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Abstract The myelin basic protein (MBP)-phosphorylating enzymes present during maturation and early embryo-
genesis of the sea star (Pisaster ochraceus) were investigated. The major maturation-activated MBP kinase (p45 Mapk)
was molecularly cloned based on tryptic sequence information obtained with the purified enzyme and shown to be
highly related to human Erk1 with 76% amino acid identity. Kinase assays and immunoblotting studies revealed that
Mapk remained highly active until 12 h post-fertilization (PF), after which it declined. By 4 days PF, Mapk protein was no
longer detectable. At 3 h PF, about half of the detectable MBP phosphotransferase activity could be attributed to a 75 kDa
protein kinase that was distinct from Mapk. Like Mapk, this protein phosphorylated MBP mostly on threonine residues,
but it failed to phosphorylate a peptide (APRTPGGRR) based upon the Thr-97 MAP kinase phosphorylation site in MBP.
Rather, it phosphorylated a peptide (AAQKRPSQRTKYLA) patterned after the N-terminus of MBP. Our studies also
showed a dramatic increase in MBP phosphotransferase activity occurred by 4 days PF that arose from a third kinase that
phosphorylated MBP solely on serine residues. This kinase exhibited the following substrate substrate preference:
AAQKRPSQRTKYLA, peptide substrate for S6 kinases (AKRRRLSSLRASTSKSESSQK) > MBP > histone H1 > prota-
mine > casein > APRTPGGRR. This kinase was not appreciably affected by addition of phosphatidylserine/
diacylglycerol, or the staurosporine analogue Roche Compound 3, but it was partly inhibited by a protein kinase C
pseudosubstrate peptide. Gel filtration analysis revealed an apparent molecular mass of 41 kDa for the enzyme.
Therefore, at least two novel MBP-phosphorylating enzymes distinct from Mapk are preferentially activated following
fertilization and early embryogenesis of the sea star. J. Cell. Biochem. 75:272-287, 1999.  © 1999 Wiley-Liss, Inc.
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Cell cycle progression during both meiosis
and mitosis is orchestrated by an elaborate
program of reversible protein phosphorylation
events. Most immature oocytes, including those
from sea star, are arrested at the Go/M border of
first meiotic prophase of oogenesis [Davidson,
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1986]. The first morphological change that is
evident during the induction of sea star oocyte
maturation by the hormone 1-methyladenine
(1-MeAde) is nuclear envelope disassembly, also
referred to as germinal vesicle breakdown
(GVBD) [Doree, 1983]. Subsequently, meiosis I
is completed and the cell progresses to meta-
phase of meiosis II, where the mature oocytes
are arrested until fertilization. A burst in net
protein phosphorylation is triggered near the
onset of GVBD [Maller and Krebs, 1977; Pelech
et al., 1990]. Many of the protein kinases that
are activated at meiotic maturation have been
shown to be capable of phosphorylating myelin
basic protein (MBP). These kinases can be dis-
tinguished from each other on the basis of their
time courses of activation, their substrate speci-
ficities, and their chromatographic properties
[Pelech et al., 1988].

The best characterized oocyte model for the
investigation of the dynamics of protein kinase
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activation and their involvement in cell prolif-
eration and differentiation has been Xenopus
laevis. In this system, oocytes are matured by
stimulation with agents including progesterone
and insulin [reviewed in Pelech and Charest,
1995]. Early research demonstrated that the
activity of the proline-directed, mitogen-acti-
vated protein (MAP) kinase known as ERK2
(extracellularly-regulated protein kinase) is
tightly regulated during oogenesis and early
development [Posada et al., 1991]. Near the
time of GVBD, MAPK is activated and remains
in this state in unfertilized eggs during meiotic
arrest. Following fertilization, MAPK phos-
photransferase activity rapidly declines and re-
mains low until the onset of mesoderm induc-
tion where the activity of the kinase increases
rapidly in response to fibroblast growth factor
[Hartley et al., 1994].

The activation of Erk2 during meiotic matu-
ration of echinoderm oocytes is distinct from
the frog system, since the major MBP kinase
that is stimulated during meiosis I near the
onset of GVBD in sea star oocytes was found to
be a 45-kDa kinase, p45 Mapk [Pelech et al.,
1988; Sanghera et al., 1991]. Although this sea
star Mapk possesses the regulatory tyrosine
phosphorylation site before the subdomain VIII
region of the catalytic domain, it appeared to
lack the threonine phosphorylation site that is
required for activation of other MAP kinase
isoforms [Posada et al., 1991; Charest et al.,
1993].

In the sea star system, the vast majority of
information concerning the time course of acti-
vation (tyrosine phosphorylation) is limited to
events surrounding the meiotic maturation and
to only a few hours following fertilization. In
this study, we employed the sea star oocyte
system to investigate the changes in Mapk and
other MBP kinases at various time points follow-
ing fertilization, early development, and gastru-
lation. We have detected two novel MBP ki-
nases that are activated during early
embryogenesis.

MATERIALS AND METHODS
Materials

The Pisaster ochraceus sea stars were col-
lected between May and July, the annual repro-
ductive cycle of these sea stars, by scuba diving
in the local waters surrounding Vancouver, Brit-
ish Columbia, Canada. Sea stars were individu-
ally sexed by sampling of gonadal tissue with a

20 ml syringe and 18-gauge needle. The 4G10
and anti-Erk1-CT antibodies were available
from Upstate Biotechnology Inc. (Lake Placid,
NY). Anti-protein kinase C (cPKCa) antibody
was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Alkaline phosphatase-conju-
gated goat anti-rabbit and goat anti-mouse IgGs
and horseradish peroxidase-conjugated goat
anti-mouse IgG were obtained from Bio-Rad. A
staurosporine analogue, Roche Compound 3
(Cmpd3), was a gift from Dr. Michael Venuti
(Department of Bio-Organic Chemistry, Genen-
tech, San Francisco, CA). The pseudosubstrate
inhibitor peptide of PKC (PKC-I; RFARKGAL-
RQKNV) was produced by solid phase synthe-
sis. Myelin basic protein (MBP) was purified
from bovine brain [Deibler et al., 1984]. MAPK
substrate peptide MBP-T97 (APRTPGGRR) was
synthesized according to the Thr-97 phosphory-
lation site of MBP [Clark-Lewis et al., 1991].
The MBP-NT peptide (AAQKRPSQRTKYLA)
was based on the amino-terminal portion of
MBP, which is not phosphorylated by MAPK.
The S6 peptide (AKRRRLSSLRASTSKS-
ESSQK) was synthesized after a carboxyl termi-
nal region of the S6 protein of the 40S ribosome
complex that is phosphorylated by S6 kinase.
The ECL detection reagent kit for Western blot-
ting was obtained from Amersham (Canada).
Protein A-Sepharose and HR5/5 Mono Q and
Superose-12 were purchased from Pharmacia.
Other reagents were purchased from Sigma.

Culture of Sea Star Oocytes and Preparation of
Cellular Extracts

Immature oocytes arrested in the Go/M bor-
der of meiosis were isolated from sea stars as
previously described [Meijer et al., 1984]. Sea
stars were induced to spawn by injection into
the body cavity of a minimum of 1 ml per arm of
0.14 mM 1-methyladenine (1-MeAde) in Milli-
pore-filtered seawater [Fraser et al., 1981].
Shedding of mature oocytes (characterized by
GVBD as the disappearance of the nuclear and
nucleolar membranes) typically commenced be-
tween 60 and 90 min following primary injec-
tion. During spawning, sea stars were inverted
over 400 ml beakers that contained Millipore-
filtered seawater. After approximately 60 min
of shedding, the oocytes were allowed to settle
and were washed with three changes of filtered
seawater. At this time, an aliquot of mature
oocytes was collected for an experimental time
point and stored on ice prior to processing of
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cellular extract. The remaining oocytes were
suspended at a concentration of 1% (v/v) in
filtered seawater. The container was placed in a
refrigerator equilibrated to 12 = 0.5°C and the
seawater was gently aerated and oscillated at
40 rpm. The oocyte suspension was allowed to
equilibrate at this temperature for at least 1 h
prior to addition of sperm. Sperm was collected
from male sea stars and diluted to 1:200 (v/v)
with filtered seawater. Sperm viability and mo-
tility were verified by phase microscopy. Equili-
brated mature oocytes were fertilized by addi-
tion of 1:100 (v/v) of the sperm dilution (effective
dilution of 1:20,000 (v/v)). Fertilization of oo-
cytes was confirmed in an aliquot of oocytes at
approximately 1 h following sperm addition by
observing the elevation of fertilization mem-
branes. Embryo cultures with less than 70%
fertilization of oocytes were discarded.

At specific time points during development,
the oocytes or embryos were pelleted at 4°C in a
Beckman J2-HS centrifuge (1,500 rpm for 5
min). A 33% oocyte suspension was prepared in
chilled homogenization buffer (20 mM MOPS,
pH 7.2, 50 mM B-glycerophosphate, 5 mM
EGTA, 2 mM EDTA, 1 mM sodium vanadate, 1
mM dithiothreitol [DTT], 1 mM phenylmethyl-
sulphonyl fluoride [PMSF], and 1 mM benzami-
dine). Oocytes in suspension were disrupted
with two 30 sec bursts at 19,000 rpm of a
Polytron (PT3000, Brinkman, Westbury, NY)
and cell breakage was verified by light micros-
copy. Homogenates were immediately centri-
fuged in a Sorval Combi Ultracentrifuge (Du-
pont, Canada) at 10,000g for 10 min. The
supernatant was then decanted and centri-
fuged at 250,000g for 30 min. Supernatants
were quickly aliquoted and stored at —70°C.

Mono Q Fractionation

Cellular homogenates (~5 mg protein, as de-
termined by Bradford reagent assay with bo-
vine serum albumin (BSA) as the protein stan-
dard) were fractionated on a HR5/5 Mono Q
column (1 ml bed volume) equilibrated with
buffer A (12.5 mM MOPS, pH 7.2, 12.5 mM
B-glycerophosphate, 0.5 mM EGTA, 7.5 mM
MgCl,, and 1 mM DTT). The column was eluted
with a 10 ml linear 0-0.8 M NaCl gradient in
buffer A using the Pharmacia Fast Protein Liq-
uid Chromatography system and 250 ul frac-
tions were collected for enzyme assays and im-
munoblotting analysis.

Measurement of Phosphotransferase Activity

MBP, MBP-NT peptide, MBP-T97 peptide,
S6 peptide, protamine, casein, and histone H1
phosphotransferase activities were measured
by incubating in a final volume of 30 ul: 30 png
substrate, 10 ul Mono Q fraction, 0.5 mM cAMP
dependent protein kinase inhibitor peptide
(PKI), 50 pM [y-32P]-ATP (~2,000 cpm/pmol)
and assay dilution buffer, pH 7.2 (20 mM MOPS,
25 mM B-glycerophosphate, 20 mM MgCl,, 5
mM EGTA, 2 mM EDTA, 1 mM DTT, and 1 mM
sodium vanadate). For assays that included a
protein kinase C inhibitor or pseudosubstrate
(final concentrations: 20 nM Cmpd3 or 1 pM of
PKC-I) the total volume of the reaction was 35
pl. Reactions that required the presence of lipid,
contained 5 pl of 30 pg/ml phosphatidylserine/
diacylglycerol (PS/DAG) and the total volume
of the reaction was 35 pl. Phosphotransferase
activity assays were conducted for 10 min at
30°C and were terminated by spotting a 20 or
25 pl aliquot of the reaction mixture onto a
1.5-cm? piece of p81 phosphocellulose paper.
The papers were washed 10 times in 1% phos-
phoric acid before their transfer into a 6-ml
plastic scintillation vial that contained 0.5 ml
scintillant and counting in a scintillation
counter.

Electrophoresis, Inmunoblotting, and
Phosphotransferase Quantitation

SDS-polyacrylamide gel electrophoresis
(PAGE) was performed essentially as described
by Laemmli [1970]. Typically, a 10% separating
gel and a 4% stacking gel were used. Samples,
containing SDS-sample buffer (4 X solution con-
taining 125 mM Tris-HCI, pH 6.8, 4% SDS
[w/v], 20% glycerol [v/v], 0.3 M B-mercaptoetha-
nol, 0.01% bromophenol blue [w/v]) were boiled
for 5 min and electrophoresed for 18 h at 10 mA
per gel. Following SDS-PAGE, the proteins were
electrophoretically transferred to nitrocellulose
membranes at 300 mA for 3 h. For immunoblot-
ting, membranes were Ponceau-stained, to
verify equivalent loading of proteins, and then
blocked with TBS (0.5 M Tris, pH 7.5, and 1.5 M
NaCl) containing 5% skim milk powder for 2 h
at room temperature. Membranes were washed
twice for 5 min with TBS containing 0.05%
Tween-20 (TTBS) prior to incubation with pri-
mary antibody (in TTBS with 0.1% sodium
azide) for 2-18 h at room temperature. Mem-
branes were then washed twice with TTBS
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before incubation with the secondary antibody
(goat anti-rabbit IgG coupled to alkaline phos-
phatase in TTBS; 1:3,000 dilution) for 2 h at
room temperature. The membranes were rinsed
with two washes of TTBS for 5 min, one wash of
TBS, and then incubated with 5-bromo-4-chloro-
3-indolyl phosphate (BCIP)/mitro blue tetra-
zolium (NBT) colour development solution (mix-
ture of 3% NBT in 1 ml 70% dimethylformamide
[DMF] and 1.5% BCIP in 1 ml 100% DMF
before addition of 100 ml of 0.1 M Tris, 0.1 M
NaCl and 5 mM MgCl,, pH 9.5). Colour develop-
ment typically occurred in 5—20 min and the
reaction was stopped by rinsing membranes in
a large volume of water. Essentially the same
protocol was used for anti-phosphotyrosine
blots, except that membranes were blocked with
low-salt TBS (20 mM Tris, pH 7.5 and 50 mM
NaCl) that contained 3% BSA and all washes
were performed with low-salt TBS containing
0.05% Nonidet-40 (NP-40). If ECL was the de-
velopment procedure of choice, the secondary
antibody was either the goat anti-rabbit (for
Erk1-CT and PKCa antibodies) or the goat
anti-mouse (for 4G10 antibody) antibodies
conjugated with horseradish peroxidase (1:
2,500 dilution) and the incubation time was 45
min.

Immunoprecipitation

MAPK was immunoprecipitated by incuba-
tion of 1 mg of cellular homogenate (containing
10 pg/ml aprotinin, 2 ng/ml leupeptin, 10 pg/ml
soybean trypsin inhibitor, and 2 pg/ml PMSF)
with 1% SDS in a microcentrifuge tube. An
equal volume of 6% NETF (100 mM NaCl, 5
mM EDTA, 50 mM Tris-HCI, pH 7.4, 50 mM
NaF, and 6% NP-40) and 10 pl of Erk1l-CT
antibody (1 mg/ml) were added to these tubes
and the tubes were rotated at 4°C for 2 h.
Protein A-Sepharose beads (20 pl) were added
and the mixture rotated at 4°C for 2 h. The
protein A-Sepharose beads were pelleted by
centrifugation and washed successively with
two washes each of 6% and 0% NETF (contain-
ing 6% and 0% NP-40, respectively). SDS-
sample buffer (100 pl) was added to the beads
and boiled for 5 min. Beads and sample buffer
were loaded onto SDS-polyacrylamide gels. Fol-
lowing electrophoresis, the proteins were trans-
ferred to nitrocellulose membranes and the blots
were probed with Erk1-CT or 4G10 antibodies.

Phosphoamino Acid Analysis

MBP was phosphorylated by mature, 3 h PF
and 5 day PF extracts using the same protocol
as described for MBP phosphotransferase activ-
ity, except that the reaction was stopped by
addition of 15 pl of SDS sample buffer and
boiled for 5 min. Following electrophoresis on
12.5% SDS-polyacrylamide gels, the proteins
were transferred on to PolyScreen Polyvinyl-
idene fluoride (PVDF) membrane (Dupont,
Canada) for 3 h at 300 mA. The membrane was
exposed to Reflection autoradiography film (Du-
pont, Canada) for 2 h and the area on the
membrane corresponding to phosphorylated
MBP was excised, minced, and hydrolyzed in
constant boiling HCl at 105°C for 1 h. The
supernatants were transferred into 0.5-ml cen-
trifuge tubes and evaporated in a Speed-Vac
until dryness was achieved. The samples were
washed consecutively with 300 ul, 100 ul, 50 ul,
and 30 pl of distilled water. Dry samples were
then resuspended in running buffer (0.5% Pyri-
dine, 5% acetic acid) that contained 1 mg/ml
standards (phospho-threonine, phospho-serine
and phospho-tyrosine; Sigma Chemical Com-
pany). Samples (~2,000 cpm) were spotted on
to a Kodak Thin-Layer Chromatography (TLC)
cellulose plate (Dupont, Canada) and electro-
phoresed at 1,000 V for 1 h with cooling. The
TLC plate was sprayed with a ninhydrin solu-
tion (0.2% in 100% ethanol) and heated at 90—
95°C for 5 min to visualize the standards. The
TLC plate was then exposed to Reflection film
with an intensifying screen at —70°C for 3—7
days.

Superose-12 Gel Filtration Chromatography

A Superose 12 column (Pharmacia) was equili-
brated with 0.25 M NaCl in KII buffer (contain-
ing 125 mM MOPS, pH 7.2; 125 mM B-glycero-
phosphate; 5 mM EGTA, 75 mM MgCl,, 0.5 mM
NaF) and developed at a rate of 0.2 ml/min. The
elution positions of blue dextran (2,000,000
MW), BSA (67,000 MW), ovalbumin (43,000
MW), chymotrypsinogen A (25,000 MW), and
ribonuclease A (13,700 MW) were determined
prior to the sample run. The Mono Q fraction of
5 day PF extracts that possessed peak MBP
phosphotransferase activity (fraction #30) was
applied to the equilibrated column and 0.25 ml
fractions were collected and assayed for MBP
phosphotransferase activity (as described
above).
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Cloning and Sequencing of Mipk

RNA isolation from 300 pl of packed imma-
ture P. ochraceus oocytes was performed using
the RNeasy isolation kit from Qiagen. The quan-
tity of RNA was assessed following electropho-
resis on a 1% agarose/5% formaldehyde gel in
the presence of ethidium bromide. mRNA prepa-
rations were made using the Qiagen Oligotex
mRNA kit. From approximately 440 ng of total
sea star RNA, 4 to 22 pg of mRNA in 60 pl were
isolated. The Perkin-Elmer GeneAmp RNAPCR
kit was used in the synthesis of P. ochraceus
c¢DNA from 10 ng of mRNA.

For degenerate PCR, Mapk peptide sequences
[Posada et al., 1991] were aligned with the
protein sequence for human Erkl. From this
information, degenerate oligonucleotides were
designed in orientations that permitted amplifi-
cations of a ~576 bp fragment by PCR with Taq
polymerase. The amplified fragments were
cloned into the vector pBluescript SK and the
cDNA sequence determined. Cloning into
T-tailed pBluescript vector was based on the
procedure of Holton and Graham [1991]. The
Boehringer terminal deoxytransferase kit was
used to T-tail the Bluescript vector. Transforma-
tions using the pBluescript vector into DH5a
competent E. coli cells plated on LB/ampicillin/
X-gal agar were performed as described [Sam-
brook et al., 1989]. Small quantities of plasmids
were prepared using the Qiagen, QIAprep Plas-
mid Kit, whereas large quantity DNA prepara-
tions were performed using the Qiagen Plasmid
Midi Kit.

The 5’ and 3’ rapid amplification of cDNA
ends (RACE) reactions were performed using
the Clontech Marathon cDNA Amplification Kit
[Chenchik et al., 1996]. PCR amplifications of
the 3’ and 5’ ends of the Mapk cDNA were
undertaken with the Clontech Advantage Klen-
Taq polymerase mix. To 5 pl of diluted Ad-cDNA
were added 5 pl 10X KlenTaq buffer, 20 utM
dNTPs, 0.2 uM gene specific primer, 0.2 uM
adaptor primer. A touchdown PCR method of
amplification was used. The reaction products
were purified on a low melting point agarose gel
and the appropriate product used for ligation
using a T-tailed vector by the method of Kalva-
kolanu and Livingston [1991]. The cDNA se-
quence data from the RACE-derived fragments
was used to design oligonucleotide primers for
the PCR amplification of the full-length cDNA.

Clones were sequenced by automated fluores-
cent DNA sequencing at UCDNA (University of
Calgary) and the NAPS Laboratory (University
of British Columbia). Reactions were performed
using the standard dideoxy chain termination
method [Sanger et al., 1980] with custom prim-
ers using the ABI PRISM Dye Terminator Cycle
Sequencing Ready Reaction Kit with AmpliTaq
DNA polymerase (Perkin Elmer). Reactions
were performed using a DNA thermal cycler
model 480 (Perkin Elmer) and products puri-
fied by ethanol precipitation.

RESULTS

Morphological Events During Oocyte Maturation
and Following Fertilization

To investigate protein kinase regulation in
fertilized sea star eggs, mature Pisaster ochra-
ceus oocytes were treated with sea star sperm
for 3 h to 5 days prior to harvest (as described in
Experimental Procedures). Immature oocytes
(Fig. 1A) collected from Pisaster ochraceus rou-
tinely underwent maturation after exposure to
1-MeAde for 60—80 min at 14°C, as determined
by visual confirmation of GVBD (Fig. 1B; in the
absence of fertilization, two polar body emis-
sions occur by 5 h later). Typically, fertilization
of the oocytes at 12°C following GVBD was first
evident by the elevation of a fertilization mem-
brane within 45 min after sperm addition (Fig.
1C). The first mitotic cell divisions occurred at
4 h PF and the second reductive cell cleavage
took place by 6 h PF (Fig. 1D) and formation of
a hollow blastula enveloped by a fertilization
membrane could be observed at 24 h PF (Fig.
1G). The embryos hatch out of this membrane,
become free swimming and a primitive gut en-
doderm begins forming shortly after 24 h PF. A
primitive gut is actively forming by 72 h PF. By
about 144 h PF (6 days), the embryo has devel-
oped into a free swimming, actively feeding
organism.

Molecular Cloning of Mapk

We previously identified Mapk as the major
MBP kinase that is activated during meiotic
maturation of sea star oocytes [Pelech et al.,
1988] and sequence analysis of tryptic peptides
derived from purified Mapk indicated that it
was related to the Erkl/Erk2 family of MAP
kinases [Sanghera et al., 1990; Posada et al.,
1991]. To confirm Mapk’s identification as an
echinoderm cognate of mammalian Erkl, we
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Mature oocyte with

45 min post-fertilization

polar body emission

6 h post-fertilization

16 h post-fertilization

Fig. 1. Fertilization and early developmental stages of the
Pisaster ochraceus eggs. A: An immature oocyte showing the
germinal vesicle with its nucleolus and surrounded by a jelly
coat. B: Mature oocyte following germinal vesicle breakdown
and emission of two polar bodies. C: Fertilized egg 45 min after
sperm addition showing raised fertilization membrane. D: Six h

cloned a ¢cDNA of seastar Mapk by PCR using
degenerate oligonucleotides based on the se-
quences of the tryptic peptides of Mapk. As
shown in Figure 2, the primary structure of
Mapk was 76% identical in amino acid se-
quence to human Erkl. In particular, the Thr-

24 h post-fertilization

12 h post-fertilization

48 h post-fertilization

post-fertilization following first and second cell cleavages. E:
Twelve h post-fertilization. F: Sixteen h post-fertilization. G:
Twenty-four h post-fertilization showing an unhatched blastula
with gastrulation. H: Forty-eight h post-fertilization with swim-
ming blastula.

Glu-Tyr dual phosphorylation site motiflocated
upstream of kinase catalytic subdomain VIII
was completely conserved. Between subdo-
mains V to X, the sequences were almost identi-
cal, and the greatest differences occurred in the
N- and C-termini of these MAP kinases. This
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Primary structures of seastar Mapk and human Erk1. The locations of the kinase catalytic subdomains are

indicated by Roman numerals and the highly conserved residues in these domains are bold-faced. The activating
phosphorylation sites in the Thr-Glu-Tyr motif are asterisked.

validated the use of antibodies developed
against human Erk1 for the analysis of sea star
Mapk.

Activation of MBP Kinases After Fertilization

We next wanted to determine whether Mapk
was responsible for the major MBP phos-
photransferase activity shortly after oocyte fer-
tilization [Pelech et al., 1988]. To assess MBP
phosphorylating activity in oocytes following
fertilization, cytosolic extracts were fraction-
ated by fast protein liquid chromatography on a
Mono@Q column and phosphotransferase activi-
ties towards MBP were quantitated (Fig. 3). As
previously demonstrated [Pelech et al., 1988], a
dramatic increase in MBP phosphotransferase
activity (approximately seven-fold) was de-
tected following following GVBD in the oocyte
(Fig. 3A). The major activity coeluted with im-
munoreactivity with Erk1-CT antibody with a
45-kDa protein that corresponded to phosphory-
lated Mapk (Fig. 3A, inset). There was also
lesser amounts of a 42-kDa immunoreactive
protein that eluted slightly later in the shoul-
der of the MBP kinase activity peak. This prob-
ably corresponded to a sea star Erk2 cognate.

At 3 h PF, MBP phosphotransferase activity
was 10-fold greater than that measured in im-
mature oocytes, and about 30% more than the
activity found in mature oocytes (Fig. 3B). How-
ever, by this time, approximately half of the
Mapk was in the dephosphorylated state as
shown by the appearance of the doublet of Mapk
visualized by Western blotting analysis (Fig.
3B, inset). MBP phosphorylating activity de-
tected in extracts from 6 h, 12 h, 24 h, and 2
days PF displayed a general decrease in activ-
ity to levels 30-50% of the level observed in
mature oocytes. However, extracts from 4 day
and 5 day PF (Fig. 3C) demonstrated a dra-
matic increase in MBP phosphorylating activ-
ity that amounted to a 3.5-fold stimulation over
the activity observed in mature, unfertilized
oocytes.

To determine the extent of the MBP phos-
phorylating activity that could be attributed to
Mapk, we repeated these activity measure-
ments in MonoQ fractions using the MBP-T97
peptide (APRTPGGRR) patterned after the
Thr-97 site of MBP that is phosphorylated by
sea star Mapk [Clark-Lewis et al., 1991] (Fig.
4A). After GVBD in maturing oocytes, the in-
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ity at various developmental stages. Cytosolic homogenates (~5
mg) were fractionated separately on a Mono Q column (1 ml
bed volume). The column was developed with a 10 ml linear
0-0.8 M NaCl gradient at a flow rate of 1 ml/min. The column
fractions (0.25 ml) were assayed for phosphorylating activity
towards 1T mg MBP/ml. Phosphotransferase activities are ex-

post-fertilization (PF). This figure shows data from a representa-
tive experiment that was repeated at least three times for each
extract. The insets in A and B show immunoblots probed with
Erk1-CT antibody of MonoQ fractions from maturing, GVBD+
oocytes (A) and 3 h PF cells (B). C: Extracts from 1 to 5 days PF.
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ylation site in MBP (A) or the N-terminus of MBP (B). This figure
shows data from a representative experiment that was repeated
at least three times for each extract.

crease in MBP phosphorylating activity was
paralleled closely by the stimulation of MBP-
T97 peptide phosphotransferase activity in the
same MonoQ fractions. Thus, the majority of
the MBP phosphotransferase activity in matur-
ing oocytes appeared to be due to Mapk.

The level of MBP-T97 peptide phosphorylat-
ing activity declined rapidly following fertiliza-
tion, in keeping with the dephosphorylation of
Mapk by immunoblotting analysis. The pooled
data from over 25 separate Mono@ fraction-
ations of extracts from fertilized oocytes and
embryos revealed that the MBP-T97 peptide
phosphotransferase activity steadily declined
after fertilization (Fig. 5C). As shown below,
this generally correlated with the reappear-
ance of the dephosphorylated form of Mapk and
then the complete disappearance of the kinase
(Fig. 5A).
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Fig. 5. Regulation of Mapk during embryonic development.
Approximately 1 mg of cytosolic homogenate from different
extracts was immunoprecipitated with the Erk1-CT antibody in
the presence of 1% SDS. Following electrophoresis on a 10%
SDS polyacrylamide gel, the proteins were transferred to nitro-
cellulose membranes and then probed with antibodies. A: This
figure shows a representative Western blot of the immunoprecipi-
tated Mapk probed with the Erk1-CT antibody. The antibody control
contains all the components of reaction except extract; the extract/
protein A-Sepharose control contains all components of reaction
except antibody. The dark arrows point towards the putative phos-
phorylated forms of Mapk and Erk2. B: The same Western blot of
immunoprecipitations was stripped and reprobed with the anti-
phosphotyrosine (4G10) antibody. The tyrosine phosphorylated p45
Mapk and p43 Erk2 bands are indicated by white arrowheads.
Migration positions of prestained molecular weight standards are
indicated at the left. Similar results were obtained in four indepen-
dent experiments. C: The same MonoQ fractions (#28-33) from
various extracts were assayed for phosphorylating activity toward 1
mg/ml MBP (stippled bars) and toward 1 mg/ml of a peptide pat-
terned after the Thr-97 phosphorylation site of MBP (black bars).
Phosphotransferase activities are expressed relative to the activity
with each substrate detected in MonoQ fractionated extracts from
immature oocytes. Error bars depict the SD (or range if n = 2) of
separate experiments, the number of which for each time point are
indicated within the brackets on the figure.

To specifically investigate the regulation of
Mapk during the various stages of oocyte matu-
ration and fertilization, the Mapk was immuno-
precipitated with the Erk1-CT antibody. The
immunoprecipitates were further analyzed by
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Western blotting with Erk1-CT antibody. Upon
activation, the members of the MAPK family
undergo reduced mobility in SDS-PAGE gels
corresponding to an increase in tyrosine phos-
phorylation. A noticeable and quantitative shift
in the mobility of the Mapk to a slower migrat-
ing form was apparent in the extracts from
maturing GVBD positive oocytes as compared to
that detected in immature oocytes (Fig. 5A). How-
ever, the Erk1-CT antibody detected a doublet of
Mapk in the 3, 6, and 12 h PF extracts, with the
upper band corresponding to the slower mobility
Mapk seen in mature extracts and the lower band
migrating at the same position as Mapk in imma-
ture extracts. By 24 h following fertilization, the
slower mobility form of Mapk disappeared and the
lower form persisted until 2 days PF. No Mapk
protein was detected in the extracts from 4 day PF
(data not shown) or 5 day PF embryos (Fig. 5A). It
should be noted that a greater degree of proteolytic
activity was observed in both the 4 day PF and 5
day PF extracts. Despite addition of 10-fold greater
quantities of protease inhibitors, no Mapk was
immunoprecipitated with this antibody for either
of these time points.

Probing the Erk1-CT immunoprecipitates
with the anti-phosphotyrosine-specific 4G10 an-
tibody revealed that tyrosine residues were
phosphorylated on Mapk in extracts from ma-
turing oocytes and 3 h to 12 h PF cells (Fig. 5B).
As expected, no tyrosine phosphorylation of
Mapk was detected in the immunoprecipitates
of immature extracts, indicating that Mapk
was inactive in immature oocytes. This result,
along with the visible shift in the electropho-
retic mobility of Mapk, is in keeping with previ-
ous observations that a heavily phosphory-
lated, active form of MAP kinase has a slightly
retarded migration pattern on SDS-PAGE
[Sanghera et al., 1991]. Little or no tyrosine
phosphorylation of the 45-kDa Mapk or the
42-kDa Erk2-like protein was detected in ex-
tracts from 1 to 5 day PF embryos. Therefore,
Mapk was only significantly active during oo-
cyte maturation and early mitosis and did not
seem to be important after 24 h PF.

Relationship of Protein Kinase C to MBP
Phosphotransferase Activity After Fertilization

Based on our data with the MBP-T97 peptide
phosphotransferase assays and the Erk1l-CT
immunoprecipitations, the MBP phosphorylat-
ing activities detected in fertilized cells and
embryos were largely due to protein kinases

that were distinct from Mapk and the Erk2-like
protein. Since the N-terminal portion of MBP
features phosphorylation sites for other protein
kinases such as protein kinase A (PKA), protein
kinase C (PKC), and S6 kinase, we synthesized
a peptide (AAQKRPSQRTKYLA) based on the
first 14 residues of MBP. Analysis of the MonoQ
fractions from immature, maturing and 3 h PF
cells with this MBP-NT peptide as a substrate
reveal the marked fertilization-associated acti-
vation of a protein kinase that eluted later
(peak in fractions 34-36) from the column than
the MBP-T97 kinase identified as Mapk (peak
in fractions 30-31) (Fig. 4). Only a two-fold
stimulation of this MBP-NT peptide kinase was
evident at the time of GVBD, when Mapk was
fully activated. The MBP-NT peptide was also
an excellent substrate for the highly active pro-
tein kinase that eluted in MonoQ fractions 29 to
31 following fractionation of extracts from 4
and 5 day embryos (Fig. 5B).

As the MBP-NT peptide is strongly phos-
phorylated by PKC, we investigated whether
the major MBP-NT kinases that were evident
in the 3 h and 5 day PF extracts corresponded
to PKC. Initially, we tested the ability of the
PKC activators phosphatidylserine, diacylglyc-
erol and calcium [reviewed by Hug and Sarre,
1993] to stimulate MBP-NT phosphotransfer-
ase activity in MonoQ fractions of extracts from
maturing oocytes, since these extracts had a
lower level of MBP-NT kinase activity. As shown
in Figure 6A, these lipid activators and calcium
stimulated by up to three-fold the measurable
phosphotransferase activity towards MBP-NT
in MonoQ@ fractions 29 to 36. However, there
was little or no activation of the MBP-NT phos-
photransferase activity with these lipids and
calcium for the MBP-NT kinase peaks in 3 h PF
(MonoQ fractions 33 to 37) and 5 day PF (MonoQ
fractions 29-31) cell extracts (Fig. 6B,E). Immu-
noblotting with an antibody for PKC-alpha con-
firmed the presence of a broad band of an appro-
priately size (~85 kDa) for this kinase in MonoQ
fractions of the maturing oocytes (Fig. 6C), but
the immunoreactivity was not precisely coinci-
dent with the MonoQ peak of MBP-NT phos-
photransferase activity in the 5 day PF sample
(Fig. 6D). The MBP-NT kinases in the 3 h PF
and 5 day PF extracts were also relatively insen-
sitive to the potent PKC inhibitor Roche Com-
pound 3, which is a staurosporine analogue
(Fig. 6E). However, a pseudo-substrate inhibi-
tor peptide for PKC produced a partial inhibi-
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tion of the MBP-NT kinase in the 5 day PF
samples (Fig. 6E). Our findings tend to rule out
PKC as the kinase that is principally respon-
sible for the bulk of the MBP-NT and MBP
phosphotransferase activity in the developing
embryos following fertilization of the mature
oocytes. It is possible that the PKC inhibitor
peptide was able to inhibit the MBP-NT kinase
in 5 day PF cell extracts, because the substrate
specificity of this sea star kinase was very simi-
lar to that of PKC.

In our assay system, a peptide inhibitor of
PKAwas included in all reactions, thereby elimi-
nating the possibility that the MBP phosphory-
lating activity peak observed in 3 h and in 5 day
PF extracts was due to PKA. Previous work in
our laboratory has also shown that S6 kinases
do not elute from MonoQ at the same position
as the MBP phosphorylation peak in this sys-
tem. Thus, S6 kinase was not a likely candidate
for the MBP phosphotransferase activity peak
at 3 h and 5 day PF samples.

Substrate Specificity of Fertilization-Activated
MBP Kinases

To determine the amino acids on MBP that
were phosphorylated by the MBP protein ki-
nases in 3 h and 5 day PF extracts, phos-
phoamino acid analysis was performed (Fig.
7B). MBP appeared to be phosphorylated mainly
on threonine residues by the major MBP kinase
peaks in MonoQ fractions from the mature and

Fig. 6. Determination of PKC involvement in MBP phos-
photransferase activity in maturing oocytes and embryos. The
MonoQ column fractions described in Figure 3 from GVBD+
(A) and 5 days PF cells (B) were assayed for phosphotransferase
activity towards 1T mg/ml of a peptide patterned after the N-
terminus of MBP in the absence (open circles) and presence of
phosphatidylserine, diacylglycerol and calcium (open triangles)
or PKC pseudosubstrate inhibitor peptide (open squares). The
MonoQ column fractions in the region of the peak MBP-NT
phosphotransferase activities from GVBD+ (C) and 5 day PF (D)
cells were subjected to immunoblotting with a PKC-a antibody.
The dark arrow indicates the position of PKC. E: The results from
multiple experiments where the peak MonoQ fractions from
immature (#29-32), GVBD+ (#29-32), 3 h PF (#33-37), and 5
day PF (#29-32) with 1 mg/ml MBP-NT peptide as the substrate
were assayed for phosphotransferase activity in the absence
(white bars) and presence of phosphatidylserine, diacylglycerol
and calcium (dark striped bars), Compound 3 (black bars) or
PKC pseudosubstrate inhibitor peptide (light striped bars). All
data are expressed as percent of the MBP-NT phosphotransfer-
ase activity in immature oocyte extracts without additions. Error
bars depict the SD (or range if n = 2) of separate experiments,
the number of which for each time point are indicated within
the brackets on the figure.

3 h PF extracts. By contrast, MBP was phos-
phorylated exclusively on serine residues by
the MBP kinase in 5 day PF extracts and not on
threonine or tyrosine residues.

In an attempt to determine the substrate
specificity of the MBP kinases in the 3 h PF and
5 day extracts, we performed phosphotransfer-
ase assays using a variety of substrates. The
substrate preference of the kinase in 5 day PF
extract, in descending order, was as follows: S6
peptide, MBP-NT > MBP > histone H1 > prot-
amine > casein (Fig. 7A). A similar substrate
profile was also observed in the MonoQ frac-
tions (34-36) containing the peak of MBP-NT
phosphorylating activity in 3 h PF extracts. It
is likely that some of the measured phos-
photransferase activity towards different sub-
strates was due to distinct kinases.

Further characterization of the protein ki-
nases in Mono Q fraction 30 of 3 h PF and 5 day
PF extracts was achieved by subjecting these
fractions to chromatographic fractionation on a
Superose 12 gel filtration column (Fig. 8). Size
fractionation of the Mono Q fraction #30 of the
3 h PF extract revealed at least two major
peaks of MBP phosphotransferase activity (Fig.
8A). One peak had an apparent molecular mass
of 45,000 Daltons. This activity peak correlated
well with our activity assays and immunoblot-
ting data which demonstrated the presence of
active sea star Mapk in this extract. The second
peak of activity possessed an apparent molecu-
lar mass of 75,000 Daltons. The enzyme respon-
sible for the major MBP phosphotransferase
activity at 113 h PF exhibited an apparent
molecular mass of 41,000 Daltons. These find-
ings further confirmed that the MBP phos-
photransferase peak measured in 3 h and 5 day
PF extracts was either partially (3 h PF) or
entirely (5 day PF) due to the activation of
protein kinases distinct from Mapk.

DISCUSSION

Many studies have examined the regulation
of MBP kinases during meiotic resumption of
oocyte maturation in various model systems.
However, while studies using the Xenopus lae-
vis oocytes have been fairly abundant, very
little information has been obtained from the
sea star system following fertilization of ma-
ture oocytes. Previous studies using sea star
and sea urchin oocytes have described at least
three MBP kinases activated upon the onset of
maturation [Pelech et al., 1988]. Two of these
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enzymes underwent maximal activation near
the time of GVBD, declining prior to the emis-
sion of the first polar body (i.e., meiotic cell
division). However, a third MBP kinase
(MBPK-I, M, = 45,000) displayed peak activa-
tion after first meiotic cell division and ap-
peared to be transiently activated prior to each
cell division. This MBP kinase was purified
from mature sea star oocytes and identified as a
novel MAP kinase family member, Mapk
[Posada et al., 1991]. Here we have provided
the complete primary protein structure of sea
star Mapk.

In the present study, we performed detailed
analyses of these MBP kinases throughout early
sea star embryogenesis. Our data complements
previous studies by demonstrating that Mapk
protein levels and phosphotransferase activi-
ties decline 12 h after fertilization and remain
low throughout the first 5 days of sea star
embryogenesis. The role of Mapk in meiotic
maturation is unclear. We observed that the
Mek1 inhibitor PD98059 failed to block GVBD
and oocyte maturation in response to 1-MeAde
(unpublished data). Therefore, Mapk activa-
tion does not appear to be required for conver-
sion into a fertilizable egg. However, microinjec-
tion into immature oocytes of a constitutively
active [S202E, S204E] form of murine Mekl

collected and assayed for MBP phosphotransferase activity. The
elution positions of blue dextran (2,000,000 MW), BSA (67,000
MW), ovalbumin (43,000 MW), chymotrypsinogen A (25,000
MW), and ribonuclease A (13,700 MW) are indicated with
arrowheads in kilodaltons.

was able to induce meiotic maturation in about
50% of injected oocytes (H. Paddon, D.L.C. and
S.L.P., unpublished data). Since this activated
form of Mek1 was also capable of phosphorylat-
ing and activated sea star Mapk expressed as a
glutathione S-transferase fusion protein in bac-
teria, it would appear that activation of Mapk
may be sufficient for meiotic maturation. It has
been speculated that activation of MAP kinases
during oocyte maturation may serve to prevent
DNA replication during the meiotic cell divi-
sions [reviewed in Murray, 1998]. However,
Mapk activity was very high in the Pisaster
ochraceus early embryos during the first 12 h
PF when several rounds of mitotic cell division
transpired with DNA replication. Further stud-
ies will be required to evaluate the critical
functions of Mapk in sea star oocyte meiosis
and early development.

Unlike previous studies, we have shown that
although Mapk phosphotransferase activity to-
wards MBP is evident at 3 h PF, less than half
of this measured activity can be assigned to
Mapk or Erk2. Phosphotransferase activity as-
says using various other peptide and protein
substrates have not provided any clues to the
identity of this novel MBP kinase. However,
phosphoamino acid analysis of MBP that is
phosphorylated by this novel kinase in 3 h PF



286 Lefebvre et al.

extracts indicates that it phosphorylates MBP
on threonine residues, implying that it is a
protein-serine/threonine kinase family mem-
ber. Furthermore, gel filtration chromatogra-
phy indicated that this MBP kinase had an
apparent molecular mass of 69,000 Daltons.
Extensive purification and sequencing of this
enzyme will be required for its further charac-
terization.

We have also described for the first time that
a novel protein kinase is responsible for the
majority of the MBP phosphotransferase activ-
ity in later sea star embryogenesis. Immunoblot-
ting with a specific MAP kinase antibody and
phosphotransferase activity assays using the
MBP-T97 peptide ruled out the possibility that
Mapk was responsible for the dramatic rise in
MBP phosphotransferase activity in later em-
bryogenesis. Likewise, this kinase appeared to
be distinct from PKC, although there was some
similarity in substrate specificity. It was not
lipid inducible nor calcium dependent, there-
fore ruling out the conventional family of PKCs
(i.e., PKC «, BI, BII, and v) [reviewed by Hug
and Sarre, 1993]. Our size determination experi-
ments of the MBP kinase in 5 day PF extracts
revealed a protein of apparent molecular mass
of 41 kDa. No known PKC isoform to date has
an apparent molecular mass of less than 50
kDa. When we performed Western blot analysis
with PKC-a antibody of the 5 day PF MonoQ
fractions that contained this MBP kinase, no
immunoreactive bands were detected below the
75 kDa (Fig. 6D). PKC can be cleaved by cal-
pains thus producing two distinct fragments, a
protein comprising the regulatory domain and
one containing the catalytic domain which is
active in the absence of any activators [Kishi-
moto et al., 1989; Saido et al., 1992]. Thus, it is
possible that the MBP kinase in 5 day PF
extracts corresponded to a proteolytic cleavage
fragment of a known PKC isoform. However, we
have no evidence for this except for the partial
inhibition of this kinase with a pseudosub-
strate peptide for PKC.

In summary, we have described the activa-
tion of three distinct MBP phosphorylating en-
zymes at different stages of sea star oocyte
maturation and embryonic development. We
have confirmed that the principal MBP kinase
activated during the maturation process of the
oocyte corresponds to the sea star MAP kinase
Mapk. The MBP kinase activated at 3 h post-
fertilization was distinct from Mapk. However,

the identity of this MBP kinase is uncelar at
present. A third MBP kinase was detected in 4
and 5 day post-fertilization cytosolic extracts,
and our experimental data implies that this
enzyme was also novel. To further characterize
these unidentified MBP kinases, purification,
and sequencing of these enzymes will be re-
quired.
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