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Tyrosine Kinase-Dependent Activation of
Phospholipase Cg Is Required for Calcium
Transient in Xenopus Egg Fertilization

Ken-ichi Sato,1 Alexander A. Tokmakov, Tetsushi Iwasaki,
and Yasuo Fukami
Laboratory of Molecular Biology, Biosignal Research Center, Kobe University,
Nada, Kobe 657-8501, Japan

In a previous study (K.-I. Sato et al., 1999, Dev. Biol. 209, 308–320), we presented evidence that a Src-related
protein-tyrosine kinase (PTK), named Xyk, may act upstream of the calcium release in fertilization of the Xenopus egg. In
the present study, we examined whether PTK activation of phospholipase Cg (PLCg) plays a role in the fertilization-induced
calcium signaling. Immunoprecipitation studies show that Xenopus egg PLCg is tyrosine phosphorylated and activated

ithin a few minutes after fertilization but not after A23187-induced egg activation. Consistently, we observed a
ertilization-induced association of PLCg with Xyk activity that was not seen in A23187-activated eggs. A Src-specific PTK
nhibitor, PP1, blocked effectively the fertilization-induced association of PLCg with Xyk activity and up-regulation of

PLCg, when microinjected into the egg. In addition, a PLC inhibitor, U-73122, inhibited sperm-induced inositol
,4,5-trisphosphate production and the calcium transient and subsequent calcium-dependent events such as cortical
ontraction, elevation of fertilization envelope, and tyrosine dephosphorylation of p42 MAP kinase, all of which were also
nhibited by PP1. On the other hand, A23187 could cause the calcium response and calcium-dependent events in eggs
njected with PP1 or U-73122. These results support the idea that Xenopus egg fertilization requires Src-family
TK-dependent PLCg activity that acts upstream of the calcium-dependent signaling pathway. © 2000 Academic Press

Key Words: protein-tyrosine phosphorylation; protein-tyrosine kinase; phospholipase Cg; fertilization; egg activation;
enopus; calcium transient; signal transduction.
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INTRODUCTION

Protein phosphorylation and dephosphorylation within
cells play a crucial role in regulating cell growth, differen-
tiation, survival, and malignant transformation. In particu-
lar, protein-tyrosine phosphorylation catalyzed by protein-
tyrosine kinases (PTKs)2 acts immediately downstream of

1 To whom correspondence should be addressed at the Labora-
tory of Molecular Biology, Biosignal Research Center, Kobe Uni-
versity, 1-1 Rokkodai-cho, Nada-ku, Kobe 657-8501, Japan. Fax:
81-78-803-5951. E-mail: kksato@kobe-u.ac.jp.

2 Abbreviations used: PTK, protein-tyrosine kinase; IP3, inositol
,4,5-trisphosphate; [Ca21]i, intracellular calcium level; Xyk, p57
rc-related Xenopus tyrosine kinase; PLC, phospholipase; APMSF,
p-amidinophenyl)methanesulfonyl fluoride hydrochloride; DB,
eBoer’s solution; DMSO, dimethyl sulfoxide; PI 4,5-P2, phospha-

idylinositol 4,5-bisphosphate; SB, Steinberg solution; T-TBS, Tris-

uffered saline containing Tween 20.
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ell surface receptors that become activated in response to
xtracellular stimuli (Hunter, 1998). In general, the initial
TK-activating event is transient (from seconds to minutes)
nd regional (limited to the plasma membrane and sub-
embranous area); however, subsequent PTK-dependent

vents have a wide variety of consequences. These include
p- or down-regulation of biochemical events such as
embrane lipid turnover, protein synthesis, and gene tran-

cription, all of which contribute to cellular responses such
s cytoskeletal reorganization and cell cycle progression.
hus considerable effort has been made to understand
hen, where, and how PTKs are regulated and what role
TKs play in cells (Abram and Courtneidge, 2000; Brown
nd Cooper, 1996; Thomas and Brugge, 1997; Ullrich and
chlessinger, 1990; van der Geer et al., 1994), although
unction of PTK in the activation of animal development,
.e., fertilization, remains to established.
Egg activation refers to dramatic and dynamic changes in

453

https://core.ac.uk/display/82647136?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


l
s
e
1
i
a

r
f
t
K
s
c
1
i
m
1
t
1
t
t
(
r
m
m
a

f
c
(
(
E

r

p
i
1

r
P

N
c
e
h
s

r
m

p
t

p
F
r

454 Sato et al.
the egg after its interaction with sperm (Longo, 1997;
Yanagimachi, 1994). The fertilizing sperm initiates a series
of early and late egg activation events. The early phase of
egg activation involves the establishment of a polyspermy
block by way of, in most but not all animals so far
examined, membrane depolarization, cortical granule exo-
cytosis, and formation of the fertilization envelope. The
late phase includes resumption of the cell cycle that is
paused at a species-specific stage in the unfertilized egg;
this involves pronuclear formation and migration and ini-
tiation of protein and DNA synthesis. An inositol 1,4,5-
trisphosphate (IP3)-induced transient increase in intracellu-
ar calcium level ([Ca21]i) (calcium transient) that occurs
oon after fertilization has a crucial role for sperm-induced
gg activation of almost all species examined (Stricker,
999). Much recent work has been directed at understand-
ng the molecular mechanism by which the sperm triggers
n IP3-induced calcium transient in the fertilized egg.
There are two major hypotheses about the first messenger

that initiates the calcium transient upon fertilization (Foltz
and Shilling, 1993; Jaffe, 1996; Nuccitelli, 1991; Swann and
Parrington, 1999). One hypothesis is that cytoplasmic or
membrane-bound substances that the sperm delivers via its
fusion with egg plasma membrane initiate the calcium
transient. Alternatively, the calcium transient might be
initiated by an egg plasma membrane receptor(s) for sperm.
It should be noted that these two hypotheses are not
mutually exclusive.

In the African clawed frog, Xenopus laevis, the idea of
eceptor-mediated egg activation has been supported by the
ollowing observations: (1) synthetic peptides with a disin-
egrin motif such as RGD (Iwao and Fujimura, 1996) and
TC (Shilling et al., 1998) can cause egg activation re-
ponses and (2) a sperm protease with specificity similar to
athepsin B is capable of activating the egg (Mizote et al.,
999). The former observation suggests that a disintegrin–
ntegrin interaction, which has also been implicated in

ammalian gamete interaction (Myles and Primakoff,
997; Snell and White, 1996), acts in initiating a calcium
ransient, as seen in T cells and fibroblasts (Kanner et al.,
993; Schwartz et al., 1995). The latter suggests that pro-
eolytic activation of an egg receptor results in the calcium
ransient, as seen in the activation of the thrombin receptor
Schmaier, 1998) and the urokinase plasminogen activator
eceptor (Ghiso et al., 1999; Schmaier, 1998) in platelets and
onocytes, respectively. These cell surface receptor-
ediated calcium responses often involve G proteins

nd/or PTKs within the cells.
The involvement of a G protein or PTK in Xenopus

ertilization was initially suggested by findings that ectopi-
ally expressed and ligand-stimulated serotonin receptors
Kline et al., 1988) or epidermal growth factor receptors
Yim et al., 1994) could cause egg activation responses.
ndogenous G proteins of the pertussis toxin-insensitive Gq
class function in Xenopus egg activation by the serotonin 1

Copyright © 2000 by Academic Press. All right
eceptor (Kline et al., 1991). But, Runft et al. (1999) have
shown that inhibition of Gq did not affect the sperm-
induced egg activation.

On the other hand, evidence is accumulating for the
involvement of a PTK in Xenopus fertilization (for review
see Sato et al., 2000). Fertilization of Xenopus eggs is
accompanied by a transient increase in tyrosine phosphor-
ylation of egg proteins (Sato et al., 1998) and several
PTK-specific inhibitors have been shown to inhibit egg
activation (Glahn et al., 1999; Sato et al., 1998, 1999).
Importantly, the block of egg activation by PTK inhibitors
could be overcome by the calcium ionophore A23187.
These results suggest that egg PTK(s) may be activated
immediately after fertilization and play a crucial role in
mediating the calcium transient. In this connection, we
have recently identified a Src-related PTK that is activated
within 1 min after fertilization (Sato et al., 1996). Pharma-
cological and parthenogenetic egg activation experiments
have demonstrated that the egg PTK, named Xyk (p57
Src-related Xenopus tyrosine kinase), may act upstream of
calcium-dependent signaling in fertilization (Sato et al.,
1999).

Because of the role of PTK in calcium release, it is logical
to consider involvement of phospholipase C (PLC) in Xeno-
pus egg fertilization. The PLCs constitute a family of
enzymes which generate IP3 and diacylglycerol from phos-
hatidylinositol 4,5-bisphosphates and include three
sozymes: b, g, and d (Rhee and Bae, 1997; Singer et al.,
997). In general, PLCb is up-regulated by receptor-coupled

heterotrimeric G proteins while PLCg is up-regulated by
eceptor or cytoplasmic PTKs; the activation mechanism of
LCd is less clear. In Xenopus eggs, genes encoding one b

(Accession No. L20816) and two g isozymes (partial cD-
As, Accession Nos. AF090111 and AF090112) have been

loned and their protein products have been detected in
ggs (Filtz et al., 1996; Runft et al., 1999). Until now,
owever, there is no report about whether fertilization
timulates PLC activity in the Xenopus egg.
In this paper, we present data that PLCg becomes ty-

osine phosphorylated and is activated as early as a few
inutes after fertilization of Xenopus eggs. Results ob-

tained with the use of specific inhibitors are consistent
with the idea that an egg Src family PTK-dependent PLCg
pathway is required for sperm-induced activation of Xeno-
us eggs. Its physiological importance is discussed in rela-
ion to other model organisms.

MATERIALS AND METHODS

Frogs, Gametes, Chemicals, and Antibodies

Wild type and albino African clawed frogs, X. laevis, were
urchased from Hamamatsu Seibutsu Kyozai (Hamamatsu, Japan).
rogs were maintained in polypropylene tanks filled with dechlo-
inated tap water or deionized water (1–1.5 liters per animal) at

8–21°C with feeding twice a week. The following procedures were

s of reproduction in any form reserved.
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455PTK-PLCg Pathway at Xenopus Egg Fertilization
also carried out at 18–21°C. Three to four days prior to the
experiment, female frogs were injected with 40 IU/animal of
pregnant mare serum gonadotropin (PMSG; Seikagaku Kogyo,
Tokyo). To stimulate ovulation, 250–500 IU/animal of human
chorionic gonadotropin (Teikoku Zoki, Tokyo) was injected into
the PMSG-injected frogs the night before the experiment. Gener-
ally, ovulation started 6–8 h after the second hormonal injection.
At this time, the frogs were transferred to a new tank filled with
fresh deionized water supplemented with 100 mM NaCl. Ovulated
or gently squeezed eggs were dropped into 100-mm plastic dishes
filled with 13 DeBoer’s solution (DB), pH 7.2, containing 110 mM

aCl, 1.3 mM KCl, and 0.44 mM CaCl2. Eggs were used within 3 h
after ovulation (see below). Testes were removed surgically from
male frogs that had been injected with 40 IU/animal of PMSG 1–2
days before the experiment and then sacrificed. Testes were kept
intact at 4°C in a microfuge tube filled with 13 DB supplemented
with 3 mg/ml bovine serum albumin and used within 1 week (see
below).

A23187 was obtained from Sigma (St. Louis, MO) and dissolved
in dimethyl sulfoxide (DMSO). Protease inhibitors leupeptin
and (p-amidinophenyl)methanesulfonyl fluoride hydrochloride
(APMSF) were purchased from Peptide Institute (Osaka) and Wako
Pure Chemicals (Osaka), respectively, dissolved in water at 100
mg/ml and 100 mM, respectively, and kept at 230°C until use.
[g-32P]ATP (No. 35020) was obtained from ICN (Costa Mesa, CA).
[3H]Phosphatidylinositol 4,5-bisphosphate (PI 4,5-P2) was from

EN Life Science Products (Boston, MA). Bovine brain PI 4,5-P2

was from Sigma. A synthetic tyrosine kinase substrate peptide,
Cdc2 peptide (residues 7 to 26 of fission yeast Cdc2 protein:
Val-Glu-Lys-Ile-Gly-Glu-Gly-Thr-Tyr-Gly-Val-Val-Tyr-Lys-Ala-
Arg-His-Lys-Leu-Ser), was synthesized and purified as described
previously (Fukami et al., 1993). A tyrosine kinase inhibitor, PP1,
and its inactive analogue PP3 were obtained from Calbiochem (San
Diego, CA). A PLC inhibitor, U-73122, and its inactive analogue
U-73343 were from Research Biochemicals International (Natick,
MA). All these inhibitors were dissolved in DMSO at 5 mM and
kept at 280°C until use.

A mixed mouse monoclonal antibody and a rabbit polyclonal
antibody against mammalian PLCg were from Upstate Biotechnol-
ogy (Lake Placid, NY). Rabbit polyclonal antibodies against either
MAP kinase or phosphorylated MAP kinase (anti-phospho MAPK)
were from BioLabs (Beverly, MA). Mouse monoclonal anti-
phosphotyrosine antibodies 4G10, PY20, and PY99 were purchased
from Upstate Biotechnology, ICN, and Santa Cruz (Santa Cruz,
CA), respectively. L-Phosphotyrosine, L-phosphoserine, and
L-phosphothreonine were obtained from Sigma. A rabbit polyclonal
antibody, anti-pepY (anti-Xyk) antibody, was raised against a syn-
thetic peptide that corresponds to residues 410 to 428 of the
chicken c-Src protein and was shown to recognize p57 Xyk as
described previously (Sato et al., 1996, 1999). Protein A–Sepharose
CL-4B was from Amersham Pharmacia (UK). Unless otherwise
indicated, other chemicals used were from Sigma, Wako, or Nacalai
(Kyoto).

Egg Activation and Egg Extract

Before activation treatment, egg jelly was removed by gentle
swirling in 13 DB supplemented with 2% cysteine and 0.06 N
NaOH, pH 7.8, for 3 to 8 min. After the dejellying treatment,
cysteine was removed by washing five times with 0.53 Steinberg

solution (SB) containing 29 mM NaCl, 0.34 mM KCl, 0.17 mM u

Copyright © 2000 by Academic Press. All right
CaCl2, 0.43 mM Mg2SO4, and 2.3 mM Tris–HCl, pH 7.4. Egg jelly
water was prepared by gentle rocking (50 rpm) of jelly-intact eggs (5
g) in a 60-mm plastic culture dish filled with 10 ml of 1/3 3
modified Ringer’s solution containing 33.3 mM NaCl, 0.6 mM KCl,
0.33 mM MgCl2, 0.66 mM CaCl2, 1.67 mM Hepes–NaOH, pH 7.8.
After 60 min of rocking, soluble material was collected and Ficoll
(MW 400,000; Sigma) was added to give a final concentration of
10% (w/v). The Ficoll-supplemented egg jelly water was stored in
aliquots at 230°C and used within 2 months after preparation.

Groups of 20 dejellied eggs were then placed in a plastic culture
dish (35-mm diameter) filled with fresh 0.53 SB. For fertilization, a
iece of testis was macerated in 1 ml of egg jelly water. The
uspension of sperm and egg jelly water (100 ml) was applied near

the top surface of the eggs. For parthenogenetic egg activation with
calcium ionophore, dejellied eggs maintained in 0.53 SB were
transferred to new dish filled with fresh 0.53 SB supplemented
with 0.2 mM A23187. At the specified time after activation treat-

ent (application of either sperm or A23187), eggs were washed
hree times with 0.53 SB, immediately frozen by liquid nitrogen,
nd stored at 280°C. This procedure takes about 30 s between the
tart of the wash treatment and the freezing. Only batches of eggs
hat showed successful egg activation rate of more than 80%
ithin 20 min of the activation treatment were used for experi-
ents. The successful egg activation rate was determined by
onitoring the occurrence of cortical contraction of the pigmented

rea—a hallmark of successful egg activation—in another group of
he same batch of eggs. By using this procedure, successful egg
ctivation rates as a function of insemination time were scored as
1% in 1 min (number of eggs activated/tested: 16/39), 49% in 2
in (17/35), 73% in 5 min (29/40), 84% in 10 min (31/37), 86% in

5 min (36/42), and 97% in 20 min (38/39) (Fig. 1A). This might
eflect the relatively slow time course of PLCg up-regulation (Fig.

1A), PLCg-Xyk association (Fig. 2A), and calcium transient (Fig. 5)
in response to fertilization. On the other hand, the egg activation
scores as a function of time of A23187 treatment were 65% in 1
min (number of eggs activated/tested: 13/20), 73% in 2 min (19/26),
90% in 5 min (18/20), 100% in 10 min (17/17), 100% in 15 min
(19/19), and 100% in 20 min (15/15) (Fig. 1A).

For biochemical and immunochemical studies (see below), frozen
eggs prepared as above were mixed with 20 ml/egg of ice-cold Triton
X-100-containing buffer (20 mM Tris–HCl, pH 7.5, 1% Triton X-100,
1 mM EDTA, 1 mM EGTA, 10 mM b-mercaptoethanol, 1 mM
Na3VO4, 10 mg/ml leupeptin, and 20 mM APMSF). The mixture was
vortex-mixed and sonicated for 2 min with a TOMY UD-201 ultra-
sonic disrupter (Tomy Seiko, Tokyo). The sample was then centri-
fuged at 15,000 rpm for 10 min. The resultant supernatant was
carefully taken and stored as Triton X-100-solubilized egg extract. The
egg extract was then subjected to further analysis within 2 h of the
extraction. In general, 25–32 mg of protein was recovered from one egg.
Protein in egg extract was determined spectrophotometrically with
the use of a protein assay kit (Bio-Rad, Richmond, CA). Calibration
was made with a bovine serum albumin standard (Calbiochem). When
IP3 was assayed, an alternative method was applied to obtain egg
extract (see below).

Microinjection

In order to determine a requirement of egg PTK and PLC activity
for Xenopus egg activation, we performed microinjection of the

nfertilized eggs with a specific PTK or PLC inhibitor. Inhibitors

sed were PP1, a PTK inhibitor which has a strong specificity to the

s of reproduction in any form reserved.
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456 Sato et al.
Src family enzymes (Hanke et al., 1996), and U-73122, a potent
LC-specific compound with broad specificity toward all PLCs

Smith et al., 1990). We also employed PP3 and U-73343, each of
hich is a structurally related but inactive analogue of PP1 and
-73122, respectively, as a negative control. When required, the

tock solutions (5 mM in DMSO) were diluted with buffer contain-
ng 20 mM sodium phosphate, pH 7.4, 100 mM NaCl, and an
ppropriate amount of DMSO so that the final concentration of
MSO in all the diluted solutions was 5%. The inhibitor solutions
ere then loaded into an oil-filled glass capillary (Drummond),
ith a tip diameter of 10–30 mm, that was connected to a
ulse-directed injector system (Nanoject; Drummond). Before be-
ng microinjected, dejellied eggs were washed and incubated with
njection buffer containing 110 mM NaCl, 1.3 mM KCl, 20 mM

gSO4, 0.1 mM EGTA, and 10 mM chlorobutanol. Quantitative
njection of the inhibitor solution (50 nl per egg) was made under

icroscopic observation. The cytoplasmic volume of the Xenopus
gg has been estimated to be about 1 ml, that is, 20 times larger than

the buffer volume injected into eggs. Therefore, the final concen-
tration of the inhibitor in the egg was estimated to be 0.1, 0.3, 1, 3,
and 10 mM, upon microinjection of the inhibitor solutions of 2, 6,
20, 60, and 200 mM, respectively. After the injection, eggs were
healed in 13 DB for 10–15 min. During this time, any prick-
activated or dead eggs, which show cortical contraction or abnor-
mal white-coloring, were removed. Then, eggs were washed three
times with 0.53 SB and subjected to egg activation treatment (see
above).

Immunoprecipitation

For immunoprecipitation, protein samples (Triton X-100-
solubilized egg extract, see above) (100–500 mg protein) were
ncubated with the specified amount of antibody for 3–5 h at 4°C.
mmune complexes were collected by adsorption onto protein
–Sepharose. To remove nonspecifically bound materials, the
epharose beads were washed three times with RIPA buffer (50 mM
ris–HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1% sodium
eoxycholate, 0.1% SDS, 1 mM Na3VO4, 10 mg/ml leupeptin, and

20 mM APMSF). The washed beads were then used for further
analysis (see below). When secondary immunoprecipitation was
conducted (Fig. 2B), immune complexes on the beads were disso-
ciated by boiling for 3 min in the presence of 0.5% SDS. After SDS
treatment, proteins were recovered by brief centrifugation (10,000
rpm, 1 min), cooled on ice, and mixed with 10-fold volume of 20
mM sodium phosphate, pH 7.5, containing 5 mg of either anti-pepY
IgG or preimmune IgG. The mixture was incubated at 4°C over-
night and immune complexes were collected as described above. By
the immunoprecipitation and immunoblotting methods (see be-
low) with the use of anti-mammalian PLCg antibody, we have
etected a 145-kDa PLCg protein, whose molecular size matches
xactly with that of mouse PLCg on SDS–PAGE (data not shown),

in Triton X-100-solubilized extract of Xenopus eggs (Fig. 1A).

Immunoblotting

Protein samples (Triton X-100-solubilized egg extracts with or
without immunoprecipitation) were mixed with a concentrated
SDS sample buffer (Laemmli, 1970) and boiled for 3 min. The
SDS-treated proteins were separated by SDS–PAGE using 8%
polyacrylamide gels and transferred to polyvinylidene difluoride

membranes using a semidry blotting apparatus (Bio-Rad). Mem- b

Copyright © 2000 by Academic Press. All right
branes were blocked with T-TBS buffer containing 20 mM Tris–
HCl, pH 7.5, 150 mM NaCl, and 0.05% Tween 20 supplemented
with 3 mg/ml bovine serum albumin for 1 h and then incubated for
2–4 h with a primary rabbit or mouse antibody as specified in the
text. After the primary antibody treatment, the membranes were
washed with T-TBS and then incubated for 1 h with alkaline
phosphatase-conjugated goat polyclonal anti-rabbit IgG antibody
(Cappel, Belgium) at a dilution of 1:1000. When mouse antibody
was used as the primary antibody, the membranes were treated for
1 h with rabbit polyclonal anti-mouse IgG antiserum (Cappel) at a
500-fold dilution before the treatment with the enzyme-conjugated
antibody. Immune complexes were visualized by incubating the
membranes with buffer containing 0.1 M Tris–HCl, pH 9.5, 5 mM
MgCl2, 0.1 M NaCl, 50 mg/ml 5-blomo-4-chloro-3-indolyl phos-
hate p-toluidine salt, and 150 mg/ml nitro blue tetrazolium. The

color development proceeded for 15 min and was terminated by
washing of the membranes with deionized water. Specificity of the
anti-phosphotyrosine immunoblotting data (Figs. 1A and 4A) was
verified by competition studies with the use of phosphoamino
acids. Inclusion of 10 mM L-phosphotyrosine at the primary anti-
body treatment completely eliminated the signal, whereas neither
10 mM L-phosphoserine nor 10 mM L-phosphothreonine showed
such effect (data not shown).

PLC Assay

Immunoprecipitated protein samples (10 ml of beads) were
washed two times with PLC assay buffer containing 50 mM
Tris–HCl, pH 7.5, 70 mM KCl, 1 mM CaCl2, 1 mM EGTA, and
.2% b-octylglucoside. The PLC reaction was initiated by adding

40 ml of PLC assay buffer supplemented with mixed micelles of
hosphatidylethanolamine and [3H]PI 4,5-P2 (148 Bq/nmol) at final

concentrations of 100 and 200 mM, respectively. After 15-min
incubation at 30°C, the reaction mixture was separated from beads
by a brief centrifugation (10,000 rpm, 1 min) and added to 100 ml of
water containing 10 mg of bovine serum albumin and 100 nmol of
unlabeled PI 4,5-P2. The mixture was then immediately combined
with 250 ml of ice-cold 10% trichloroacetic acid. The mixture was
centrifuged at 15,000 rpm for 10 min at 0°C. The resultant
supernatant was collected and centrifuged again. The final super-
natant (ca. 400 ml) was mixed with 5 ml of a scintillation cocktail
(Dojindo, Tokyo) and subjected to b counting with the use of a
liquid scintillation counter (Beckman LSC6000).

Protein/Peptide Kinase Assay

Immunoprecipitated protein samples (10 ml of beads) were
washed two times with kinase assay buffer containing 50 mM
Tris–HCl (pH 7.5), 5 mM MgCl2, and 1 mM dithiothreitol. The

inase reaction was initiated by incubating the washed beads with
he kinase assay buffer (15 ml) supplemented with [g-32P]ATP (3.7
Bq/pmol) at a final concentration of 2 mM. When required, Cdc2
eptide (final concentration of 1 mM) was included in the kinase
eaction as an exogenous tyrosine kinase substrate. In Fig. 3A,
urified Xyk (Sato et al., 1996) was used as an enzyme source. The
eaction proceeded for 10 min at 30°C and was terminated by the
ddition of SDS-sample buffer followed by boiling for 3 min.
hosphorylated proteins and peptides were separated by SDS–
AGE using 8 and 16% polyacrylamide gels, respectively. Positions
f Cdc2 peptide were located by staining of gels with Coomassie

rilliant blue. 32P-labeled proteins and Cdc2 peptide were visual-

s of reproduction in any form reserved.
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457PTK-PLCg Pathway at Xenopus Egg Fertilization
ized and quantified by BAS2000 bioimaging analyzer (Fujifilm,
Tokyo).

IP3 Extraction and Assay

All the manipulations were carried out on ice or at 4°C. Samples
in groups of 10 eggs were homogenized with a glass pestle in 120 ml
f 15% (v/v) trichloroacetic acid. The insoluble materials were
recipitated by centrifugation at 5000 rpm for 15 min. The result-
nt supernatants were extracted three times with 10 volumes of
ater-saturated diethyl ether and then neutralized with 1 M
aHCO3 (10 ml per 100-ml extract). IP3 in the neutralized extracts

was measured with the use of a D-myo-IP3 [3H] assay system
(Amersham Pharmacia). This assay was based on the competition
between unlabeled IP3 in the sample and a fixed quantity of a
tracer, [3H]IP3, for a limited number of binding sites on IP3-specific
binding protein preparation supplied by the kit. In our experiments,
the neutralized extracts of 100 ml (about 80% of the total; 10 eggs)
were subjected to IP3 assay according to the manufacturer’s instruc-
tion, thus the calculation of the data involved the dilution factor of
100/80 3 1/10 (total egg number tested in one trial) to determine
the amount of IP3 in one egg. Calibration of IP3 (from 0.19 to 25
pmol per assay) was made by using the same kit on the same day of
experiment.

Intracellular Calcium Release Assay
For calcium measurement, dejellied albino eggs were comicro-

injected with 50 nl of 160 mM fura-2 (Molecular Probes, Eugene,
OR), a fluorescent calcium indicator, plus 200 mM inhibitor (see
“Microinjection”). The injected eggs were then treated with sperm
or A23187 and fluorescent signal was recorded by ratio-imaging
microscopy using a high-frame digital CCD imaging ARGUS/
HISCA system (Hamamatsu Photonics, Japan) with a 103 plan-
neofluar objective, NA 0.3 (Zeiss, Germany). Excitation wave-
lengths of 340 and 380 nm (each irradiation constant was set to
about 800 ms) were used while monitoring the emission at 510 nm.
All data collections were made at 10-s intervals at 18–21°C.

RESULTS

Transient Tyrosine Phosphorylation and
Activation of PLCg in Fertilized Xenopus Eggs

We first asked whether Xenopus egg PLCg is tyrosine
phosphorylated and activated upon fertilization. In Fig. 1A,
Triton X-100-solubilized extracts were prepared from eggs
treated with either sperm (insemination) or A23187 for the
indicated time. Protein samples were subjected to immu-
noprecipitation with anti-PLCg antibody followed by im-

unoblotting with either anti-phosphotyrosine antibody
top) or anti-PLCg antibody (bottom). Tyrosine phosphory-
lation of PLCg increased as early as 1 min after insemina-
ion (upper left). It peaked at 5 to 10 min postfertilization
nd declined thereafter. The anti-phosphotyrosine signal
as specific because the addition of phosphotyrosine, but
either phosphoserine nor phosphothreonine, could elimi-
ate the signal (see Materials and Methods). Increased

yrosine phosphorylation of PLCg was not detected during

Copyright © 2000 by Academic Press. All right
23187-induced egg activation (upper right). Under both
gg activation conditions, coimmunoprecipitation of any
ther tyrosine phosphorylated proteins could not be con-
incingly detected. Immunoblotting with anti-PLCg anti-
ody revealed that the relative amount of PLCg in the
nti-PLCg immunoprecipitates was not changed (Fig. 1A,
ottom). We concluded therefore that PLCg is transiently

tyrosine phosphorylated in fertilized eggs and that the
increase in [Ca21]i is not sufficient to mimic this event. We
should note that using our fertilization procedures, egg
activation after insemination was somewhat asynchronous,
reaching 50% after a 2-min insemination period (Fig. 1A,
see % egg activation). This may account for the relatively
slow peak response of fertilization-induced tyrosine phos-
phorylation of PLCg.

To assess whether tyrosine phosphorylation of PLCg
correlates with up-regulation of its enzymatic activity, the
anti-PLCg immunoprecipitates prepared as above were sub-
ected to an in vitro PLC assay with [3H]PI 4,5-P2 as a
ubstrate. As shown in Fig. 1B, fertilization resulted in a
ransient increase (two- to threefold) in PLCg activity.
23187-activated eggs did not show this increase; the small
ut significant decrease in PLCg activity was observed. The
ata were somewhat surprising because in mammal cells,
LCg can be activated by increasing [Ca21]i. This might
eflect that negative feedback of PLCg activity is taking

place in response to the A23187 treatment of eggs. The peak
response of PLCg enzymatic activation in fertilized eggs

as somewhat slower than is usually seen in growth
actor-stimulated mammalian cells (within 1 min). Again,
his might be due to the time required for successful
perm–egg interaction (Fig. 1A, see % egg activation).

Transient Association of PLCg with an Egg PTK
(Xyk) upon Fertilization

As described in the Introduction, we have recently found
that a 57-kDa Src-related egg PTK, named Xyk, is activated
following a 1-min insemination. (Note: In this case, we
have used jelly-intact eggs. Therefore, an additional 3–6
min for dejelly treatment and wash treatment is necessary
before egg extraction.) The results obtained in Fig. 1 led us
to examine whether Xyk is in close contact with PLCg in
ggs. In Fig. 2A, Triton X-100-solubilized egg extracts were
repared from unfertilized, fertilized, and A23187-activated
ggs as in Fig. 1, immunoprecipitated with anti-PLCg

antibody, and the immunoprecipitates were subjected to a
protein kinase assay without (top) or with an exogenous
PTK substrate (Cdc2 peptide, bottom). The resultant 32P-
abeled proteins and peptide were separated by SDS–PAGE
nd visualized using a bioimaging analyzer. These experi-
ents showed that an ;60-kDa phosphorylated protein

p60) coimmunoprecipitated with PLCg, in samples pre-
pared from eggs inseminated for 2, 5, and 10 min (Fig. 2A,
top, lanes 3, 4, and 5). We should note that the pattern of

coprecipitated and phosphorylated proteins in Fig. 2A was
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quite different from that in Fig. 1A. This discrepancy might
be due to the fact that we used two different methods in
these two experiments: Fig. 1A involves immunoblotting,
whereas Fig. 2A involves protein kinase assay with 32P-
abeled ATP. The Cdc2 peptide substrate was also phos-

FIG. 1. Tyrosine phosphorylation and activation of Xenopus egg
protein) were prepared from Xenopus eggs that had been untreated (0
r A23187 and immunoprecipitated (IP) with anti-PLCg antibody.
nd analyzed by immunoblotting (IB) with either anti-phosphotyros
f successful egg activation (% egg activation), as judged by the oc
re also indicated. Shown are representative results of three indepen

are indicated by arrowheads. Prestained molecular size markers (Bi
albumin (76 kDa), and ovalbumin (49 kDa). (B) The anti-PLCg im
escribed under Materials and Methods. The radioactivity of hydrol

data represent means 6 standard deviations of three independent
horylated in these samples (bottom, lanes 3, 4, and 5). The

Copyright © 2000 by Academic Press. All right
ime course of the kinase activity in the immunoprecipi-
ates correlated closely with that of the tyrosine phosphor-
lation and activation of PLCg (see Fig. 1). The increase in

kinase activity was not observed in response to A23187-
induced egg activation (right, lanes 8–14). Several other

upon fertilization. Triton X-100-solubilized egg extracts (300 mg
) or treated for the indicated time with either sperm (insemination)
he anti-PLCg immunoprecipitates were separated by SDS–PAGE
ntibody (top) or anti-PLCg antibody (bottom). Approximate values
nce of cortical contraction (see Materials and Methods for detail),
experiments. The positions of p145 PLCg and heavy chains of IgG
) were myosin (210 kDa), b-galactosidase (111 kDa), bovine serum
precipitates were subjected to a PLC assay using [3H]PI 4,5-P2 as
product, [3H]IP3, was counted in a liquid scintillation counter. The
iments.
PLCg
min

(A) T
ine a
curre
dent

o-Rad
muno
yzed
32P-labeled proteins with molecular size of 80–150 kDa
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were also found in the anti-PLCg immunoprecipitates of
fertilized egg extracts (Fig. 2A, top). At present, however,
their identities are not determined.

To determine if the 60-kDa phosphoprotein was Xyk, the
PLCg immunoprecipitate (Fig. 2A) was denatured by SDS
treatment and subjected to a secondary immunoprecipita-
tion with an antibody specific to Xyk. p60 was present in
the anti-Xyk immunoprecipitate (Fig. 2B, lane 2, P-Xyk),
but not in a control sample using the preimmune antibody
(lane 3). The results shown in Fig. 2B suggest that fertiliza-
tion results in association of the activated Xyk with PLCg,
although we do not know whether the association is direct
or indirect (see Discussion).

The results shown in Figs. 2A and 2B led us to examine if
egg PTK activity, especially that of Src family kinases
(including Xyk), is required for PLCg activation and subse-
uent egg activation process in fertilized Xenopus eggs. To
pproach this question, we employed PP1 (4-amino-5-(4-
ethylphenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine) as a

rc family PTK-specific inhibitor (Hanke et al., 1996). In
ig. 2C, we examined the effect of PP1 or its inactive
nalogue PP3 on fertilization-induced association of Xyk
nd Cdc2 peptide kinase activity with PLCg. The anti-PLCg

immunoprecipitate was prepared from unfertilized eggs or
fertilized eggs (5 min postinsemination) that had been
injected with PP1 or PP3 at the final concentration of 10
mM and subjected to a protein kinase assay without (top) or
with Cdc2 peptide (bottom) as in Fig. 2A. Data demon-
strated that upon injection of PP1, but not PP3,
fertilization-induced association of Xyk activity by means
of autophosphorylation (P-Xyk) and phosphorylation of
Cdc2 peptide was diminished. This result indicates that
PP1-sensitive PTK activity is necessary for physical inter-
action between Xyk and PLCg.

Inhibition of Xyk by PP1 and Inhibition of Egg
PLCg by U-73122

To verify whether PP1 is inhibitory toward Xyk, we
examined the in vitro effect of PP1 on the kinase activity of
n Xyk preparation that has been purified to near homoge-
eity by several column chromatographic procedures (Sato
t al., 1996). As shown in Fig. 3A, phosphorylation of Cdc2
eptide by the purified Xyk was inhibited by PP1 in a
ose-dependent manner, but not by PP3 even at the highest
nal concentration (10 mM) used in this experiment. The
alf-inhibition concentration was calculated to be 0.7 6 0.1

mM (n 5 3). Similar dose-dependent inhibition pattern and
he half-inhibition value were also obtained when a DEAE
olumn fraction of the Triton X-100-solubilized egg mem-
rane, in which Xyk has been shown to be enriched (Sato et
l., 1996, 1999), was used as an enzyme source (data not
hown). The half-inhibition concentration of PP1 for Xyk is
ubstantially larger than that reported by Hanke et al.
1996), who used the immunoprecipitated Lck (IC50,
FIG. 2. Transient association of PLCg with egg PTK Xyk during
fertilization. Triton X-100-solubilized egg extracts (300 mg pro-
tein per sample) were prepared from eggs that had been treated
with either sperm (insemination) or A23187 for the indicated
period and immunoprecipitated (IP) with anti-PLCg antibody as
in Fig. 1. (A) The anti-PLCg immunoprecipitates were subjected
o a protein kinase assay without (top) or with Cdc2 peptide
bottom) as described under Materials and Methods. The phos-
horylated proteins and Cdc2 peptide were separated by SDS–
AGE and analyzed with a BAS2000 bioimaging analyzer. The
ositions of phosphorylated 60-kDa protein (p60) and Cdc2
eptide are indicated. (B) The anti-PLCg immunoprecipitate

containing p60 (lane 1) that had been incubated with [g-32P]ATP
as for A (5-min fertilized egg sample) was subjected to secondary
immunoprecipitation with either anti-Xyk antibody (lane 2,
Xyk) or the preimmune serum (lane 3, P.I.) as described under
Materials and Methods. The immunoprecipitates were separated
by SDS–PAGE and analyzed by BAS2000 bioimaging analyzer.
The position of p60 (P-Xyk) is indicated. (C) Anti-PLCg immu-
noprecipitates were prepared as in A from unfertilized eggs (lane
1) or fertilized eggs (5 min after insemination) that had been
premicroinjected with vehicle (lane 2), 10 mM PP1 (lane 3), or 10
mM PP3 (lane 4) and subjected to a protein kinase assay without
top) or with Cdc2 peptide (bottom). The presence of phosphor-
lated Xyk (P-Xyk) and Cdc2 peptide was visualized as in A. All
esults shown are representative of three independent experi-
.005 6 0.001 mM) and Fyn (IC50, 0.006 6 0.001 mM) as an
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enzyme source and enolase as an exogenous substrate. We
suggest that the use of different enzyme preparation and
substrate protein might reflect the difference in the results.

Recent work has shown that U-73122 (1-[6-[[17b-3-
ethoxyestra-1,3,5-(10)-trien-17-yl]amino]hexyl]1H-

yrrole-2,5-dione) is useful as a potent PLC-specific inhibi-
or (Lee and Shen, 1998; Smith et al., 1990). As an initial

approach with U-73122, we examined the effect of U-73122
on the egg PLCg activity in vitro. In Fig. 3B, the anti-PLCg

immunoprecipitate was prepared from unfertilized eggs or
fertilized eggs (5 min postinsemination) as in Fig. 1B and
subjected to PLC assay with [3H]PI 4,5-P2 as a substrate. It is
hown that U-73122 at 1 or 10 mM effectively inhibits the

PLCg activity. On the other hand, U-73343, an inactive
analogue of U-73122, did not show such inhibitory effect at
10 mM (Fig. 3B). The results demonstrate that egg PLCg

activity obtained with the immunoprecipitation method is
sensitive to U-73122 and suggest that this inhibitor may be
useful to inhibit egg PLCg activity in vivo by means of
microinjection.

Requirement for Src Family PTK Activity in Up-
regulation of PLCg upon Fertilization

To test whether fertilization-induced up-regulation of
PLCg and subsequent egg activation events (see below)
involve egg PTK, especially Src family kinases, and egg PLC
activity, PP1 or U-73122 was microinjected into Xenopus
eggs and examined for its ability to block the fertilization-
induced biochemical and cell biological events. We usually
microinjected the inhibitor as well as its inactive analogue
at the final concentration of 10 mM, unless otherwise
ndicated.

Fertilization-induced tyrosine phosphorylation of
LCg is significantly reduced in eggs injected with PP1

(Fig. 4A, lane 3), whereas other compounds, PP3 (lane 4),
U-73122 (lane 5), and U-73343 (lane 6), did not show such
effect. Correspondingly, fertilization-induced enzymatic
activation of PLCg assessed as in Fig. 1B was blocked in
eggs injected with PP1, but not in eggs injected with
other compounds (Fig. 4B). These results indicate that
fertilization-induced tyrosine phosphorylation and acti-
vation of PLCg require the activity of PP1-sensitive egg

TK(s), i.e., Src family PTK(s). The failure of the micro-
njected U-73122 to block fertilization-induced PLCg

activity might be due to dilution and/or inactivation of
the inhibitor during the egg extraction and immunopre-
cipitation processes. In fact, we have observed that PLCg

activity could be effectively blocked by newly added
U-73122 at 10 mM (see Fig. 3B). In addition, we observed
that sperm-induced IP3 production, a measure of in vivo
PLC activity, could be effectively blocked by U-73122
FIG. 3. Dose-dependent and specific inhibition of tyrosine kinase
activity of Xyk and PLCg activity by PP1 and U-73122, respec-
ively. (A) Purified Xyk (200 ng protein) was subjected to a protein
inase assay with 1 mM Cdc2 peptide as a substrate in the absence
r presence of various amounts (0.1–10 mM) of PP1 or 10 mM PP3.
hosphorylation of Cdc2 peptide is visualized as in Fig. 2A (shown
n inset), quantified, and presented as percentage of control without
nhibitor. (B) The anti-PLCg immunoprecipitates were prepared
rom unfertilized eggs or fertilized eggs (5 min after insemination)
nd subjected to a PLC assay in the absence or presence of 1 or 10

mM U-73122 or 10 mM U-73343. The reaction product, [3H]IP3, was
counted in a liquid scintillation counter. The data represent
(see below).
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Requirement for PTK and PLC Activities in IP3

Increase and Calcium Transient upon Fertilization

We next examined the effect of PP1 and U-73122 on
sperm-induced egg activation. In Fig. 4C, we determined
the amount of IP3 in fertilized eggs injected with each of the
nhibitors, by using the radiolabeled IP3-receptor binding

assay system. We estimated IP3 in unfertilized eggs to be
0.21 6 0.03 pmol/egg. The value is somewhat larger than
those estimated by Stith et al. (0.05 pmol/egg; 1994) and by
Snow et al. (0.13 pmol/egg; 1996). This might be due to the
difference in experimental procedures for IP3 extraction.
Importantly, however, we observed that IP3 increased about
5-fold (up to 1.08 6 0.44 pmol/egg) 5 min after fertilization
(Fig. 4C). This is in agreement with the previous reports
showing that fertilization resulted in IP3 increase with
maximum fold of 5.5 (Stith et al., 1994) or 3.2 (Snow et al.,
1996). On the other hand, both PP1- and U-73122-injected
eggs, but neither PP3- nor U-73343-injected eggs, showed
significant reduction in fertilization-induced increase of
IP3. The result clearly demonstrates that IP3 production in
ertilized Xenopus eggs require both the Src family PTK

activity and the U-73122-sensitive PLC activities. At
present, however, we cannot rule out the possibility that
sperm-induced IP3 production may also involve the activity
of other PLC isozymes, b and d, because it is known that
U-73122 has broad specificity toward all the isozymes of
PLC (Smith et al., 1990; see Discussion).

Since IP3 plays an indispensable role in the calcium
transient upon Xenopus egg fertilization (Nuccitelli et al.,
993), we examined whether inhibitor-injected eggs could
ndergo a calcium transient in response to fertilization,
ith the use of the calcium-sensitive fluorescent indicator,

ura-2. Eggs were co-injected with fura-2 and PP1, PP3,
-73122, or U-73343 and then inseminated, while the
uorescent ratio signal from the eggs was recorded. Figure 5
epicts the representative traces of the calcium measure-
ents and Table 1 summarizes the data obtained in this

tudy. With an inactive inhibitor, PP3 or U-73343, the
perm-induced calcium response was similar to that seen in

and Methods. Eggs were then inseminated for 5 min (fertilized).
Triton X-100-solubilized egg extracts (300 mg protein) were pre-
pared from the fertilized eggs and unfertilized control eggs (Uf) and
analyzed for tyrosine phosphorylation of PLCg (A) and PLCg
activity (B) as in Figs. 1A and 1B, respectively. A depicts a
representative result of two independent experiments. The position
of tyrosine phosphorylated PLCg is indicated by an arrowhead. In B,
the data represent means 6 SD of three independent experiments.
C) Xenopus eggs were injected with the indicated inhibitor and
inseminated for 5 min (fertilized) as above. Egg samples were
extracted with TCA and diethyl ether and IP3 was determined
using the radiolabeled IP3 assay kit as described under Materials
and Methods. The data represent the means 6 SD of three inde-
FIG. 4. Effect of the PTK inhibitor PP1 and the PLC inhibitor
U-73122 on fertilization-induced stimulation of the PLCg and IP3

production. (A and B) Xenopus unfertilized eggs were either unin-
ected (lanes 1 and 2) or injected with the indicated inhibitor (lane
, PP1; lane 4, PP3; lane 5, U-73122; lane 6, U-73343) at the final
pendent experiments using 10 eggs each.
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control fura-2-injected eggs (Figs. 5A–5C). Such a normal
response in [Ca21]i was observed within 3 min after insemi-
nation in 94, 100, and 88% of eggs that were injected with

FIG. 5. Inhibition of the fertilization-induced calcium transient
by PP1 and U-73122. Xenopus albino eggs were co-injected with
ura-2 and the indicated inhibitor at final cytoplasmic concentra-
ions of 8 and 10 mM, respectively, and then treated with either
perm (A–E) or A23187 (F and G), as described under Materials and
ethods. Shown are representative traces of the fluorescent ratio

ignal of fura-2 as a function of time. Arrowheads indicate the time
t which sperm or A23187 is added. (A) Fura-2-injected control. A
alcium transient was detected within 3 min after sperm addition.
ggs injected with PP3 (B) and U-73122 (C) showed similar results.
n PP1-injected eggs (D), 86% (19/22) of eggs showed no calcium
ransient (upper line) while 14% (3/22) of eggs showed a control-
ike response with reduced peak amplitude (lower line). In
-73122-injected eggs (E), 75% (6/8) of eggs showed no calcium

ransient (upper line) while 25% (2/8) of eggs showed significant
elay in initiating calcium rise (lower line). A23187 immediately
nduced calcium transient irrespective of the absence (F) or the
resence of PP1 (G). A summary of the results is shown in Table 1.

ABLE 1
ummary of Ca21 Measurements in Xenopus Eggs Injected with In

Inhibitor

Fer

% of eggs with
Ca21 rise

Time

PP1 (10 mM) 13.6 (22) 3.4
PP3 (10 mM) 100 (5) 3.1
U-73122 (10 mM) 25.0 (8)
U-73343 (10 mM) 87.5 (8) 3.0
None 94.4 (18) 3.1

Note. Xenopus albino eggs were comicroinjected with fura-2 and
mM, respectively, and then treated with either sperm (fertilizatio
representative results is shown in Fig. 5. Number of eggs examined
the span between the time of sperm addition and the time at which
amplitude are presented as the fold increase in the ratio signal ove

means 6 SD. Each data point was obtained with eggs from two to seve

Copyright © 2000 by Academic Press. All right
ura-2 alone (control), PP3, and U-73343, respectively (Table
). One of eight U73343-injected eggs and 1 of 17 fura-2
lone-injected (None) eggs did not show the calcium re-
ease. This might be due to cell injury and/or calcium
uffering effect of fura-2. On the other hand, 87% of
P1-injected eggs and 75% of U-73122-injected eggs showed
o calcium response up to 25 min after insemination (Figs.
D and 5E, each upper line; Table 1). About 14% (3 of 22
ggs) of PP1-injected eggs showed a calcium response in a
ime course similar to that seen in control eggs, but the
eak amplitude was significantly reduced (Fig. 5D, lower
ine; Table 1). Twenty-five percent (2 of 8 eggs) of U-73122-
njected eggs showed a significant delay in initiating cal-
ium response that was normal in the peak amplitude (Fig.
E, lower line; Table 1). These results indicate that both
P1 and U-73122 are capable of inhibiting the sperm-
nduced calcium transient in Xenopus eggs and suggest that

PP1 and U-73122 might act on a distinct step to exert their
inhibitory effect. In the case of the A23187-induced calcium
transient, however, eggs injected with PP1 (Fig. 5G) showed
a response that was indistinguishable from that seen in
control-injected eggs (Fig. 5F). A similar response was
observed with eggs injected with PP3, U-73122, or U-73343
(Table 1). The results are consistent with the fact that
A23187-induced egg activation does not involve up-
regulation of both Xyk (Sato et al., 1999) and PLCg (this
study, Fig. 1).

Inhibition of Fertilization-Induced and Calcium-
Dependent Cellular Events by PP1 or U-73122

In addition to IP3/calcium responses, we found that
nhibitor-injected eggs showed defects in undergoing sev-
ral calcium-dependent cytological changes. In Table 2,

ors and Then Activated by Fertilization or by A23187

tion A23187

21 rise
) Peak amplitude

% of eggs with
Ca21 rise

(3) 1.1 6 0.3 (3) 100 (4)
2.0 6 0.1 100 (4)

) 1.7 (2) 100 (4)
(7) 1.9 6 0.1 (7) 100 (4)
(17) 2.0 6 0.2 (17) 100 (5)

indicated inhibitor at final cytoplasmic concentration of 8 and 10
A23187 as described under Materials and Methods. Part of the

s indicated in parentheses. Values for the time to Ca21 rise refer to
escent ratio signal versus time trace begins to rise. Values for peak
t observed with the unfertilized eggs. Data are represented as the
hibit

tiliza

to Ca
(min

6 0.2
6 0.1
7.5 (2
6 0.2
6 0.1

the
n) or
, n, i
fluor
r tha
n animals.
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we summarize the data about the dose-dependent effect
of PP1 or U-73122 on cortical contraction (CC) of the
pigmented granule and formation of fertilization enve-
lope (FE) in eggs activated by fertilization or A23187.
Consistent with the results described above, both PP1
and U-73122 were effective in blocking these cytological
processes up to 30 min after fertilization (Table 2). The
inhibitory effect was dose-dependent while both PP1 and
U-73343 did not show any inhibitory effect on A23187-
induced CC and FE up to 10 mM (Table 2). We also
nalyzed the occurrence of polyspermy in inhibitor-
njected eggs, because the polyspermy block in Xenopus
s entirely dependent on sperm-induced calcium tran-
ient (Grey et al., 1982; Kline, 1988; Quill and Hedrick,
996). As expected, U-73122-injected eggs resulted in
olyspermy, as judged by the appearance of multiple
perm entry points (SEP) on the surface of fertilized eggs
Table 2). On the other hand, PP1-injected eggs did not
how multiple sperm entry points; a subset of PP1-
njected eggs (10 of 25) showed at least one SEP, while we

TABLE 2
Effect of PP1 and U-73122 on Sperm-Induced Cytological Changes

Inhibitor
concentration

(mM)

Fertilization

n % CC % FE 0

PP1
10 25 0 0 15
3 10 0 0
1 10 50.0 50.0 7
0.3 14 57.1 64.3
0.1 11 72.7 72.7

PP3
10 6 66.7 66.7 0
1 10 80.0 100.0 0
0.1 6 83.3 100.0

U-73122
10 12 16.7 16.7 1
3 17 23.5 23.5
1 10 60.0 60.0 0
0.3 15 73.3 73.3
0.1 10 70.0 70.0

U-73343
10 19 84.2 78.9 1
1 11 81.8 81.8

None 38 92.1 92.1 0

Note. Eggs were microinjected with the inhibitor at the indicated
s described under Materials and Methods. Two egg activation ev
ertilization envelope (FE), were monitored under microscopic obser
ntry point (SEP) (Palecek et al., 1978) in eggs tested. Values of SE
oint was obtained with eggs from three to eight animals. ND, no
ailed to detect even one SEP in the other subset of a

Copyright © 2000 by Academic Press. All right
P1-injected eggs (15 of 25) (Table 2), suggesting that a
ery early step in fertilization, i.e., sperm entry, is
nhibited in PP1-injected eggs (see Discussion).

We analyzed one more calcium-dependent event in the
nhibitor-injected eggs; dephosphorylation of p42 MAP
inase. In unfertilized eggs, p42 MAP kinase is main-
ained in the tyrosine phosphorylated and active form
Fig. 6, lane 1) and its tyrosine dephosphorylation occurs
ithin 40 min after fertilization (lane 2), as demonstrated
y immunoblotting of the egg extract with either anti-
hospho MAPK antibody (top) or anti-MAPK antibody

bottom). In eggs injected with either PP1 (lane 3) or
-73122 (lane 5), however, p42 MAP kinase remained

yrosine phosphorylated as in unfertilized eggs. PP3 and
-73343 were consistently inert in blocking dephosphor-
lation of p42 MAP kinase in fertilized eggs (Fig. 6, lanes

and 6). PP1 and U-73122 were again ineffective in
23187-induced dephosphorylation of p42 MAP kinase

data not shown). These data strongly suggest that sperm,
ut not A23187, requires egg Src family PTK and PLC

enopus Eggs Treated with Sperm or A23187

A23187

SEP/egg

n % CC % FE1 2 3

0 0 0 8 87.5 87.5
ND ND ND

3 0 0 8 75.0 75.0
ND ND ND
ND ND ND

6 0 0 6 100 100
0 0 0 8 75.0 75.0

ND ND ND

6 4 1 13 76.9 76.9
ND ND ND

8 2 0 9 77.8 77.8
ND ND ND
ND ND ND

8 0 0 14 71.4 71.4
ND 8 87.5 87.5

8 0 0 14 100.0 100.0

cytoplasmic concentration and then activated by sperm or A23187
cortical contraction (CC) of the pigmented area and elevation of
n and scored. In fertilized eggs, we also scored the number of sperm
are shown. Number of eggs examined, n, is indicated. Each data

e.
in X

1

1

1

3

final
ents,
vatio
P/egg
t don
ctivity to initiate the egg activation process in Xenopus.
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DISCUSSION

A role for PLC in sperm-induced egg activation has not
been previously described in Xenopus but inferred in the
studies on other model organisms such as sea urchin
(Carroll et al., 1999; Rongish et al., 1999; Shearer et al.,
1999), starfish (Carroll et al., 1997; Giusti et al., 1999a), and
mouse (Deng et al., 1998; Dupont et al., 1996) (see below).
The results obtained in the present study highlight the
possibility that there may be a requirement of Src family
PTK-dependent PLCg activity for sperm-induced activation
f Xenopus egg (Fig. 7).

Requirement of Src Family PTK-Dependent PLC
Activity in Xenopus Egg Activation

In this study, we have shown that Xenopus egg fertiliza-
tion is accompanied by up-regulation of egg PLCg (Fig. 1)
that is associated with the Xyk interaction (Fig. 2) and
sensitive to PP1 (Figs. 4A and 4B). In addition, both PP1 and
U-73122 were shown to inhibit several aspects of sperm-
induced egg activation processes: the IP3 increase (Fig. 4C),
calcium transient (Fig. 5, Table 1), cortical contraction,
formation of fertilization envelope, successful sperm entry
or block of polyspermy (Table 2), and tyrosine dephosphor-
ylation of p42 MAP kinase (Fig. 6). From these results, we
suggest that sperm-induced activation of Xenopus eggs
involves a signaling cascade: Src family PTKs (Xyk) 3
PLCg3 IP33 calcium transient3 egg activation processes

FIG. 6. Inhibition of fertilization-induced tyrosine dephosphory-
lation of p42 MAPK by PP1 and U-73122. Unfertilized eggs were
untreated (Uf) or injected with the indicated inhibitor (each at final
cytoplasmic concentration of 10 mM) and then treated with sperm
for 40 min (fertilized). Triton X-100-solubilized egg extracts (15 mg
rotein per sample) were prepared and analyzed by immunoblot-
ing with either an anti-phospho MAP kinase antibody (top) or an
nti-MAP kinase antibody (bottom). Shown is a representative
esult of three independent experiments. An arrowhead in the
pper blot indicates the position of tyrosine phosphorylated MAP
inase. In the lower blot, the positions of tyrosine phosphorylated
AP kinase and dephosphorylated MAP kinase are indicated by

pper and lower arrowheads, respectively.
(Fig. 7).
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PP1 is a highly specific Src kinase inhibitor (Hanke et al.,
996; Liu et al., 1999; Schindler et al., 1999). In Xenopus

eggs, Xyk is the most prominent Src family member at the
protein level and has been shown to be activated in re-
sponse to fertilization (Sato et al., 1999). So, we believe that
a large part of PP19s inhibitory effect on egg activation is
due to the inhibition of Xyk activity. In accordance with
this, it is demonstrated that Xyk activity can be effectively
blocked by PP1 in vitro (Fig. 3A). At the moment, however,
we cannot rule out the possibility that PP1 also affects the
activity of other unidentified PTKs within eggs, especially
because PP1 at 10 mM will have potency to inhibit non-Src
family PTKs such as receptor types (Hanke et al., 1996). To
larify this issue, it will be necessary to examine whether
P1-sensitive egg PTKs, other than Xyk, are present in
enopus eggs.
Use of PP1 has recently been described in a fertilization

FIG. 7. A model for the sperm-induced activation of Xenopus egg
that involves PTK-dependent PLCg activity. Xenopus sperm–egg
interaction that seems to be mediated by sperm disintegrin and egg
integrin results in the onset of intracellular fertilization signaling
which involves tyrosine phosphorylation and activation of Src-
family PTKs. One of the Src-related PTK, Xyk, was shown to
interact with, phosphorylate, and activate PLCg indirectly or
directly, in a PP1-sensitive manner. The activated PLCg may be
responsible for IP3-induced calcium transient and subsequent egg
activation because U-73122 can block effectively these events,
although the involvement of other PLC isozymes, b and d, is
uncertain. Since the inhibition of egg activation by PP1 and
U-73122 can be overcome by application of the calcium ionophore
A23187, the targets of the inhibitors, e.g., Src-family PTK (Xyk) and
PLCs, must act upstream of the calcium transient in the signal

t
ransduction pathway of Xenopus egg fertilization.

s of reproduction in any form reserved.
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465PTK-PLCg Pathway at Xenopus Egg Fertilization
study of sea urchin eggs (Abassi et al., 2000). In this species,
PP1 has been shown to cause delay in the onset of calcium
release from the endoplasmic reticulum at fertilization. In
addition, there are some reports concerning the effect of
other PTK inhibitors in Xenopus as well as in other organ-
sms. In Xenopus, we have recently observed that eggs
reincubated with either genistein or herbimycin A do not
ndergo cortical contraction and tyrosine dephosphoryla-
ion of MAP kinase in response to fertilization (Sato et al.,
998). Glahn et al. (1999) reported that Xenopus eggs

injected with other PTK inhibitors such as lavendustin A
and peptide A, a synthetic peptide inhibitor that corre-
sponds to residues 137 to 157 of c-Src (Sato et al., 1990), lost
their ability to undergo the sperm-induced calcium tran-
sient. Microinjection study has also been conducted in our
lab with the use of peptide A7, a peptide A derivative
(Fukami et al., 1993; Sato et al., 1999). In this study, it was
shown that not only egg activation events but also penetra-
tion of sperm is blocked in the peptide-injected eggs,
suggesting that a very early step of fertilization, which
might be related to sperm–egg fusion and incorporation of
sperm nuclei, is blocked. This is in part consistent with our
present result that even one SEP was rarely visible in the
PP1-injected eggs (Table 2). In the case of PP1, however, a
subset of the inhibitor-injected eggs did show at least one
SEP. It surely indicates that in such group of eggs, PP1
allows sperm to fertilize the egg but prevents the subse-
quent intracellular signaling event. On the other hand, the
reason why even one SEP was hardly detectable in another
subset of PP1-injected eggs is unknown. One possible
explanation for this is that PP1-sensitive kinase is required
for incorporation of sperm or the local pigment change upon
sperm entry (Palecek et al., 1978). Alternatively, PP1 may
cause membrane depolarization and/or an exocytosis of
cortical granule in eggs which in turn prevents the success-
ful sperm adhesion/fusion. Further detailed analysis should
be done to resolve this problem.

Another important aspect of the PP1 data is the lack of
the inhibitory effect on ionophore-induced egg activation
events (Table 2). A similar result has also been obtained in
our previous study with peptide A7 that also failed to block
the A23187-induced cortical contraction of the egg (Sato et
al., 1999). These observations suggest that requirement of
PTK activity for egg activation can be skipped when [Ca21]i

is artificially elevated. However, it should also be noted
that A23187 does not utilize the IP3-sensitive calcium
tores in initiating calcium signaling as in the case of
ertilization. So, it will be important to test whether IP3-
nduced calcium release is also able to skip the requirement
f egg PTK activity in initiating calcium transient.
Several other PTK inhibitors also have been used to

efine the requirement of egg PTK activity for the onset of
perm-induced egg activation in marine invertebrates. In
ea urchin, genistein causes a delay in sperm-induced

alcium transient that would result in polyspermy, suggest- p

Copyright © 2000 by Academic Press. All right
ng that fertilization-dependent PTK activity may play a
ole upstream of calcium-dependent events (Moore and
insey, 1995; Shen et al., 1999). On the other hand, such
efect in the early phase of egg activation was not observed
ith ascidian eggs treated with genistein (Ueki and Yoko-

awa, 1997). In this organism, erbstatin was shown to block
he cortical reaction in response to fertilization. In mouse
gg, it has been reported that genistein is effective in
locking calcium oscillation/spiking in response to fertili-
ation (Dupont et al., 1996). These data, however, do not
dentify which PTK is working in fertilization. An alterna-
ive approach to inhibit specifically the function of egg Src
amily PTK has been made by the group led by Foltz who
ound that the Src or Fyn SH2 domain could inhibit the
nset of the calcium transient in response to fertilization in
ea urchin eggs (Abassi et al., 2000) and starfish eggs (Giusti
t al., 1999b). The same group has also demonstrated that
rc-related PTK of 57 kDa in sea urchin eggs and of 58 kDa
n starfish eggs may play an important role in PLCg-

dependent calcium transient upon fertilization (Abassi et
al., 2000; Giusti et al., 1999a). Thus, it is of special interest
whether these Src-related PTKs in marine invertebrates are
structurally and functionally homologous to Xyk.

We used U-73122 to test if PLC activity is necessary for
sperm-induced egg activation processes and the results
obtained so far indicate that Xenopus egg fertilization
involves PLC activity which may act upstream of the
calcium-signaling pathway (Fig. 7). To our knowledge, this
is the first report showing that PLC activity is necessary for
sperm-induced activation of the Xenopus egg. As seen for
PP1, U-73122 also did not affect the ionophore-induced egg
activation processes (Table 2), suggesting that PLC depen-
dency can be overcome in eggs with elevated [Ca21]i.

The effect of U-73122 on fertilization/egg activation has
een described in sea urchin (Lee and Shen, 1998) and
ouse (Deng et al., 1998; Dupont et al., 1996). In sea

urchin, 10 mM U-73122 caused inhibition of the calcium
transient and subsequent fertilization envelope formation.
The resulting gametes showed a polyspermic phenotype
with an average value of about two sperm nuclei per gamete
(Lee and Shen, 1998). This is consistent with our result that
microinjection of U-73122 at 10 mM resulted in the appear-
nce of multiple sperm entry points (Table 2). Dupont et al.
1996) have reported that in mouse eggs, calcium spiking/
scillation in response to fertilization could be blocked by
-73122 in a dose-dependent manner. In contrast, Deng et
l. (1998) have reported a result showing the inability of
-73122 to prevent fertilization-induced calcium response

n mouse eggs. This controversy may be due to difference of
he timing of drug application. In any case, however, it has
een unclear which isozyme of PLC is affected in U-73122-
reated eggs, because U-73122 has a broad specificity to-
ard all PLC isozymes. In the case of Xenopus, sperm-

nduced IP3 increase and the calcium transient are

revented in PP1-injected eggs, and therefore, PLCg seems

s of reproduction in any form reserved.
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466 Sato et al.
to be the most likely target of U-73122. It is, however, still
impossible to rule out that other isozymes of PLC (b and d)
re involved in PP1- and U-73122-sensitive PLC activity in
ertilized Xenopus eggs (Fig. 7). This is due to our inability
o determine the active state of PLCb and d in the course of

fertilization. PLCb is of special interest, because a recent
report has demonstrated that Gq/11, a well-known activator
f PLCb, can be activated by tyrosine phosphorylation of
he a subunit (Umemori et al., 1997), although Runft et al.

(1999) have argued against a role for Gq in Xenopus fertili-
ation.
Recently, some laboratories have examined the isozyme-

pecific function of PLCs in fertilization. In both sea urchin
Carroll et al., 1999; Shearer et al., 1999) and starfish eggs
Carroll et al., 1997), the SH2 domains of PLCg have been
hown to inhibit the sperm-induced calcium transient
hen microinjected into eggs. This is in contrast to the

esults obtained with mouse eggs (Mehlman et al., 1998).
nterestingly, in mouse eggs, the SH3 domain of PLCg was

shown to inhibit Tr-Kit-induced parthenogenetic egg acti-
vation (Sette et al., 1998), but not the fertilization-induced
alcium transient (Mehlmann et al., 1998). The SH2 do-
ains of PLCg have also been shown to be ineffective in

Xenopus egg fertilization (Runft et al., 1999), indicating
that SH2 domain-mediated activation of PLCg is not re-
uired for calcium release at fertilization of Xenopus. So, if
yrosine phosphorylation of PLCg is in fact required for its
nzyme activation and egg activation in Xenopus (this
tudy), it would be an SH2-independent event which would
nvolve another type of protein–protein interaction and/or
yrosine phosphorylation of PLCg itself as demonstrated in
his study.

Mechanism of Fertilization-Induced Up-regulation
of Xenopus Egg PLCg

As noted in the Introduction, it is well established that
certain kinds of extracellular stimuli such as growth factors
(PDGF, EGF, FGF, etc.) and cytokines (interleukins etc.) or
ligation of certain cell surface receptors (T cell antigen
receptor, integrins, etc.) can stimulate tyrosine phosphory-
lation and activation of PLCg within the cells. In mamma-
ian cells, phosphorylation of PLCg occurs on tyrosine
esidues 771, 783, and/or 1254 (in mammalian PLCg) and

substitution of these tyrosine residues to phenylalanine
blocks the activation of PLCg (Rhee and Bae, 1997; Singer et
l., 1997).
Upon fertilization, tyrosine phosphorylation and activa-

ion of PLCg occurred simultaneously (Fig. 1), and concomi-
tant association of Xyk and PLCg was also observed (Fig. 2),
suggesting that fertilization-induced activation of PLCg is
achieved by its tyrosine phosphorylation catalyzed by Xyk.
This scheme is not so surprising, because direct association
of Src with PLCg and activation of PLCg by Src-mediated
tyrosine phosphorylation have been documented in mam-

malian cells (Nakanishi et al., 1993) and a yeast reconsti-

Copyright © 2000 by Academic Press. All right
ution system (Arkinstall et al., 1995). In agreement with
he Xyk-PLCg scheme, PP1 could block almost completely
he fertilization-induced tyrosine phosphorylation and ac-
ivation of PLCg (Figs. 4A and 4B). In addition, we observed
hat calcium ionophore-induced egg activation is not ac-
ompanied by tyrosine phosphorylation and activation of
LCg (Fig. 1). This is consistent with our previous finding

Sato et al., 1999) that Xyk is not activated in response to
alcium ionophore-induced egg activation.
As to the structural requirement of Src-mediated PLCg

activation, it has been reported that antibodies to the c-Src
SH3 domain disrupt the c-Src-PLCg association and PLCg
activation in the mammalian muscle cells (Marrero et al.,
1995) and platelets (Dhar and Shukla, 1994). Our future
studies will be directed to define which part of PLCg
molecule is involved in the complex formation with Xyk
and whether Xyk can directly phosphorylate and activate
PLCg.

First Signal of Sperm-Induced Activation of
Xenopus Eggs

Our present study has been designed to ask if Xenopus
egg fertilization involves the PTK-PLC pathway and some
new insights have been obtained as described above. None-
theless, we are still far from understanding the mechanism
by which fertilizing sperm initiates egg activation pro-
cesses. This is due to lack of our knowledge about the
molecular basis of “first signal” in Xenopus egg fertilization
(Jaffe, 1996; Whitaker, 1996, 1997). It should be noted that
in sea urchin, ascidian, and mouse, soluble sperm factor has
been shown to possess egg-activating property which may
involve up-regulation of egg PLC activity (Dale, 1988;
Parrington et al., 1996, 1999; Sette et al., 1998). On the
other hand, in Xenopus, it has been suggested that egg
omponents are sufficient for fertilized eggs to undergo egg
ctivation processes. Several recent reports support this
ith findings that external application of synthetic peptides
r protease, which would mimic ligand-related action of
perm, can activate Xenopus egg (Iwao and Fujimura, 1996;
izote et al., 1999; Shilling et al., 1998). In this connection,
e have previously reported that a synthetic RGD-

ontaining peptide, a possible egg integrin-interacting pep-
ide, causes egg activation accompanied by activation of
yk (Sato et al., 1999). The RGD peptide-induced egg
ctivation was shown to be inhibited by PTK inhibitor (Sato
t al., 1999). The results imply that stimulation of un-
nown egg surface receptor (integrin?) can cause egg acti-
ation in an endogenous PTK-dependent manner (Fig. 7). So
t will be helpful to test whether egg PLCg could also be

under the control of parthenogenetic egg activation that
involves egg PTK activity. Further detailed study is neces-
sary to define what kind of cellular components constitute
the egg activation machinery of Xenopus in response to

fertilization.
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