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To explore the phosphoproteome profiles during
Xenopus egg activation by Ca®*-stimulation, an auto-
mated phosphopeptide purification system involving a
titania column was improved by introducing 4-step elu-
tion with phosphate buffers. The number of detected
phosphopeptides in the tryptic digest of a Xenopus egg
cytosol fraction on mass spectrometry (MS) was
increased 1.5-fold and the percentage of multiply
phosphorylated peptides increased from 17 to 24%
with introduction of the 4-step elution method.
Phosphopeptides were purified by the improved method
from tryptic digests of cytosol fractions of Xenopus eggs
without and with a Ca?* -stimulus, and then, analysed by
MS. One thousand three hundred and seventy-five and
994 phosphopeptides were reproducibly detected on du-
plicate MS, respectively. They included 818 and 437
phosphopeptides specific to each digest, respectively. A
method involving isobaric tags for relative and absolute
quantitation (iTRAQ) was also applied to compare the
phosphorylation levels in Xenopus eggs without and with
a Ca’*-stimulus, the ratios for 112 phosphopeptides in
tryptic digests of these egg cytosol fractions being ob-
tained. It was suggested from all the results that the
phosphorylation sites and levels change during Xenopus
egg activation for many known and unknown sites on
structural proteins, signalling related proteins, cell cycle-
related proteins and others.
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Abbreviations: 4EBP, eukaryotic translation initi-
ation factor 4E binding protein; iTRAQ, isobaric tags
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nano-flow liquid chromatography-linear ion trap/
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gen-activated protein kinase; MS, mass spectrometry;
mTOR, mammalian target of rapamycin; m/z, mass-
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oacetic acid.

Xenopus eggs have been used in studies on egg matur-
ation, egg activation and other mechanisms, which
facilitated the progress of developmental biology
(1, 2). It has been shown that signalling pathways
including protein phosphorylation and dephosphoryla-
tion participate greatly in these regulation mechanisms
(1, 3, 4). To clarify the complicated regulation mech-
anism of egg activation, comprehensive analysis of
protein phosphorylation during egg activation is a
powerful means. The cell cycle of Xenopus eggs is
arrested at the second meiotic metaphase. So,
Xenopus eggs without Ca” " -stimulation show meiotic
metaphase properties. When eggs are activated by
Ca’*-stimulation to mimic fertilization, they show
synthetic phase properties. So, we can analyse the
changes of protein phosphorylation during activation
of Xenopus eggs by comparison of the phosphorylation
in Ca®>"-unstimulated and Ca®"-stimulated eggs (5).
In this study, therefore, we obtained phosphoproteome
profiles of Xenopus egg cytosol fractions without and
with Ca® " -stimulation as a basis for understanding the
egg activation mechanism.

To obtain high quality phosphoproteome data, 1) deter-
mination of a large number of phosphorylation sites, ii)
reproducibility of phosphopeptide determination and iii)
getting less-biased data sets should be considered (6, 7).
A key step to achieve these purposes is the phosphopep-
tide purification step. For such purification, immobilized
metal ion affinity chromatography (8), titania (9) and
others (/0) have been applied. Titania columns are su-
perior to immobilized metal ion affinity chromatography
columns in the phosphopeptide binding capacity and the
recovery of phosphopeptides (/7). An on-line phospho-
proteomics system based on a titania column and nano-
flow liquid chromatography-linear ion trap/Orbitrap
tandem MS (LC MS/MS) has been reported (12). We
also developed a fully automated phosphopeptide purifi-
cation system based on a titania column, the purified
phosphopeptides being detected by matrix-assisted laser
desorption ionization-time of flight MS (/7). The system
gave a highly purified phosphopeptide fraction in a high
yield (11). Although the system gave highly reproducible
results, the phosphopeptides of which the sequences
could be determined were limited (/7).

In this study, we improved the peptide elution
method for the phosphopeptide purification system
by increasing the number of steps with phosphate buf-
fers from one to four, and the sequences of the purified
peptides were determined by LC MS/MS. The phos-
phopeptides that could be detected on LC MS/MS
increased 1.5 times with the change of the elution
method from one to four steps. The percentage of
multiply phosphorylated peptides increased with the
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4-steps elution. The method was applied to analysis of
the Xenopus egg phosphoproteome without and with
Ca’" -stimulation, and many phosphopeptides includ-
ing multiply phosphorylated ones could be reprodu-
cibly detected. The detected phosphorylation sites
included many specific ones as to egg stages.
Phosphoproteome data useful for studies on the egg
activation mechanism was obtained.

Materials and Methods

Buffers for egg cytosol preparation

Extraction buffer: 50 mM HEPES-KOH (pH 7.7), 250 mM sucrose,
S0mM KCI and 2.5mM MgCl,; buffer M: 20mM HEPES-KOH
(pH 7.5), 60mM B-glycerophosphate, 20mM EGTA and 15mM
MgCl,; MMR: 25mM HEPES-KOH (pH 7.8), 100mM NaCl,
2mM KCI, ImM MgSO,, 2mM CaCl, and 0.l mM EGTA and
1/5 MMR: MMR diluted 5-times with 100 mM NaCl.

Solvents for chromatography

Sol.A1, 0.1% trifluoroacetic acid (TFA); Sol.A2, 750 mM TFA in
80% acetonitrile; Sol.A3, I M NaCl in 0.1% TFA; Sol.A4, 2-pro-
panol; Sol.B1, 0.1% TFA; Sol.B2, 0.1% TFA in acetonitrile; Sol.B3,
0.5M sodium phosphate buffer (pH 8.0) and Sol.B4, 20 mM sodium
phosphate buffer (pH 2.3) in 3% formic acid.

Preparation of a cytosol fraction of Xenopus eggs without

a Ca®*-stimulus

Xenopus laevis eggs were collected, dejelled and then lysed to prepare
a cytosol fraction essentially as described previously (73), as follows.
Eggs were dejelled with 2% cysteine-NaOH (pH 8.0) at 23°C. After
washing three times with 100 mM NaCl and twice with buffer M at
23°C, the eggs were washed twice with cold buffer M containing
100 mM NaCl and 250 mM sucrose at 4°C. Then the eggs were sup-
plemented with | mM phenylmethylsulfonylfluoride and packed into
tubes by brief centrifugation at 45 g for 10 min. Excess buffer above
the packed eggs was removed and the eggs were then crushed by
centrifugation at 15,000 g for 10 min. The supernatant between the
lipid cap and pellet, i.e. crude extract, was collected and further
centrifuged at 200,000g for 4h in an RPS55S rotor (Hitachi,
Tokyo). The supernatant, i.e. cytosol fraction, was stored at
—80°C until use.

Preparation of a cytosol fraction of Xenopus eggs with

a Ca®*-stimulus

X.laevis eggs were collected, dejelled and then lysed to prepare a
cytosol fraction essentially as described previously (/3), as follows.
Eggs were dejelled with 2% cysteine-NaOH (pH 8.0) at 23°C. After
washing three times with 1/5 MMR and twice with MMR, the eggs
were treated with 1 uM (final concentration) A23187 calcium iono-
phore in MMR at 23°C for Smin. Then, the eggs were washed three
times with 1/5 MMR and left at 23°C for 15 min. Thus, treated eggs
were washed three times with cold extraction buffer. The extraction
buffer was supplemented with 2mM 2-mercaptoethanol and 1 mM
phenylmethylsulfonylfluoride immediately before use. Eggs were
packed into tubes by brief centrifugation at 45g for 10 min. Excess
buffer above the packed eggs was removed and the eggs were then
crushed by centrifugation at 15,000 g for 10 min at 4°C. The crude
extract, i.e. the supernatant between the lipid cap and pellet, was
collected and mixed with 10 pg/ml cytochalasin B. The crude extract
was further treated in the same way as for that ‘without a Ca®"-
stimulus’ to obtain a cytosol fraction with a Ca>" -stimulus.

A typical phosphopeptide purification

Tryptic digestion of Xenopus egg cytosol protein (4 mg) was carried
out in 2 M urea as described previously (/7). TFA was added to the
digest to lower the pH to 2.3 and then the digest was centrifuged at
10,000 g for 10 min to remove insoluble peptides. A fully automated
phosphopeptide purification system (//) was used to purify phos-
phopeptides, as shown in Fig. 1 and as follows. A soluble peptide
mixture was directly applied at 1 ml/min to an Oligo R3 column
(4.6mm I.D.x 100mm, 30um; Applied Biosystems), which was
washed with Sol.A1 at 2ml/min for 30 min for clarification through
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Fig. 1 Phosphoproteome analysis by 4-step elution from a fully
automated phosphopeptide purification system. A sample protein
denatured with 8 M urea was diluted 4 times to reduce the urea
concentration and then digested with trypsin. After acidification and
removal of insoluble peptide by centrifugation, the thus prepared
peptide mixture was directly applied on a fully automated phos-
phopeptide purification system and eluted in 4-steps. After drying
and desalting, the thus purified phosphopeptides were analysed by
LC MS/MS.

removal of salts and urea, and then the bound peptides were eluted
with Sol.A2 and passed through a titania column (4.0mm
I.D. x 10mm, 5pm, Titansphare TiO; GL Science) at | ml/min for
3min and then 0.1 ml/min for 15min. The titania column was
exhaustively washed with Sol.A2, Sol.A3 and Sol.A4 at 0.5 ml/min
for 5—7min each. The washing was further repeated for one cycle.
Then, with the 1-step method, phosphopeptides on the titania
column were isocratically eluted with Sol.B3 at 0.5ml/min for
20 min. Whereas, with the 4-step method, bound phosphopeptides
were eluted stepwise with mixtures made from Sol.Bl, Sol.B3 and
Sol.B4 at 0.5 ml/min; Step 1: 5SmM phosphate and pH 2.3 for 5 min;
Step 2: 20mM phosphate and pH 2.4 for 20 min; Step 3: 50 mM
phosphate and pH 2.6 for 20 min and Step 4: 500mM phosphate
and pH 8.0 for 20 min. This was followed by elution with Sol.B4 at
0.5ml/min for Smin to rapidly lower the pH to ensure the complete
binding of peptides to the octadecylsilica (ODS) column (4.6 mm
I.D.x 100mm, 3um, Capcell Pak MG2; Shiseido, Tokyo) (/7).
After washing the column with Sol.B1 at 1 ml/min for 23 min, the
phosphopeptides were eluted with 80% Sol.B2 at 1 ml/min for
15min, with monitoring as to the absorbance at 210 nm, and col-
lected for the first 10 min. The collected samples were dried in vacuo
for MS. The 4-step elution from an automated phosphopeptide puri-
fication system described earlier was performed using the program
presented in a Supplementary Table SI.

Nano-flow liquid chromatography-linear ion trap/orbitrap
tandem MS

After drying in vacuo, the purified phosphopeptides were dissolved in
a small volume of Sol.Al, desalted through a mini ODS column
(2.0mm L.D.x10mm, 5pm, Capcell C18 MG; Shiseido, Tokyo)
and then concentrated by solvent evaporation. Subsequently, the
phosphopeptides were dissolved in 2% acetonitrile containing
0.1% formic acid and 25 nug/ml EDTA (free acid) to increase the
rate of identification of phosphopeptides (/4). The phosphopeptides
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derived from 0.8 mg starting protein were analysed with a nano-flow
liquid chromatography-linear ion trap/Orbitrap tandem mass spec-
trometer (LC MS/MS; LTQ Orbitrap XL; Thermo Fisher Scientific
Inc.) equipped with an HPLC nanospray chip integrating a nano LC
trap column (0.5mm I.D. x I mm, 3 pm; KYA Technologies Corp.),
a nano LC capillary column (75um I.D.x100mm, 3 pum; KYA
Technologies Corp.) and a spray needle. Mobile Phase A comprised
2% acetonitrile containing 0.1% formic acid, and mobile Phase B
98% acetonitrile containing 0.1% formic acid. A 120 min linear gra-
dient from 4 to 33% B followed by a 5 min gradient from 33 to 100%
B at a flow rate of 300 nl/min were applied to separate phosphopep-
tides. The mass spectrometer was operated in the positive ion mode
over the 350—2000 mass-to-charge ratio (m/z) range in the data-
dependent mode to select the five most intense precursor ions for
acquisition of MS/MS spectra. MS detector: Orbitrap; MS/MS
detector: linear ion trap; ion transfer capillary: 200°C; electrospray
voltage: 2.2kV; charge states: 2+ and 3+; target value (MS):
2.00e+06 and target value (MS/MS): 1.00e+05.

Peptide identification

All MS/MS spectra were searched against the X./aevis subsection of
the National Center for Biotechnology Information (NCBI) database
using Proteome Discoverer (version 1.1, Thermo Fisher Scientific
Inc.). Identification of peptides was performed with the following par-
ameters: enzyme: trypsin; missed cleavages: 2; absolute Xcorr thresh-
old: 0.4; MS tolerance: 10ppm; MS/MS tolerance: 0.8 Da and
dynamic modification: Gln > pyro-Glu (N-term), propionamide (C),
oxidation (H, M, W) and phosphorylation (S, T, Y). In addition,
confidence values were determined by a target-decoy search strategy
to identify phosphopeptides (<0.05 false discovery rate).

Pathway analysis

Phosphoproteins deduced from phosphopeptides determined repro-
ducibly in duplicate analyses of Xenopus egg cytosol digests were
selected and pathway analysis was performed with Database for
Annotation, Visualization and Integrated Discovery (DAVID,
http://david.abce.nciferf.gov/) (15) against pathways registered in
the Kyoto Encyclopedia of Genes and Genomes (KEGG, http://
www.genome.jp/kegg/).

Labelling with iTRAQ reagents

Phosphopeptide samples were purified from tryptic digests of cytosol
fractions of Xenopus eggs without and with a Ca>"-stimulus by the
one step method (derived from 4 mg protein each), and then labelled
separately with a vial of iTRAQ isobaric reagent according to the
protocol of ABSciex (114 and 117, respectively; ABSciex, Tokyo).
They were then incubated for 1 h and mixed. Ten volumes of Cation
Exchange Buffer-Load were added to the mixed sample and then the
pH was lowered to 2.5 with 10% formic acid. The sample was
injected into a cation-exchange cartridge, washed with 1 ml of the
Cation Exchange Buffer-Load and then eluted with Cation
Exchange Buffer-Elute. The labelled phosphopeptide fraction was
desalted through a mini ODS column (2.0mm [.D.x 10 mm, 5 um,
Capcell C18 MG; Shiseido), followed by concentration in vacuo.

Determination of relative amounts of phosphopeptides in cyto-
sol digests of Xenopus eggs without and with a Ca®*-stimulus

An iTRAQ-labelled phosphopeptides sample was dissolved in 2%
acetonitrile containing 0.1% formic acid and then analysed by LC
MS/MS. The procedures and conditions for analysis were the same
as those for ‘LC MS/MS’ and ‘Peptide identification” except for the
following. The instrument was operated in the parallel mode, allow-
ing accurate mass measurement of precursors in the iontrap concur-
rent with the acquisition of data-dependent collision-induced
dissociation MS/MS data in the ion trap and high-energy colli-
sion-induced dissociation MS/MS data in the Orbitrap for the
three most intense precursor ions. Peptide precursor ions were
selected with an isolation window of 2 Da and a target value of
1 x 10° at the linear trap quadrupole, and one of 3 Da and a target
value of 1 x 10° at the Orbitrap. All MS/MS spectra were searched
against the X./aevis subsection of the NCBI database using Proteome
Discoverer (version 1.3, Thermo Fisher Scientific Inc.). Dynamic
modification: iTRAQ 4plex (Y) and static modification: iTRAQ
4plex (N-term) and iTRAQ 4plex (K) were added to parameters for
peptide identification. The ratios of the heights of the 117 (m/z)/114
(m/z) reporter fragment peaks obtained for Ca’"-non-stimulated
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(114) and stimulated (117) Xenopus egg cytosol proteins were used
as indices for changes in the phosphorylation level.

Results

Improved phosphopeptide identification by 4-step
elution from a titania column

Stepwise elution from a titania column was performed
for a fully automated phosphopeptide purification
system (//) to improve phosphopeptide identification.
The phosphate concentration of the eluent was
increased in 4 steps, as shown in Table I, Condition
A, and then the phosphopeptides in each fraction
derived from 1.2mg of starting protein were analysed
separately by LC MS/MS (Table I). It was shown that
the number of phosphopeptides specifically detected in
each step fraction is less than the half of the number of
whole phosphopeptides identified in each step fraction
(Table I, Condition A). Therefore, a further increase in
the number of steps to increase the number of identi-
fied phosphopeptides seemed to be not so effective. It
was also shown that more than 70% of the phospho-
peptides were eluted from the titania column in the
first and second steps, i.e. with lower than 50 mM
phosphate buffer. Therefore, we tried 4-step elution,
Condition B, ie. 5, 20, 50 and 500mM phosphate
buffer elutions. Phosphopeptides were well dispersed
throughout the steps under these conditions (Table I,
Condition B). Then, we compared 1- and 4-step elution
under Condition B. Phosphopeptides derived from
0.4 mg starting protein and purified under each condi-
tion were analysed by LC MS/MS (Table II). The puri-
ties of phosphopeptides obtained on 4- and 1-step
elution were more than 95%. The number of identified
phosphopeptides increased 1.5 times on 4-step elution
(Table IIA). In particular, peptides phosphorylated at
multiple sites increased 2.2 times (Table IIA). These
multiply phosphorylated peptides were tightly bound
to the titania column and thus were eluted with higher
concentration phosphate buffers (Table IIB). Then, we
applied the 4-step elution method to Xenopus egg phos-
phoproteome analysis.

Phosphoproteome analysis of Xenopus eggs without
and with a Ca®*-stimulus

To determine the phosphoproteome profiles of
Xenopus eggs without and with a Ca®* -stimulus, phos-
phopeptides were eluted by the 4-step method from an
automated phosphopeptide purification system. Four
phosphopeptide fractions derived from cytosol pro-
teins (0.8 mg) of Xenopus eggs without a stimulus
were analysed by LC MS/MS. A set of total ion chro-
matograms obtained on LC MS of these phosphopep-
tide fractions is shown in Fig. 2. In the first to fourth
step fractions, 1,020, 1,078, 727 and 723 phosphopep-
tides were detected, and some of these phosphopep-
tides overlapped with each other (Fig. 2). The
numbers of unique phosphopeptides determined for a
digest of Xenopus eggs without a Ca”" -stimulus were
2,224 and 1,940 in duplicate analyses. Of these phos-
phopeptides, 1,375 were reproducibly detected in the
duplicate analyses (Table 111). These phosphopeptides
reproducibly determined in the duplicate analyses are
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Table I. Fractionation of phosphopeptides by stepwise elution from a titania column®

Condition A

Condition B

Phosphate
concentration (mM) Number of phosphopeptides Phosphate concentration Number of phosphopeptides
Elution step and pH detected (mM) and pH detected
1 5 (pH 2.3) 686 (218)° 5 (pH 2.3) 638 (201)°
2 50 (pH 2.6) 785 (274)° 20 (pH 2.4) 689 (171)°
3 200 (pH 3.5) 395 (112)° 50 (pH 2.6) 439 (117)°
4 500 (pH 8.0) 179 (13)° 500 (pH 8.0) 444 (133)°
Total 1,161 1,174

A tryptic digest of a cytosol fraction of Xenopus eggs without a Ca’"-stimulus (4 mg) was applied to an automated phosphopeptide
purification system. Phosphopeptides bound on a titania column were eluted stepwise with phosphate buffers, Conditions A or B. The
obtained fractions were dried in vacuo and then desalted with ODS tips. The thus clarified phophopeptides derived from 1.2mg of starting
Erotein were dissolved in 0.1% formic acid-2% acetonitrile and then analysed by LC MS/MS.

Numbers of phosphopeptides specifically detected in the fraction.

Table II. Purification of phosphopeptides by 1-step and 4-step elution
from a titania column®

(A)

Number of phosphopeptides detected

Kind of phosphopeptide 1-step method 4-step method

Monophospho-peptide 383 (83) 535 (76)

Diphospho-peptide 72 (16) 130 (18)

Triphospho-peptide 5(D) 37 (5)

Tetraphospho-peptide 0 (0) 4 (1)

Total 460 (100) 706 (100)
(B)

Elution step Distribution of multiply phosphorylated peptides (%)

1 5

2 17
3 36
4 42
Total 100

“A tryptic digest of a cytosol fraction of Xenopus eggs without
Ca” " -stimulation (4 mg) was applied to an automated phospho-
peptide purification system. Phosphopeptides bound on a titania
column were eluted with 1-step or 4-steps under Condition B in
Table I with phosphate buffers. The obtained fractions were con-
centrated in vacuo and then desalted with a small ODS column.
The thus clarified phophopeptides derived from 0.4 mg starting
protein were dissolved in 0.1% formic acid-2% acetonitrile and
then analysed by LC MS/MS. (A) Phosphopeptides detected with
the 1-step and 4-step methods were compared. Numbers in par-
entheses indicate percentages. (B) Distribution of multiply phos-
phorylated peptides between elution steps with the 4-step method.

listed in a Supplementary Table SII. Phosphopeptides
derived from 0.8 mg cytosol protein of Xenopus eggs
with a Ca® " -stimulus were also analysed twice by LC
MS/MS, 1,341 and 1,504 non-redundant phosphopep-
tides being detected. Of these phosphopeprides, 994
were detected reproducibly in duplicate analyses
(Table III). The latter phosphopeptides are also listed
in a Supplementary Table SIII. Among these reprodu-
cibly detected phosphopeptides, 818 and 437 were
specifically detected in cytosol fractions of Xenopus
eggs without and with a Ca®*-stimulus, respectively,
and 557 were commonly detected in both fractions
(Table III). Proteins containing a site(s) specifically
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phosphorylated in Xenopus eggs without or with a
Ca’" -stimulus are listed in a Supplementary Table
SIV.

Phosphopeptides detected reproducibly in tryptic di-
gests of cytosol fractions of Xenopus eggs without and
with a Ca’? " -stimulus, 1,375 and 994, amounted to 356
and 295 proteins. Pathway analysis of these proteins
was performed with DAVID against pathways regis-
tered in the KEGG, 9 and 2 pathways being assigned,
respectively (Table IV). ‘Progesterone-mediated oocyte
maturation’ and ‘mammalian target of rapamycin
(mTOR) signalling pathway’ were common for both
cytosol fractions, and others were specific to the cyto-
sol of eggs without a Ca’ " -stimulus.

iTRAQ analysis of protein phosphorylation in
Xenopus eggs without and with a Ca**-stimulus
Phosphopeptide fractions purified by the 1-step elution
method with an automated phosphopeptide purification
system from the tryptic digests of cytosol fractions of
Xenopus eggs without and with a Ca®>" -stimulus were
labelled separately with 114 and 117 iTRAQ reagents
and then mixed. After desalting, the labelled peptides
were analysed by LC MS/MS. The 117/114 ratios of the
unique 112 phosphopeptides were determined and are
listed in a Supplementary Table SV. The distribution of
the 117/114 ratios is shown as a histogram in Fig. 3. The
median of the ratios was 0.758. The top ten phospho-
peptides having small 117/114 ratios (highly down-regu-
lated) and those having large ratios (highly up-
regulated) were selected, and are shown in Table V. In
this analysis, a protein related to DNA replication:
RNASEH2B and a protein related to pyrimidine me-
tabolism: CTBS1-B were shown to be highly down- and
up-regulated, respectively. Pathways containing these
proteins were also detected on pathway analysis based
on phosphopeptides derived from a cytosol digest of
Xenopus eggs without a Ca® " -stimulus (Table IV).

Discussion

A 4-step elution method for a fully automated phos-
phopeptide purification system

A stepwise pH-gradient elution method involving a
titania column has been reported, and it has been
shown that the method is superior to the 1-step elution
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Fig. 2 Phosphopeptide detection in a tryptic digest of a cytosol fraction of Xenopus eggs without a Ca™*

4mg cytosolic protein of Xenopus eggs without a Ca’”"

-stimulus. Phosphopeptides derived from

-stimulus were eluted from the automated phosphopeptide purification system by the

4-step elution method with phosphate buffers, see Condition B in Table I. The four obtained fractions were separately concentrated in vacuo and
then desalted with an ODS mini-column. The thus purified phosphopeptide fractions were dissolved in 0.1% formic acid-2% acetonitrile
containing 25 ng/ml EDTA, and aliquots corresponding to 0.8 mg starting protein of each fraction were analysed by LC MS/MS. Total ion
chromatograms obtained on LC MS of these phosphopeptide fractions eluted from the system in the first to fourth steps are shown from the top
to the bottom. The number of phosphopeptides detected in each fraction is indicated on the right of the chromatogram. The percentage of the
same phosphopeptide detected in the next fraction is shown as ‘Overlap (%)’ in the figure.

Table III. Phosphopeptides detected in tryptic dl%ests of cytosol
fractions of Xenopus eggs without and with a Ca*”" -stimulus®

Phosphopeptides detected

Ca”* -stimulus Specific” Common*® Total
(-) 818 557 1,375
(+) 437 557 994

4Cytosol fractions (4 mg protein) of Xenopus eggs without and with
a Ca®"-stimulus were digested with trypsin, and the phosphopep-
tides in each digest were purified by the 4-step elution method as in
Fig. 2. The thus purified phosphopeptides derived from 0.8 mg
protein were analysed twice for each sample by LC MS/MS as in
Fig. 2. Phosphopeptides detected reproducibly in duplicate analyses
of each fraction were counted.

®Phosphopeptides specifically detected in the cytosol fraction of
eggs without or with a Ca®" -stimulus.

“Phosphopeptides detected in both cytosol fractions.

method for the determination of multiply phosphory-
lated peptides (/6). A pH gradient of between 9.2 and
11.3 is applied for this method. This pH range was
difficult to apply to our automated system because
when such high pH eluents are directly applied
online to an ODS column for desalting, complete bind-
ing of phosphopeptides to the column could be diffi-
cult (/7). Kyono et al. (17) applied successive elution
with a 5% ammonium hydroxide solution, a 5%
piperidine solution and a 5% pyrrolidine solution in
series for phosphopeptide enrichment with titania,

obtaining a 1.6-fold increase in the identified phospho-
peptide number in comparison with the result obtained
with 1-step elution. These elution conditions were also
difficult to apply to our automated system because 1)
many kinds of solvents are necessary and ii) strong
alkaline eluents are not suitable for subsequent
online desalting with an ODS column (//). In this
study, we chose 4-step elution with phosphate buffers
made by mixing two kinds of phosphate buffers, of
which the pHs were lower than 8, and a TFA solution,
the phosphate buffer concentrations thereby being
optimized (Table I). Then, a 1.5-fold increase in the
number of phosphopeptides detected in comparison
with the result obtained with the I-step elution
method was obtained with the fully automated
system (Table IIA). Multiply phosphorylated peptides
detected increased from 17 to 24% of whole phospho-
peptides with the 4-step elution (Table ITA). Multiply
phosphorylated peptides were more abundant in the
third and fourth step fractions than the first and
second ones (Table IIB). So, it was suggested that sup-
pression of ionization of multiply phosphorylated pep-
tides by mono-phosphorylated peptides on MS was
reduced in the samples prepared by the 4-step elution
method. In addition to the enhanced resolution of
mono-phosphorylated peptides, the stepwise elution
method was especially useful for identification of
multiply phosphorylated sites that may be linked to
the receptor signalling process because kinases
involved 1in the process often require multi-site
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Table IV. Pathways including phosphoproteins detected in cytosol
fractions of Xenopus eggs without and with a Ca”>" -stimulus®

Phosphoproteins
included
Pathway in the pathway P-value”
Without Ca?" -stimulus
Progesterone-mediated 9 2.04E-03
oocyte maturation
mTOR signalling 6 2.16E-03
pathway
Focal adhesion 11 4.07E-03
DNA replication 6 5.71E-03
ErbB signalling pathway 7 8.50E-03
Mismatch repair 4 2.09E-02
Homologous 4 2.37E-02
recombination
Base excision repair 4 2.99E-02
Pyrimidine metabolism 6 4.85E-02
With Ca® " -stimulus
mTOR signalling 8 1.99E-05
pathway
Progesterone-mediated 10 2.93E-04

oocyte maturation

“The results of pathway analysis of 356 and 295 phosphoproteins,
to which 1,375 and 994 phosphopeptides found in digests of cytosol
fractions of Xenopus eggs without and with a Ca>"-stimulus are
assigned, were summarized.

* P-value <0.05.

phosphorylation for their activation (/8, 19). A fully
automated phosphopeptide purification system invol-
ving optimized 4-step elution from a titania column is
more useful than the original 1-step method for less-
biased phosphoproteome analysis.

Validation of phosphorylation sites

To verify the phosphorylation sites determined on MS
in this study, sites detected in cytosol proteins in
Xenopus eggs without a Ca® " -stimulus were compared
with the corresponding phosphorylation sites detected
using site-specific methods in human proteins listed in
the PhosphoSitePlus database (http://www.phospho-
site.org) (20). As summarized in Table VI, many phos-
phorylation sites determined in Xenopus proteins on
MS in this study corresponded to verified phosphoryl-
ation sites in human proteins. These results show that
the phosphorylation sites detected with our MS
method reflect protein phosphorylation in Xenopus
eggs. McGivern et al. (4) identified 350 phosphopep-
tides derived from 224 proteins in a whole extract of
Xenopus eggs without a Ca’"-stimulus. We detected
1,375 phosphopeptides derived from 356 proteins in
a cytosol fraction of Xenopus eggs without a Ca’®"-
stimulus  reproducibly in  duplicate  analyses
(Supplementary Table SII). Though some phospho-
peptides in our and McGivern’s studies overlapped,
most were unique in each study. Some of the differ-
ences in determined phosphorylation sites between our
and McGivern’s studies should be due to the differ-
ences in the samples, i.e. a cytosol fraction versus
whole eggs, and the phosphopeptide purification
method, i.e. titania chromatography versus immobi-
lized metal ion affinity chromatography. So, the list
of phosphopeptides derived from Xenopus egg proteins
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Fig. 3 A histogram of the ratios of iTRAQ-labels of phosphopeptides
derived from cytosolic proteins of Xenopus eggs without and with a
Ca** -stimulus. Phosphopeptides in tryptic digests of cytosol frac-
tions (3 mg protein) of Xenopus eggs without and with a Ca”" -
stimulus were purified with an automated phosphopeptide purifica-
tion system with 1-step elution method, and then modified with 114-
and 117-iITRAQ, respectively. The thus labelled phosphopeptides
were mixed, desalted and dissolved in the EDTA-containing solvent.
The labelled phosphopeptides derived from 1.6 mg protein were
analysed three times by LC MS/MS, and the 117/114 ratios were
determined. The histogram was made using 112 phosphopeptides
reproducibly detected three times.

was increased by these studies. These data should be
useful for Xenopus egg studies.

Proteins phosphorylated at multi-sites

When phosphopeptides derived from 0.8 mg protein were
subjected to analysis by LC MS/MS, 1,375 phosphopep-
tides were reproducibly detected on duplicate MS in the
digest of the cytosol fraction of eggs without a Ca®"-
stimulus, ie. eggs in the second meiotic metaphase
(Supplementary Table SII). These phosphopeptides
included 391 multiply phosphorylated peptides (28%)
derived from 80 proteins (Supplementary Table SVI). It
is known that proteins containing closely related multi-
phosphorylation sites are important in signalling path-
ways and frequently act as nodes at which two or more
signalling pathways are integrated or crossed (2/). For
example in the case of connexin, it is phosphorylated by
mitogen-activated protein kinase (MAPK) at S255, S279
and 282 (22), and the phosphorylation causes the down-
regulation of gap junctional communication (23). During
mitosis, connexin is phosphorylated by cdc2 kinase in the
overlapped region, i.e. S255 and S262, and the phosphor-
ylation seems to correlate with gap junction internaliza-
tion (24, 25). In this case, the MAPK and cdc2 kinase
signalling pathways cross through phosphorylation of
the region. Then, we searched the literature on the func-
tions of 80 proteins containing multiply phosphorylated
peptides derived from the cytosol fraction of Xenopus
eggs without a Ca®" -stimulus. The functions of 53 out
of 80 proteins are known (Supplementary Table SVI).
These 53 proteins were classified according to their
known functions. ‘Proteins related to signalling’ num-
bered 15 and formed the largest class, followed by ‘pro-
teins related to the cell cycle: 11, ‘proteins related to
transcription’: 10, ‘proteins related to transport’: 6,
‘structural proteins’: 5, ‘proteins related to replication,
repair and recombination of DNA’ 4 and ‘proteins
related to ribosome assembly’: 1 (Supplementary Table
SVI). Many multiply phosphorylated peptides derived
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Table VI. Validation of phosphorylation sites on proteins in Xenopus eggs without a Ca’* -stimulus®

Xenopus protein

Human protein

No. Accession Name Site Accession Site SsP MS*¢
1 21108935850 MCM2 S123 2141019490 S139 4 370
2 2il17949815 MAPK 1 T188 2il19554 T185 974 2447
3 gil17949815 MAPK 1 T193 gil19554 T190 1 25
4 2il117949815 MAPK 1 Y200 2il19554 Y187 994 4041
5 gil17949815 MAPK 1 T184 2il19554 T181 4 41
6 gil125693 MAPK-activated protein kinase 1 S380 2i20178306 S380 46 90
7 2i125959 Lamin-B3 S389 2123503078 S385 1 36
8 21125959 Lamin-B3 S391 2123503078 S387 1 29
9 gil27855 N-CAM-1-A S768 21205830665 S784 2 19
10 21147900510 heat shock protein 90 kDa alpha S260 2192090606 S263 4 217
11 21147902292 TTK protein kinase S847 gi160112977 S824 1 1
12 21147905302 splicing factor 1 S72 2142544125 S82 1 57
13 21148226260 4EBP 2 T42 2134921510 T46 1 86
14 21148226260 4EBP 2 T33 2134921510 T37 1 62
15 21148228921 ribosomal protein S6 kinase, 90 kDa, polypeptide 3 T362 2120178306 T359 35 17
16 21148228921 ribosomal protein S6 kinase, 90 kDa, polypeptide 3 S366 220178306 S363 36 25
17 21148230727 cyclin-dependent kinase 11B T744 2134978359 T751 1 37
18 21148230727 cyclin-dependent kinase 11B S754 2134978359 S752 1 36
19 2148237217 heterogeneous nuclear ribonucleoprotein H2 (H’) S103 212500576 S104 2 165
20 2i232034 Elongation factor 1-beta S108 gil19163 S106 3 483
21 21232034 Elongation factor 1-beta S114 2il19163 S112 1 11
22 2i28385985 Dnmll S578 21125987821 S616 11 145
23 21284521569 3-phosphoinositide dependent protein kinase-1 S192 gil17380162 S241 43 293
24 2154873686 Hsp90 beta S226 2117865718 S226 3 148
25 2154873686 Hsp90 beta S254 2i17865718 S255 4 481
26 2i82176749 NDRG2 S342 2120141615 S350 1 285
27 2i82176749 NDRG2 T340 2120141615 T348 2 192
28 2182180448 CTPS 1-A S571 2120981706 S571 1 24
29 2182180448 CTPS 1-A S574 2120981706 S574 1 31
30 2182180448 CTPS 1-A S575 2120981706 S575 2 49
31 2182184926 UBX domain-containing protein 1-A S204 2130923268 S199 1 9
32 2182184926 UBX domain-containing protein 1-A 5205 2130923268 5200 2 10
33 2182197988 Septin-2B S217 212500769 S218 3 620
34 2182209768 Drebrin-like protein A S281 gi5S1316115 S283 1 75
35 2182236803 Protein kinase Akt-2-B S132 2i1170703 S128 1 0

Phosphorylation sites detected in this study on proteins of a cytosol fraction of Xenopus eggs without a Ca>" -stimulus were compared with
the corresponding phosphorylation sites detected using site-specific methods in human proteins listed in the PhosphoSitePlus database: http://

www.phosphosite.org (20).

®Number of records in which this modification site was detected using site-specific methods. The method included amino acid sequencing, site-
directed mutagenesis, modification site-specific antibodies, specific MS strategies, efc.
‘Number of records in which this modification site was assigned using only proteomic discovery-mode MS.

from eukaryotic translation initiation factor 4E binding
protein 2 (4EBP2) were included (Supplementary Table
SVI, gi148226260). These peptides showed that the pro-
tein was phosphorylated at two residues in the first clus-
ter: S24, Y30, T32, T33, T37, S40, T41, T42 and T46 and
two residues in the second cluster: T66 and T60/S61. The
positions of these residues are numbered from the N-ter-
minal methionine of the protein. It is known that the
phosphorylation sites of mammalian 4EBP2 are very
similar with those of 4EBP1. 4EBPI1 has a very similar
amino acid sequence to that of 4EBP2, and most Ser, Thr
and Tyr residues are conserved in the two proteins (26).
Furthermore, it is known that these two mammalian pro-
teins regulate the assembly of initiation complexes
required for cap-dependent translation (27). In human
4EBP1, T37, T46, S65 and T70, which correspond to
T33, T41, S61 and T66 in Xenopus 4EBP2, are phos-
phorylated by mTOR, which regulates the binding of
4EBP1 and eukaryotic translation initiation factor 4E
(4E) (28). Human 4EBPI is also phosphorylated at T70
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and S65, which correspond to T66 and S61 in Xenopus
4EBP2, by cdc2 and other kinases, respectively, in the
mitotic phase, and the phosphorylation affects the inter-
action of 4EBP1 with 4E (29). It is also known in human
4EBP1 that phosphorylation of S65, T70 and T37/46,
which correspond to S61, T66 and T33/42 in Xenopus
4EBP2, is regulated through the MAPK and mTOR sig-
nalling pathways (30). These results suggest that the
MAPK and mTOR signalling pathways are integrated
into the first multi-phosphorylation cluster but that
the c¢dc2 and mTOR signalling pathways are
integrated into the second multi-phosphorylation cluster.
In the case of 4EBP2 in Xenopus eggs, we showed that
the protein is phosphorylated at T66, and also possibly at
S61 and T33/42, corresponding to those of human
4EBPI1, as shown ecarlier. These results suggested that
4EBP2 in Xenopus egg acts in a similar manner
to human 4EBPI to integrate signalling pathways:
MAPK, mTOR and cdc2, at these multi-phosphoryl-
ation clusters. In some cases of function-unknown
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Table VII. Protein kinases and phosphatases containing a site(s) phosphorylated specifically in Xenopus eggs without or with a Ca®* -stimulus®

Xenopus protein

Human orthologue protein

No. Accession Name Sequence and site” Accession Site
Protein kinases and phosphatases phosphorylated specifically in Xenopus egges without Ca* " -stimulus
1 21147905280 maternal embryonic KPIGTGEEFANV- gi7661974 S498, ES17
leucine zipper ISPERR, S498;
kinase SVELDLNQAHI-
DsAQK, S517
2 21148233350 protein phosphatase FPDDVSsPR, S230 gi 92090607
1, regulatory (in-
hibitor) Subunit
13-like
3 21148235999 serine/threonine-pro- DPSVDItQDLVD- 2139930397 T110 or S117
tein Phosphatase 4 ESEEER, T110 or
regulatory Subunit DPSVDITQDLV-
DESEEER, S117
4 21160420263 p2l-activated Kinase GSEPSTAAtDDD- 21143811432 T169
2 DFDDDKAPPP-
AIAPRPEHTK,
T163
5 2139573638 serine/threonine pro- GAsVSEYPYAEG- 214502193
tein kinase ARAF K, S12
6 214033698 dual specificity KPtPIQLNPNPEG- 2i400274 T7, S18, T23,
MAPK kinase 1 TAVNGTPTAE- S25, or T28
TNLEALQK, T7;
KPTPIQLNPNP-
EGtAVNGTPTA-
ETNLEALQK,
T18;
KPTPIQLNPNP-
EGTAVNGtPTA-
ETNLEALQK,
T23;
KPTPIQLNPNP-
EGTAVNGTPtA-
ETNLEALQK,
T25; or
KPTPIQLNPNP-
EGTAVNGTPT-
AEtNLEALQK,
T28
7 gi5733091 MAPK activator EAFDQPQVsSPTP- 2115080540 S26, S27, or T28
XMEK3 PR, S26;
EAFDQPQVSsP-
TPPR, S27; or
EAFDQPQVSSP-
tPPR, T29
8 2182182282 Serine/threonine- SLSDSAVFDDGS- gi158564082 S226
protein QATtPK, T225
Phosphatase 4
regulatory Subunit
2-B
Protein kinases and phosphatase phosphorylated specifically in Xenopus egges with Ca> " -stimulus
9 gil 1527160 calcium/calmodulin- GAILTTMLVSR, gi325197141 S311
dependent protein S28
kinase II variable QtSAPVVAATSA- S320 or S321
region of gamma ANLVEQAAK,
X isoform T37 or
QTsAPVVAATS-
AANLVEQAAK,
S38
10 2i148236179 MAPK 12 HTDSEMTGYVV- 2i2851522 S180, T183, or Y185
TR, S180;
HTDSEMtGY V-
VTR, T183; or
HTDSEMTGyV-
VTR, Y185
ItGTPTQDFVQK, T242, T244, or P246
T242;
ITGtPTQDFVQ-
K, T244; or

(continued)
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Table VII. Continued

Xenopus protein

Human orthologue protein

No. Accession Name Sequence and site” Accession Site
ITGTPtQDFVQ-
K, T246
11 2182225833 serine/threonine-pro- SESLGQEVLSEsV- 2i259016166 S464
tein kinase ULK3 R, S460

“Protein kinases and phosphatases containing the phosphopeptides detected specifically in the tryptic digest of the cytosol fraction of Xenopus
eggs without or with a Ca®*-stimulus in Table IIT and Supplementary Table SIV were selected. Phosphopeptides detected reproducibly in

duplicate analyses on LC MS/MS were counted.
®Lower-case letters indicate phosphorylated amino acid residues.

proteins containing multiply phosphorylated peptides,
i.e. LOC733387 protein (gi213625101), MGC80197 pro-
tein (gi47938703) and MGC79091 protein (gi49114782),
these phosphorylation sites are conserved in human
homologues. Therefore, these proteins in Xenopus and
man may be regulated by phosphorylation through
these sites.

Differences in phosphoproteome of eggs without and
with a Ca**-stimulus

Proteins phosphorylated specifically in Xenopus eggs
without or with a Ca?"-stimulus included many
kinds of structural proteins, signalling related proteins,
cell cycle-related proteins, etc., and function-unknown
proteins (Supplementary Table SIV). For more precise
comparison, differences in phosphorylation of cytosol
proteins of Xenopus egg without and with a Ca’"-
stimulus were analysed by iTRAQ (Supplementary
Tables SV and Table V). The phosphorylation ratio
was decreased for many proteins and increased for
some proteins. The median of the ratios was 0.758.
In both lists, i.e. Supplementary Tables SIV and SV,
many kinds of protein kinases and protein phosphat-
ases related to signalling are included. Then, phos-
phorylated protein kinases and protein phosphatases
detected specifically in eggs without or with a stimulus
(Table VII), or of which the phosphorylation levels
were determined by iTRAQ (Table VIII) were listed.
It was shown that the phosphorylation levels of
MAPKI1 at T188 and Y190 were lower in eggs with a
Ca’ " -stimulus (Table VIII). This kinase is known to
be involved in the MAPK cascade, and phosphoryl-
ation of the human enzyme at corresponding sites
causes activation of the signalling cascade (37). It is
also known that MAPKI1 is phosphorylated and
active in unfertilized eggs, and dephosphorylated and
inactivated through calcium influx after fertilization,
and thus the MAPK pathway is inactivated (32). Our
earlier observations were consistent with those for
well-known MAPK pathway regulation through phos-
phorylation and dephosphorylation in eggs.

It is known that casein kinase I epsilon regulates
developmental and oncogenic processes as a positive
regulator of the Wnt signalling pathway (33). The en-
zymatic activity of casein kinase I epsilon is known to
be suppressed by autophosphorylation (34). We
observed that the phosphorylation levels of the
Xenopus enzyme at S405 and S408, which correspond
to human enzyme autophosphorylation sites S405 and
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S408, were elevated in eggs with a Ca®"-stimulus
(Table VIII). These results suggest that casein kinase
I epsilon is active in Xenopus eggs without a Ca®"-
stimulus and suppressed by Ca” " -stimulation through
autophosphorylation.

It is also know that the Sonic hedgehog signalling
pathway is important in embryogenesis (35). In this
pathway, human serine/threonine-protein kinase
ULK3 is autophosphorylated at several serine and
threonine residues including S464, and thereby is acti-
vated (36). The activity is crucial for its function in the
pathway (37). We observed the phosphorylation of
Xenopus egg ULK3 at S460, which corresponds to
S464 of human ULK3, specifically in Ca®* -stimulated
eggs (Table VII). This suggests that the Sonic hedge-
hog signalling pathway is activated by Ca®"-stimula
tion in Xenopus eggs.

We detected phosphorylation of the Xenopus cal-
cium/calmodulin-dependent protein kinase II variable
region of the gamma X isoform, partial (gil1527160)
at S28 and T37/S38 specifically in eggs with a Ca®" -
stimulus (Table VII). S28 is included in the common
region, while T37 and S38 are involved in an alterna-
tive splicing region of the enzyme. It is known in
mouse eggs that calcium/calmodulin-dependent pro-
tein kinase Il gamma is activated by calcium/cal-
modulin through autophosphorylation at T287 and
controls egg activation by regulating cell cycle re-
sumption (38). Phosphorylation at T37 or S38 of the
enzyme in Xenopus eggs may be involved in the egg
activation in an isoform-specific manner, though
these are different from the earlier autophosphoryl-
ation residues.

Phosphorylation of Xenopus serine/threonine-
protein Phosphatase 4 regulatory Subunit 2-B at
T225 was observed specifically in eggs without a
Ca?”" -stimulus (Table VII). Serine/threonine-protein
Phosphatase 4 regulatory Subunit 2 is localized to
the centrosome and its complex with the protein phos-
phatase catalytic subunit is known to be essential for
maturation of the centrosome, though the regulation
mechanism is not known (39). So, further study on the
phosphorylation of the subunit in Xenopus eggs may
provide some clues elucidating the mechanism.

It is also known that p21-activated Kinase 2 is phos-
phorylated and inactivated during the process of
Xenopus egg maturation (40). When eggs are stimu-
lated with Ca®" ions, p2l-activated kinase is depho-
sphorylated and activated (40). We observed
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Table VIII. Ratios of iTRAQ-labelled phosphopeptides derived from protein kinases and protein phosphatases in Xenopus eggs without and with a

Ca®™ -stimulus®

Xenopus protein

Human orthologue protein

117/114 Ratio

No. Accession Name Sequence and site” 1 2 3 Average SD Accession Site
1 gil17949815 MAPK 1 VADPDHDHTGF- 0.252 0.252 0.279 0.261 0.017 gi66932916  TI185
LtEYVATR, T188
2 gil17949815 MAPK 1 VADPDHDHTGF- 0.448 0.565 0.328 0.447 0.127 gi66932916  T185, Y187
LtEyVATR, TI188,
Y190
3 2i82209768  ribosomal protein S6 GFsFVAPALVEE-  0.431 0.489 0.671 0.530 0.134  gi292457 S380
Kinase 2 alpha DAK, S380
4 21148228921 ribosomal protein S6 DsPGIPASANAH-  0.531 0.589 0.662 0.594 0.070 gi1730070 S369, S375
kinase, 90 kDa, polypep- QLFR, S366, S372
tide 3
5 2i147902292 TTK protein kinase ILGQLIGLNsPNS- 0.789 0.701 0.613 0.701 0.094 gi23308722  S821
ISR, S844
6 gi125694 ribosomal protein S6 GFsFVAPVLVEE- 0917 0.646 1.364 0.976 0.389 gil5929013  S380
Kinase 2 beta DAK, S380
7 21148228921 ribosomal protein S6 DsPGIPASANAH- 0.948 1.154 1.215 1.106 0.150 gil730070 S369
kinase, 90 kDa, polypep- QLFR, S366
tide 3
8 gil48225112 casein kinase 1, epsilon ISAsQAsVPFDHL- 1.672 0.984 1.178 1.278 0.380 gi23199991  S405, S408

GK, 5405, S408

*Phosphopeptides in tryptic digests of cytosol fractions (3 mg protein) of Xenopus eggs without and with a Ca>"-stimulus were purified with
an automated phosphopeptide purification system with the 1-step method, and then modified with 114- and 117-iTRAQ, respectively. The
labelled phosphopeptides were mixed, desalted and then dissolved in a EDTA-containing solvent. The labelled phosphopeptides derived from
1.6 mg protein were analysed three times by LC MS/MS, and then the 117/114 ratios were determined. The 117/114 ratios of phosphopeptides

derived from protein kinases and protein phosphatases, and reproducibly quantified three times are listed.

"Lower-case letters indicate phosphorylated amino acid residues.

phosphorylation of Xenopus p21-activated Kinase 2 at
T163 specifically in eges without a Ca®*-stimulus but
not in eggs with a Ca® " -stimulus (Table VII). It would
be of interest to determine whether the phosphoryl-
ation is involved in the regulation of the kinase activity
or not.

As seen earlier, our phosphoproteome data reflected
the changes during egg activation. Therefore, the data
should contribute to future studies on the Xenopus egg
activation mechanism and also on mammalian egg ac-
tivation for which available materials for studies are
limited.

Supplementary Data

Supplementary Data are available at /B Online.
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