activated charcoal.

Handling of oocytes

Japanese clams were obtained at the IFAEMER Laboratory of La
Tremblade or from various commercial sources in the Golfe du Morbihan
and maintained in running sea water tanks. Oocytes were recovered
from ovaries by dissection, filtered through 4 layers of cheesecloth and
washed at least 5 times in natural or artificial sea water (ASW). Oocytes
were then diluted in A8W to a final concentration of 0.5-2% (vlv) and
kept at 16-18~C until used. Within this temperature range, no sponta-

neous maturation was observed even after 8 h of incubation. Oocytes
from at least 5 females were always mixed together for experiments.
Germinal vesicle breakdown was scored by random counting of 100-200

oocytes.

Gel electrophoresis and renaturation of protein kinases
Except where mentioned, oocytes were directly solubilized in 2X

80S-sample buffer (4% SOS, 10% p-mercaptoethanol, 50 mM Tris-HCI
pH 6.8, 20% glycerol, 0.02% bromophenol blue) and incubated for 5 min

in a boiling water bath. The mixtures were then submitted to elec-
trophoresis (20-50 ~g of protein per well) using a Bio-Aad mini slab gel
apparatus (acrylamide:bisacrylamide, 30:0.8; stacking: 4%, separation:

8 to 10%) at 30 mAlge1. To renature protein kinases, gels were then treat-
ed as previously described (Durocher et al., 1992) with some modifica-
tions (volumes applies for two mini-gels of 1.5 mm thickness): SOS was
first removed from gels by two successive washes (151, 100 ml, 45 min or
overnight; 2M, 100 ml, 45 min) in 50 mM imidazole, 28 mM iminodiacetic
acid, pH 7.0 containing 20% isopropanol, followed by one wash (200 ml,
45 min) in Buffer A (50 mM imidazole, 28 mM iminodiacetic acid, 10 mM
B-mercaptoethanol, pH 7.0), all at 22~C. To further unfold proteins within

the gel matrix, gels were incubated in the presence of 20 ml of 8 M guani-
dine-HCI in Buffer A containing 50 mM B-mercaptoethanol (90 min at
22QC). Proteins were then allowed to renature at 22°C using five incuba-

tions of 45 min each with gentle shaking in 100 ml of renaturation buffer
(25 mM imidazole, 14 mM iminodiacetic acid, 0.04% Tween 20, 10~o

sucrose, 50 mM NaF, 50 mM KCI and 10 mM B-mercaptoethanol); an incu-

bation overnight in 200 ml may substitute for two washes of 45 min. Gels
were subsequently equilibrated (45 min at 22°C) in 200 ml of Buffer B (10
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Fig_ 8. Effect of PKC modulators on GVBD. (AI Oocyres were preincu-

bated for 10 min in the presence of the indIcated drugs before addition
at 5HT.Open circles, control; closed circles, 1pM PMA: open triangles. 1
11.\1PMA'T>e/;open squares, 5 IJM GFI09203X: closed squares, 1IJM PMA
+ 5 11MGF109203X. GVBD was determined 40 min after addition of 5HT.
(BI Control oocytes (open symbols) or oocytes premcubared tor 10 min

in the presence of 1 j.JM PMA (closed symbols) were activated with var-
ious concentrations of the indicated drugs and GVBDwas determined 40
mm later (circles, 5HT; squares, ionophore A23187: triangles, thapsigar-
gIn). Different batches of oocytes were used for A and B.

mM HEPES-NaOH pH 7.4, 10 mM B-mercaptoethanol, 5 mM MnCI2. 50
mM NaF. and 100 IJM Na3V04) and phosphorylation was carried out (90
min at 22°C) in 20 ml of Buffer B containing 10-50 IJCi (y-32P)ATP (1000-
5000 Ci/mmol). This incubation time is in the linear portion of the 32p_

incorporation curve as assessed for three kinases (PK160, PK85, and
PK47; not shown). Gels were then successively washed 5 times with 100

ml of 5% (w/v) TCA containing 1% (w/v) sodium phosphate and 1% (wlv)
sodium pyrophosphate (45 min each), stained with Coomassie A250,

dried and exposed to X-ray film in order to visualise the pattern of rena-

tured kinases.

Phosphoamino acid analysis
Bands containing 32P-labeled polypeptides of interest were excised

from the gel, minced and partially hydrolyzed in 6 M HC' at 110°C for 90
min. Released phosphoamino acids were partially purified on C18 and
QMA cartridges (Durocher and Chevalier. 1994) prior to their separation
by two-dimensional electrophoresis on cellulose thin-layer plates

(Cooper ef al., 1983).

Oocyte fractionation
Sedimented oocytes were homogenized on ice with a potter in 5-10

volumes of fractionation buffer (Buffer F: 10 mM MOPS-NaOH pH 7.3. 50
mM f3-glycerophosphate, 50 mM NaF. 500 nM microcystin, 100 IJM
Na3V04, 0.3 Msucrose,S mM EDTA 5 mM EGTA, 1 mM PMSF, 10 !-I9/ml

SBTI, 10 IJglmlleupeptin and 2 IJglml pepstatin). The homogenate was
then centrifuged at 100,0009 for 60 min at 4"C and the resulting soluble
and particulate fractions were stored in ariquots at -SO°C. Protein con-
centration was determined using a Coomassie Blue dye binding assay
(Sedmak and Grossberg, 1977).

Partial purification of PK85 and immunodetection

Soluble fractions were applied onto a Fast-S Sepharose cation
exchange column (1.0x16 em) equilibrated in Buffer F at a flow rate of 1
ml/min. After washing the column with 50 ml of Buffer F, proteins were
eluted with 15 ml of Buffer F containing 500 mM NaC!. Following addition
of mercaptoethanol to a final concentration of 0.01 % the eluate was pre-
cipitated with ammonium sulfate (70% saturation). The precipitate was

then desalted by chromatography on a Sephadex-G25 column equili-
brated in Buffer Q (50 mM B-glycerophosphate, 50 mM NaF. 1 mM EDTA)
containing 1 mM PMSF, 10 !Jglml SBTI, 10 IJglmlleupeptin and 2 IJg/ml
pepstatin. The samples were applied at 1 ml/min onto a Mono-Q HA 5/2

anion exchange column equilibrated in Buffer Q and eluted with 17 ml of
a 0-500 mM NaCllinear gradient in the same buffer. 0.75 ml fractions
were collected and 20 IJIaliquots were used for the renaturation assay or
Western blotting. For immunodetection, proteins were transferred to
PVDF membranes at 250 mA for 30 min in 10 mM CAPS pH 11 contain-
ing 20% methanol (4'C). After blocking with 5% BSA in Tris buffered

saline (T88), membranes were incubated for 2 h with rabbit anti-ASK
antiserum (Ab 8827. generous gift of Dr. Karol Bomsztyk, WA) diluted
1/1000 in TBS containing 2% BSA and 0.1 % Tween-20. Blots were then
revealed by chemiluminescence using goat anti-rabbit immunoglobulins
coupled to horseradish peroxidase.

+ +
+

+ +
+

+ +

5HT
PMA
GF109203X

+

Mr X 10-3 - -
200-

- - --66-
45-

31-
Fig. 9. Effect of PKC modulators on 5HT-induced PK85 activation.
Oocytes were treated as in Figure SA with the indicated drugs. 10 mm
after 5HT additIon, they were solubilized In 50S-sample buffer for in situ
renaturation and phosphorylation (lower panel). GVBD was determined
on aliquots 40 mm after the addition of 5HT (upper panel),



Phosphorylation of exogenous substrates
Partially purified PK85 or crude cytosotic extracts were incubated for

10 min in 20 ~r of phosphorylation buffer containing 20 mM HEPES pH 7.4,
10 mM MgCI" 2 mM DTT, 50 ~M ('("32P)ATP (0.5 ~Ci) and 0.5 mgtml of pro-
tein substrate or 0.25 mgtml peptide substrate. Phosphorylation was
stopped by spotting an aliquot on P81 paper followed by several washes

in 0.5% H3P04. 32P-jncorporation was determined by liquid scintillation.
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