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A tyrosine-phosphorylated protein of 33 kDa is shown to be present in the solubilized yolk fraction
of Xenopus laevis oocytes, eggs, and early embryos. The phosphoprotein is lipovitellin 2 as dem-
onstrated by immunoprecipitation and mass spectrometry studies, and is termed pp33/LV2. Sub-
cellular fractionation and immunoblotting studies demonstrate that pp33/LV2 is stably present in
the Triton X-100-resistant and SDS-soluble yolk fractions during oogenesis, oocyte maturation, and
early embryogenesis. From after the swimming tadpole stages (stage 39~), however, it becomes
partly soluble to Triton X-100-containing buffer and all disappear thereafter (stage 48~49). In vitro
enzyme assays with the use of the tyrosine phosphatase LAR and the tyrosine kinase Src demon-
strate the reversible nature of the tyrosine phosphorylation of pp33/LV2. Microinjection studies
demonstrate that the solubilized yolk fractions, but not those immunodepleted of pp33/LV2 or those
pretreated with LAR, inhibit progesterone- or insulin-induced oocyte maturation. A pp33/LV2-like
protein seems to present in two Xenopus subspecies, one other frog species, and two fish species,
but not in other amphibian species, such as newt and salamander. These results suggest that LV2,
in its tyrosine-phosphorylated form, serves in a cellular function in a species-specific manner, but
the mechanism is still unknown.
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Src protein and other cellular protein-tyrosine kinases, can
also catalyze the tyrosine phosphorylation of cellular pro-
teins (Brown and Cooper, 1996; Thomas and Brugge,
1997). In this case, the occurrence of tyrosine phosphoryla-

INTRODUCTION

Tyrosine phosphorylation is one of the mechanisms for
the posttranslational modification of cellular proteins. The

first example of protein-tyrosine phosphorylation was dem-
onstrated in the late 1970’s by Hunter and Sefton (1980)
who showed that immunoprecipitates containing the product
of an oncogene of Rous sarcoma virus, namely viral Src,
contained tyrosine-specific kinase activity. Since its dis-
covery, tyrosine phosphorylation has been analyzed
extensively, and is now recognized as one of the cellular
mechanisms for carcinogenesis and tumorigenesis (Jove
and Hanafusa, 1987). Currently, it is well accepted that the
constitutive and/or deregulated occurrence of protein-
tyrosine phosphorylation, as catalyzed by viral Src or Src-
related oncogene products, leads to malignant cell transfor-
mation. Non-oncogene (cellular gene) products, e.g. cellular
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tion is tightly regulated under several cellular conditions.
Such finely tuned and transient protein-tyrosine phosphory-
lation is now known to be involved in several aspects of
physiological and pathological functions of cells; e.g. prolif-
eration, differentiation, motility, immunity, neuronal signal-
ing, development, infection and diseases.

In eggs of Xenopus laevis, rapid and transient tyrosine
phosphorylation catalyzed by the egg-associated Src protein
plays an important role in sperm-induced egg activation at
fertilization (Sato et al., 1999; for review see Sato et al.,
2004). Previously, we showed that Src-dependent tyrosine
phosphorylation of phospholipase Cy is required for a tran-
sient increase in the intracellular Ca®* concentration, which
is indispensable for sperm-induced egg activation (Sato et
al., 2000). Cytoplasmic proteins, such as the adaptor protein
Shc (Aoto et al., 1999) and the RNA-binding protein hnRNP
K (lwasaki et al., 2008), were also identified as substrates
of Src in fertilized eggs. Uroplakin Ill, an egg plasma
membrane-associated protein, was initially identified as a
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substrate of Src (Sakakibara et al., 2005) and then found to
be a target of sperm-derived protease activity that is essen-
tial for egg-sperm interaction at fertilization (Mahbub Hasan
et al., 2005). Altogether, eggs of Xenopus laevis have pro-
vided an excellent system for analyzing roles of protein-
tyrosine phosphorylation in the fertilization and initiation of
development.

In this study, we identified a 33-kDa tyrosine-phospho-
rylated protein in the SDS-solubilized fraction of eggs and
oocytes of Xenopus laevis. The 33-kDa tyrosine-phosphory-
lated protein is also present in early embryos of Xenopus
laevis. Mass spectrometry demonstrated that the protein is
lipovitellin 2, a proteolytic fragment of vitellogenin B1/A2 that
is a yolk-associated nutrient resource for oogenesis and
early development (Brgink and Wallace, 1974; Wiley and
Wallace, 1981). To our knowledge, this is the first report to
demonstrate that a yolk protein is stably phosphorylated on
tyrosine residues in the course of oogenesis and early
development.

MATERIALS AND METHODS

Animals, antibodies, and other materials

African clawed frogs (Xenopus laevis, Xenopus borealis, and
Xenopus tropicalis) were obtained from local dealers and main-
tained in de-chlorinated tap water at ambient room temperature.
Unfertilized eggs and/or early embryos of a newt (Cynops
pyrrhogaster), a salamander (Hynobius neblosus), and other types
of frog (Bufo japonicus and Hyla japonica) (Harada et al., 2007;
lwao, 1987, 1989) were gifts from Dr. Yasuhiro lwao (Yamaguchi
University). Immature oocytes of medaka (Oryzias latipes) and
unfertilized eggs of zebrafish (Danio rerio) (Hanno et al., 2010) were
gifts from Dr. Shoji Oda (University of Tokyo). Immature oocytes of
sawfly (Athalia rosae) (Yamamoto et al., 2008) were gifts from Dr.
Masatsugu Hatakeyama (National Institute of Agrobiological
Sciences).

A mouse monoclonal antibody against phosphotyrosine, PY99,
was purchased from Santa Cruz (CA, USA). A mouse monoclonal
antibody against tubulin-p was obtained from Amersham
Biosciences (Uppsala, Sweden). Rabbit polyclonal antibodies
against mitogen-activated protein kinase (anti-MAPK antibody) and
phosphorylated MAPK (anti-pMAPK antibody) were purchased from
BioLabs (MA, USA). Rabbit polyclonal antibodies against the extra-
cellular domain of Xenopus uroplakin Il (anti-xUPIIl antibody)
(Sakakibara et al., 2005) or the internal sequence of Xenopus
vitellogenin B1 (residues 1401-1415, NPHEAQAELKWGQNC) was
prepared as described previously (lwasaki et al., 2008).

Leupeptin was obtained from Peptide Institute (Osaka, Japan),
(p-Amidinophenyl)methanesulfonyl fluoride dichloride (APMSF)
from EMD Chemicals (NJ, USA), protein A-Sepharose was from
Amersham Biosciences, L-phosphoamino acids (phosphotyrosine,
phosphoserine, and phosphothreonine), progesterone, and insulin
from Sigma (MO, USA), and recombinant, catalytic domain of
leukocyte-related antigen protein-tyrosine phosphatase (LAR) (Itoh
et al., 1992) from EMD Chemicals. Unless otherwise indicated,
other chemicals were obtained from Sigma, Wako Pure Chemicals
(Osaka, Japan), or Nacalai Tesque (Kyoto, Japan).

Oocytes, eggs, and embryos

To obtain oocytes of Xenopus laevis, we performed manual
dissection of ovarian tissues from female frogs anesthetized in tap
water containing 2 mg/ml of 3-aminobenzoic acid ethyl ester meth-
anesulfonate salt (Sigma). Dissected ovarian tissues were cut into
small pieces containing ~100 oocytes, washed several times with
OR-2 buffer containing 82.5 mM NaCl, 2.5 mM KCI, 1 mM CaCly, 1
mM MgClz, 1 mM NazHPO4, and 5 mM HEPES-NaOH, pH 7.8, and
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treated with OR-2 buffer supplemented with 0.5 mg/ml of collage-
nase (Sigma), to remove the follicle cell layer from the oocytes, with
gentle rocking for 2-3 h at 21°C. After the treatment, oocytes were
washed extensively with OR-2 buffer, manually subdivided into
three groups by oogenesis stage (stages | and I, lll and IV, and V
and VI), packed into 1.5-ml microtubes (5—20 oocytes per tube),
removed of excess OR-2 buffer, frozen in liquid nitrogen, and stored
at —30°C prior to use. We applied a similar approach to the prepa-
ration of oocytes from Xenopus borealis and Xenopus tropicalis,
except that only the largest oocytes were selected and stored.
Unfertilized eggs and early embryos of Xenopus laevis were
prepared as described previously (Sato et al., 1996, 2000). Early
developmental stages of Xenopus laevis were verified according to
Nieuwkoop and Faber (1994, www.xenbase.org/anatomy/
alldev.do). Jelly coats of eggs or embryos were removed by treat-
ment with DeBoer’s solution (110 mM NaCl, 1.3 mM KCI, and 0.33
mM CaClz, pH 7.2) containing 2% cysteine for 3-8 min and then
washed extensively with DeBoer's solution. The dejellied egg/
embryo samples were frozen in liquid nitrogen, and stored at —30°C.

Extraction and fractionation

All manipulations were carried out at 4°C or on ice. Cell sam-
ples (oocytes, eggs, or embryos) were mixed and homogenized
with a 5-10 x cell volume of buffer A containing 20 mM Tris-HCI, H
7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10 mM B-mercapto-
ethanol, 1 mM sodium orthovanadate, 10 ug/ml leupeptin, and 20
uM APMSF. The homogenates were centrifuged at 12,000 g for 10
min. The supernatants were collected as cytosolic fractions. The
pellets were mixed and homogenized with a 2.5-5 x cell volume of
buffer A supplemented with 1% Triton X-100. The homogenates
were centrifuged at 12,000 g for 10 min. The supernatants were col-
lected as Triton X-100-soluble fractions, which contained most of
the membranous parts of the cells. The pellets were mixed and
homogenized with a 2.5-5 x cell volume of buffer A supplemented
with 1% Triton X-100 and 0.1% SDS. The homogenates were cen-
trifuged at 12,000 g for 10 min. The supernatants were collected as
SDS-soluble fractions, which contained cytoskeletal parts and yolk
materials. When analyzing the developmental expression of pp33/
LV2 in Xenopus laevis, cell samples were initially mixed and
homogenized with buffer A supplemented with 1% Triton X-100 to
obtain a mixture of the cytosol and the Triton X-100-soluble frac-
tions. When microinjection of pp33/LV2 into Xenopus laevis oocytes
was performed (see below), yolk-containing pellets were solubilized
with buffer A supplemented with 1 M NaCl, instead of 1% Triton X-
100 and 0.1% SDS. All protein samples were used within 3 h of
extraction.

SDS-polyacrylamide gel electrophoresis

Protein samples, as normalized by the cell equivalent amount
(e.g. one oocyte) of protein, were mixed with SDS sample buffer
(Laemmli, 1970) and treated at 95°C for 5 min. SDS-denatured pro-
tein samples were separated by SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) on 10% gels. After the electrophoresis, gels
were subjected to immunoblotting (see below) or protein staining
with either Coomassie Brilliant Blue R-250 (Nacalai) or silver (Silver
stain kit, Nacalai).

Immunoprecipitation and immunoblotting

In some experiments, protein samples were immunoprecipi-
tated with 3-5 pg of the anti-phosphotyrosine antibody PY99 for 3—
6 h at 4°C. Immune complexes were adsorbed onto 10 ul of protein
A-Sepharose beads by gentle agitation for 30 min at 4°C. The
beads were then washed three times with buffer A supplemented
with 1% Triton X-100 and 0.1% SDS. The washed beads were
treated with Laemmli’s SDS sample buffer and subjected to SDS-
PAGE as described above. After SDS-PAGE, immunoblotting of
protein samples or the immunoprecipitated samples was done as
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described previously (Sato et al.,
1999, 2000). Briefly, an electro-
transfer of proteins from SDS-
gels to polyvinylidene difluoride
membranes was done with the
use of a semi-dry blotting appa-
ratus (Bio-Rad, CA, USA). After
the transfer, membranes were
blocked with 3 mg/ml of bovine
serum albumin in T-TBS buffer
containing 50 mM Tris-HCI, pH
7.5, 150 mM NaCl, and 0.05%
Tween 20. After the blocking
treatments, membranes were
sequentially treated with primary
antibodies specified in the text,
secondary antibodies labeled
with biotin, and streptoavidin-bio-
tin complex conjugated with
horseradish peroxidase. Detec-
tion of the immune complexes on
the membranes was achieved
with the addition of a developing
solution containing 50 mM Tris-
HCI, pH 7.5, 0.2 mg/ml diamin-
obenzidine, and 0.005% hydro-
gen peroxide (6.7 ul of 30% solu-
tion per 40 ml).

Mass spectrometry

A 33-kDa tyrosine-phospho-
rylated protein, designated pp33,
was concentrated by immunopre-
cipitation of the SDS-soluble frac-
tions of Xenopus laevis immature
oocytes and separated by SDS-
PAGE. Proteins were visualized
using the Nacalai Tesque silver
stain kit. In-gel digestion of the
pp33-containing SDS gels with
trypsin, liquid chromatography
mass spectrometry and the data-
base search were done by Apro
Science (Tokushima, Japan).

Dephosphorylation and re-
phosphorylation of pp33

To perform dephosphoryla-
tion of pp33/LV2, Triton X-100-
insoluble yolk-containing pellets
prepared from Xenopus laevis
immature oocytes (see above)
were solubilized in sodium ortho-
vanadate-free buffer A containing
1% Triton X-100 and 0.1% SDS.
The solubilized materials were
clarified by centrifugation at
12,000 g for 10 min. The result-
ing  supernatants  (0.02-0.2
oocyte-equivalent amount of pro-
tein per assay) were treated in
the absence or presence of LAR,
a recombinant human protein-
tyrosine phosphatase, for 30 min
at 30°C.

To reconstitute the tyrosine
phosphorylation of pp33, the
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Fig. 1. Identification of a 33-kDa yolk-associated tyrosine-phosphorylated protein in Xenopus oocytes.
(A) Xenopus immature oocytes were fractionated into cytosolic, Triton X-100-soluble, and SDS-soluble
fractions. These fractions containing one oocyte-equivalent proteins were analyzed by immunoblotting
with the anti-phosphotyrosine antibody PY99 (IB: PY99, lanes 1-3) or silver stain (lanes 4-6). An arrow-
head indicates the position of a 33-kDa tyrosine-phosphorylated protein in the SDS-soluble fraction. (B)
Fractions obtained as in (A) were analyzed by immunoblotting with the indicated antibodies. (C) SDS-sol-
uble fractions were analyzed by immunoblotting with PY99 in the absence (lane 1) or presence of 1 mM
phosphotyrosine (lane 2), 1 mM phosphoserine (lane 3), 1 mM phosphothreonine (lane 4), or 1% skim
milk (lane 5). The positions of pp33 and other phosphotyrosine-containing proteins (asterisks) are indi-
cated. (D) SDS-soluble fractions (ten oocyte-equivalent of protein per lane) were immunoprecipitated
with PY99 (lane 3). As a control, we also performed immunoprecipitation with no protein samples (lane 2)
or no PY99 (lane 4). The immunoprecipitates and the SDS-soluble fractions (one oocyte-equivalent of
protein per lane, lane 1) were analyzed by immunoblotting with either anti-lipovitellin 2 ntibody (top
panel) or no primary antibody (middle panel), or silver stain (bottom panel). An arrowhead indicates the
position of a tyrosine-phosphorylated protein at 33 kDa. Solid lines indicate the positions of the light
chains of immunoglobulin G. In panels (A), (C), and (D), positions of molecular size markers (25-250
kDa) are also indicated.
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LAR-treated samples were added with sodium orthovanadate at a
final concentration of 1 mM. The samples were further supple-
mented with ATP and MgCl: at final concentrations of 1 mM and 5
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mM, respectively. The mixtures were then treated in the absence or
presence of the tyrosine kinase Src purified from bovine brain, for
30 min at 30°C. Both LAR and Src treatments were stopped by the

VgA2
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Fig. 2. Mass spectrometric analysis of the 33-kDa tyrosine-phosphorylated protein. (A) The whole amino acid sequences of Xenopus vitello-
genin B1 (VgB1, 1817 amino acids) and A2 (VgA2, 1807 amino acids) are shown. Amino acid sequences that matched those of known partial
sequences in the mass spectrometric (MS) analysis are shown in red. Shown in squares are the amino acid sequences that correspond to
phosvitin, a serine-rich phosphoprotein. Shown below is the MS identification of thirteen peptide fragments found to be part of Xenopus vitello-
genin B1 or A2. Mass values of these peptide fragments were obtained from the 33-kDa tyrosine-phosphorylated protein digested with trypsin
(see “Materials and Methods” for details) and were found to be part of the Xenopus vitellogenin B1/A2 using the MASCOT database search
algorithm. Amino acid numbers (start-end) and expected (expt) as well as calculated (calc) mass values for each peptide fragment are also
shown. (B) Schematic structure of Xenopus VgB1 and VgA2. Positions of serine-rich sequences and four major subunits in Xenopus VgB1 and
VgA2 (lipovitellin 1, lipovitellin 2, phosvitin, and pp25) and the number of amino acid residues are indicated. Indicated by red areas are the
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buffer and either left intact, tubulin, and PY99. (B) Embryos at the indicated Nieuwkoop-Faber’s developmental stages (21-47/48)
enzyme-treated, or immunode- were fractionated and analyzed (one embryo-equivalent of protein per lane) by immunoblotting with the
pleted) into fully-grown stage VI indicated antibodies (left panels) or silver stain (right panel). Asterisks in the silver stain data indicate the
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IB: PY99

IB: Src

Fig. 4. In vitro dephosphorylation/re-phosphorylation and
immunodepletion of pp33/LV2. (A) SDS-soluble fractions
(0.02-0.2 oocyte-equivalent of protein per lane) prepared
from Xenopus immature oocytes were treated in the absence
or presence of protein-tyrosine phosphatase LAR as
described in “Materials and Methods”. After the treatments,
protein samples were analyzed by immunoblotting with PY99
(upper panel) or CBB stain (lower panel). The positions of an
intact pp33/LV2, and a hypo-phosphorylated form of pp33/
LV2 (asterisk) are indicated. (B) The LAR-treated SDS-
soluble fractions (LAR +) were subjected to an in vitro kinase
assay in the absence or presence of the tyrosine kinase Src
as described in “Materials and Methods”. As control experi-
ments, the SDS-soluble fractions were directly subjected to in
vitro kinase assay in the absence or the presence of Src.
After the treatments, the reaction mixtures were analyzed by
immunoblotting with PY99 (upper panel) or anti-Src antibody
(IB: Src). The positions of LV1, Src and pp33/LV2 are indi-
cated. (C) High NaCl-solubilized fractions (Cont., one oocyte-
equivalent of protein per lane) prepared from Xenopus imma-
ture oocytes were either untreated (Imm.depl., cont.) or
immunoprecipitated with PY99 (Imm.depl., PY99). The sam-
ples were then incubated with protein A-Sepharose as
described in “Materials and Methods” and the resulting
unbound materials were collected by a brief centrifugation.
The presence of pp33/LV2 was evaluated by immunoblotting
with PY99 and CBB protein staining.
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scopic observation with a pulse-directed injector system Nanoject
(Drummond, PA, USA) as described previously (Sato et al., 1999,
2000; Tokmakov et al., 2005). A protein sample (0.8—1.0 mg/ml) or
buffer alone was loaded into an oil-filled glass microcapillary nee-
dles with a tip 25 um in diameter. Up to 25 ng of protein was
injected per oocyte in a total volume of 25 nl. Samples of oocytes
were then subjected to treatment with either 10 uM progesterone or
5 uM insulin as described previously (Garcia de Herreros et al.,
1991). Successful oocyte maturation was monitored by occurrence
of germinal vesicle breakdown (GVBD), as determined by dissec-
tion of oocytes fixed in 10% trichloroacetic acid and microscopic
observations.

RESULTS

We prepared subcellular fractions of Xenopus immature
oocytes by successive extraction with detergent-free buffer
(cytosolic fraction), Triton X-100-containing buffer (TX100-
soluble fraction), and TX100 plus SDS-
containing buffer (SDS-soluble fraction).

Immunoblotting of these fractions with
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(Fig. 2). The amino acid sequence of lipovitellin 2 contains
several tyrosine residues; some of which were included in
the annotated sequences in the mass spectrometric analy-
sis. However, we failed to obtain data that showed peptide
fragment(s) containing phosphate group(s). We hereafter re-
termed the tyrosine-phosphorylated protein pp33/LV2
(lipovitellin 2).

We next examined the presence of pp33/LV2 during the
growth and maturation of oocytes, fertilization, and early
embryogenesis. Immunoblot analyses demonstrated that
pp33/LV2 was present at the beginning (stages | and Il) as
well as subsequent stages (stages IlI~VI) of oocyte growth
(Fig. 3A). Progesterone-induced oocyte maturation, fertiliza-
tion, and early embryogenesis up to stages 45/46 did not
alter the amount or extent of the tyrosine phosphorylation of
pp33/LV2 (Fig. 3A, B). However, the protein signal suddenly

the anti-phosphotyrosine antibody PY99 100 |
demonstrated that a 33-kDa tyrosine-
phosphorylated protein (pp33) was
present in the SDS-soluble fraction (Fig.
1A, lane 3; Fig. 1B, lane 3). Silver stain-
ing of the SDS-PAGE gel (Fig. 1A, right
panel) and immunoblotting studies (Fig.
1B) showed that pp33 was present pre-
dominantly in the SDS-solubilized fac-
tions where yolk-associated proteins
such as vitellogenin fragments and
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and mitogen-activated protein kinase
(MAPK) or a membrane protein marker
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uroplakin Il (UPIIl) were enriched. The
presence of phosphotyrosine or skim
milk, but not phosphoserine or phos-
phothreonine, reduced the immunoreac-
tivity of PY99 to pp33 and some other
SDS-solubilized proteins (Fig. 1C).

As we expected, PY99 immunopre-
cipitated pp33 effectively (data not
shown), allowing us to perform immu-
nopurification of pp33. Moreover, an
antibody that was raised against lipovi-
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tellin 2, the ~35 kDa fragment of vitello-
genin was found to recognize pp33 o 1 2
immunoprecipitated with PY99 (Fig. 1D,
lane 3), suggesting that pp33 is identical
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Time after insulin treatment (h)
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to lipovitellin 2. This idea is supported
by Mass spectrometry and database
search of the immuno-purified pp33
(Fig. 2). In Xenopus oocytes, at least
two similar but distinct types of lipovi-
tellin 2 are expressed; one from vitello-
genin B1 (VgB1) and the other from
vitellogenin A2 (VgA2). Of the nine pep-
tides annotated to be part of lipovitellin
2, eight corresponded to parts of VgB1
and one corresponded to parts of VgA2

Fig. 5. Effect of microinjection of the solubilized yolk fractions on hormone-induced oocyte
maturation. Shown in left are the time course data of germinal vesicle breakdown after the
addition of (A) 2 uM progesterone or (B) 10 ng/mL insulin to oocytes. In each experiment, the
following four kinds of microinjection were examined: control injections (closed circles), high
NaCl-solubilized yolk fraction (opened circles), high NaCl-solubilized and LAR-treated yolk
fraction (closed triangles), and high NaCl-solubilized and PY99-immunodepleted yolk fraction
(closed squares). Twenty-five ng of protein (in 25 nL) was used for all of the injections except
for the control injections. Results of a representative experiment are shown. Shown in right
are graphs representing the effect of the NaCl-solubilized yolk fraction on (A) progesterone-
or (B) insulin-induced oocyte maturation as a function of the amounts of the fractions (0-25
ng protein per microinjection). The number of oocytes showing germinal vesicle breakdown
versus the number of oocytes examined is plotted.
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disappeared at developmental stage 47/48, when the disap-
pearance of both lipovitellin 1 and 2 was taking place (Fig.
3B, silver stain). Shortly before the disappearance of pp33/
LV2 in the SDS-soluble fractions, a PY99-immunoreactive
band of 33 kDa became detectable in the TX100-soluble
fractions (stages 39-41 and 43, Fig. 3B), suggesting that
pp33/LV2 becomes a soluble component at these embry-
onic stages.

Treatment of the SDS-soluble oocyte fractions with
recombinant LAR, a tyrosine-specific protein phosphatase,
effectively diminished the binding of the anti-phosphoty-
rosine antibody to pp33/LV2 (Fig. 4A). We next examined
whether the LAR-treated, i.e. dephosphorylated, pp33/LV2
could be re-phosphorylated on tyrosine residues by using
the purified Src protein. As shown in Fig. 4B, pp33/LV2 was
re-phosphorylated in a Src-dependent manner, but with low
efficiency. On the other hand, LV1, another vitellogenin-
derived yolk protein that migrated at 100-150 kDa on the
SDS-PAGE gel, is tyrosine-phosphorylated at relatively
higher efficiency by Src (Fig. 4B). We also performed immu-
nodepletion experiments. As shown in Fig. 4C, the solubi-
lized yolk fraction immunodepleted with PY99 contained no
detectable amount of pp33/LV2, while the same sample still
contained LV2, whose amount was highly similar to the non-
immunodepleted sample, as judged by CBB staining. The
results indicate that only a limited fraction of LV2 is phos-
phorylated on tyrosine residues in oocytes.

Next, we microinjected the oocyte fractions containing
pp33/LV2 into live oocytes. To this end, we extracted the
TX100-insoluble yolk fractions with buffer containing 1 M
NaCl. Under this condition, the tyrosine-phosphorylated
pp33/LV2 was effectively solubilized as in the case of its
extraction with SDS (data not shown). We then performed a
quantitative microinjection of the NaCl-solubilized yolk frac-
tions into fully-grown, immature oocytes. The injected
oocytes did not show any change in cytological morphology
(data not shown), indicating that they were not damaged or
impaired. However, these oocytes showed a reduced
response to hormone (progesterone or insulin)-induced
oocyte maturation, as judged by the occurrence of germinal
vesicle breakdown (Fig. 5A and 5B, left panels) and phos-
phorylation of p42 MAPK (data not shown). Such an inhibi-
tory effect of the NaCl-solubilized yolk fraction on progester-
one-induced oocyte maturation was dose-dependent (Fig.
5A and 5B, right panels) and was not seen when the yolk
fractions were treated with the tyrosine phosphatase LAR
(Fig. 5A and 5B, closed triangles) or immunodepleted with
PY99 (Fig. 5A and 5B, closed squares). Co-injection of the
yolk fraction and the heat-inactivated LAR, or injection of the
yolk fraction immunodepleted with no antibody did not inhibit
oocyte maturation by progesterone (data not shown).
Together, it is suggested that pp33/LV2, under solubilized
conditions, is capable of inhibiting hormone-induced oocyte
maturation in a phosphotyrosine-dependent manner.

As in Xenopus laevis, oocytes and early embryos of all
known amphibian species and many other vertebrates and
invertebrates possess yolk materials, major components of
which are structurally and/or functionally similar to lipovi-
tellins. Therefore we were interested in examining whether
yolk-associated proteins are phosphorylated at tyrosine
residues in the other species. Immunoblotting experiments

Downloaded From: https://bioone.org/journals/Zoological-Science on 01 Jun 2024
Terms of Use: https://bioone.org/terms-of-use

o
—
(%) ] %
2 F g, 7
»L @ O 0 v 2 0
S o 3 S & 338 w S 3
© 3 O o £ 2 2 9 0 Q
8 8 & &8 X € £ € & = o
2 S w & S8 =
w 0 u 2] S 3 a 2] ©
S 3 3 :J‘!Jm--.cu 3 0 <
Q 9 9 g @ 8 8§ .1 Q & o
S 9 © S 9 o 9 g 9O N 2
cC C C cC C < & = tbt
O @ G Q o
X X X X Om I T x O Q kDa

1 8
WB: PY99 (Antl-pTyr)

1 2 3 4 5 6 7 8
CBB protein stain

Fig. 6. Presence of a pp33/LV2-like protein in Xenopus subspe-
cies, some other anuran and urodele amphibians, and fish species.
SDS-solubilized yolk fractions were prepared from immature
oocytes or early embryos of Xenopus laevis (lanes 1, 4, and 9, one
oocyte-equivalent of protein per lane), Xenopus borealis (lane 2,
two oocyte-equivalents of protein per lane), Xenopus tropicalis (lane
3, four oocyte-equivalents of protein per lane), Cynops pyrrhogaster
(lane 5, 0.33 oocyte-equivalents of protein per lane), Bufo japonicus
(lane 6, 0.25 blastula embryo-equivalents of protein per lane),
Hynobius neblosus (lane 7, one oocyte-equivalent of protein per
lane), and Hyla japonica (lane 8, one oocyte-equivalent of protein
per lane), Oryzias latipes (lane 10, one egg-equivalent of protein per
lane ), and Danio rerio (lane 11, one egg-equivalent of protein per
lane), and analyzed by immunoblotting with PY99 (upper panels) or
by CBB stain (lower panels).

demonstrated that Xenopus borealis and Xenopus
tropicalis, which are subspecies of Xenopus laevis, possess
phosphotyrosine-containing yolk-associated proteins of a
similar molecular size to pp33/LV2 (Fig. 6, lanes 2 and 3).
A frog species, Bufo japonicus (the bull frog), also showed
the presence of prominently tyrosine-phosphorylated, yolk-
associated proteins at around 30-35 kDa (Fig. 6, lane 6).
Two fish species, Danio rerio (zebrafish) and Oryzias latipes
(medaka), seemed to possess tyrosine-phosphorylated pro-
teins at 30-35 kDa in the solubilized yolk fractions (Fig. 6,
lanes 10 and 11). Contrastingly, Hyla japonica (frog),
Cynops pyrrohogaster (newt) and Hynobius neblosus
(salamander), were shown to contain no tyrosine-phospho-
rylated proteins in the yolk fractions in the similar positions
(Fig. 6, lanes 5, 7, and 8). Oocytes of Athalia rosae (sawfly),
employed as an invertebrate species, did not contain such
yolk-associated tyrosine-phosphorylated proteins either
(data not shown).

DISCUSSION

In multicellular organisms, protein-tyrosine phosphoryla-
tion is known to play a crucial role in several kinds of signal
transduction. In a physiological context, protein-tyrosine
phosphorylation is, in most cases, transient and unstable.
However, it is sometimes persistent and stable in cells under
pathological conditions (e.g. constitutive phosphorylation of
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cellular proteins in viral Src-transformed cells). Therefore, it
is generally accepted that the fine-tuned ‘on-off’ switching of
protein-tyrosine phosphorylation is important for normal
cellular processes, while its deregulation may lead to path-
ological features in cells. In this study, we observed that a
33-kDa protein initially identified in the SDS-solubilized yolk
fractions of immature oocytes of Xenopus laevis, is stably
phosphorylated at tyrosine residues during oocyte growth,
oocyte maturation, fertilization, and early embryogenesis.

Immunoprecipitation and mass spectrometry studies
revealed that pp33 is LV2, a fragment of vitellogenin. There
have been some reports on phosphorylated yolk-associated
or related proteins in Xenopus oocytes. Phosvitin, a prote-
olytic fragment of vitellogenins that has a similar molecular
size to pp33/LV2, is a heavily serine-phosphorylated protein
(Gerber-Huber et al., 1987; Ohlendorf et al., 1977). It is
believed that the high content of phosphoserine residues in
phosvitin contributes to a supply of energy in early embry-
onic development (Sparks et al., 1988; Wahli et al., 1976,
1981; for review see Wabhli, 1988). A phosphoprotein of 25-
kDa, named pp25, whose amino acid sequence partially
overlaps that of phosvitin and of LV2, has been identified in
the cytoplasmic fractions of Xenopus oocytes and early
embryos (Nakamura et al., 2007; Sugimoto and Hashimoto,
2006). Because of its distinct subcellular distribution, it has
been suggested that pp25 plays different roles than those of
yolk-associated proteins.

Browaeys-Poly et al. (2007) reported that LV1, a larger
fragment of vitellogenins, is partly cytoplasmic in Xenopus
oocytes and that the cytoplasmic LV1 is phosphorylated at
tyrosine residues and can serve as a scaffold for a signaling
complex containing the adaptor protein Grb2, the guanine
nucleotide exchanging factor Sos, and the phospholipase
Cy. The present study demonstrated that LV1 solubilized
from the yolk materials of Xenopus oocytes can be effec-
tively phosphorylated by purified Src. In vitro Src phospho-
rylation of the LAR-treated pp33/LV2, however, was not as
efficient as in the case of LV1. The results suggest that the
phosphorylation of LV2 by Src requires a co-factor(s), which
is missing in the in vitro kinase assay. Another possibility is
that some unknown kinase(s) in oocytes or liver, where vitel-
logenin is synthesized, catalyzes the tyrosine phosphoryla-
tion of pp33/LV2. In support of this idea, we observed that
the plasma fractions prepared from Xenopus blood con-
tained a significant amount of tyrosine-phosphorylated
vitellogenin (data not shown). Thus, we assume that in
Xenopus, vitellogenin is synthesized and tyrosine-phospho-
rylated in the liver; transported by blood to the female
gonads; internalized into the oocytes via a specific receptor
for vitellogenin; and broken down into LV1, pp33/LV2, phos-
vitin and pp25.

In normal conditions, pp33/LV2 and other yolk-
associated materials are present in a crystallized and thus
insoluble form in oocytes. So we were interested in examin-
ing the possible cellular functions elicited by the presence of
the solubilized pp33/LV2 in oocytes. Microinjection studies
demonstrated that the solubilized yolk fractions inhibited
germinal vesicle breakdown of Xenopus oocytes induced by
progesterone or insulin (Fig. 5). The inhibitory effect was
pp33/LV2-dependent because the yolk fractions treated with
LAR or immunodepleted of pp33/LV2 did not show such an
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effect. Progesterone- or insulin-induced oocyte maturation in
Xenopus involves phosphorylation and/or dephosphorylation
of proteins at tyrosine residues: they include p34°! a
component of maturation-promoting factor that undergoes
tyrosine dephosphorylation during oocyte maturation; MAPK
(Ferrell et al., 1991; Gotoh et al., 1991) and Xp95/Alix (in the
case of progesterone) (Che et al., 1999; DeJournett et al.,
2007), both of which become tyrosine-phosphorylated upon
oocyte maturation. Thus, we suggest that pp33/LV2, if it is
present in a soluble form in oocytes, can interfere with the
phosphotyrosine-dependent signal transduction for oocyte
maturation.

Then, what is the physiological function of the tyrosine-
phosphorylated forms of pp33/LV2 in Xenopus? We have
shown that only a small fraction of LV2 is the tyrosine-
phosphorylated form (Fig. 4C). Immunoblotting data demon-
strates that the level of tyrosine phosphorylation of LV2 is
unchanged until the developmental stages 45/46 (Fig. 3B,
SDS-soluble, IB: PY99). On the other hand, silver stain data
of SDS-PAGE gels demonstrate that the amount of total LV2
is decreasing as developmental stages progress (Fig. 3B,
silver stain). The data suggest that the tyrosine-phosphory-
lated forms of LV2 are more stable than the non-phospho-
rylated forms of LV2 during this developmental period. In
addition, at the stages 45/46, Triton X-100-soluble forms of
the tyrosine-phosphorylated LV2 become detectable (Fig.
3B, TX100-soluble, IB: PY99). Thereafter (at the stages 47/
48), both the tyrosine-phosphorylated forms of LV2 and the
non-phosphorylated forms of LV2 disappear from embryo
fractions (Fig. 3B, TX100-soluble, I1B: PY99; SDS-soluble,
IB: PY99; silver stain). From these data, it is suggested that
the initial timing of de-crystallization from yolk platelets and/
or proteolytic digestion of the tyrosine-phosphorylated LV2 is
differ from that of the non-phosphorylated LV2, while the
disappearance of these LV2 fractions from embryos takes
place very synchronously. Physiological meaning of the
presence of the tyrosine-phosphorylated LV2 as a yolk
platelet-associated form (until stages 45/46) and as a Triton
X-100-soluble form (only in the stages 45/46) will be of
interest for further study.

As we presented data and discussed, pp33/LV2
appeared in the cytoplasmic fraction at the stages 45/46, but
embryonic development progressed normally. This raises
questions as to why these soluble forms of pp33/LV2 do not
inhibit the developmental processes as they do in the prog-
ress of hormone-induced oocyte maturation. We think that
the regulated appearance of the pp33/LV2 in the cytoplas-
mic fraction at the embryonic stage 46/47 may have some
physiological role in the progress of development, which we
don’t know yet the molecular details. On the other hand, it
seems that the abnormal presence of the pp33/LV2 (due to
its injection) in the oocyte has an inhibitory effect on the
progress of oocyte maturation.

We found that a tyrosine-phosphorylated LV2-like pro-
tein(s) is present in some anuran amphibians and possibly
fish. On the other hand, urodele amphibians and Hyla
japonica, a frog species that is thought to be phylogeneti-
cally distant from Xenopus, possess LV2-like proteins with
no phosphotyrosine. These results suggest that tyrosine
phosphorylation of LV2 (-like proteins) is an evolutionarily
transient phenomenon at least in amphibian species. In this
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connection, it is interesting to note that Tick oocytes are
shown to possess a tyrosine-phosphorylated vitellin, which
will be dephosphorylated during egg development (Silveira
et al., 2006), and that the present study showed that sawfly
oocytes do not possess tyrosine-phosphorylated yolk pro-
teins. These results indicate that insect species also show
evolutionarily branching for the presence of tyrosine-
phosphorylated LV2-like proteins.

In summary, we report here the identification, purifica-
tion, and characterization of a 33-kDa Xenopus lipovitellin 2
as a tyrosine-phosphorylated protein. This protein, named
pp33/LV2, is stably tyrosine phosphorylated during oogene-
sis, oocyte maturation, fertilization, and early embryo-
genesis. In vitro enzyme assays demonstrate that pp33/LV2
can be dephosphorylated and re-phosphorylated by recom-
binant LAR and Src, respectively. Data obtained in microin-
jection experiments suggest that pp33/LV2 has a role in
phosphotyrosine-dependent signal transduction. pp33/LV2-
like phosphotyrosine-containing yolk proteins are also pres-
ent in some other anuran amphibian species and fish, but
not in urodele amphibian species and insect species tested
so far. These features suggest that tyrosine phosphorylation
of pp33/LV2 has been a matter of evolutionary selection,
whose biological implications await further investigation.
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