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Abstract O-linked N-acetylglucosamine (O-GlcNAc) glycosylation is a post-translational modification, which is
believed antagonises phosphorylation. We have studied the O-GlcNAc level duringXenopus oocyte meiotic resumption,
taking advantage of the high synchrony of this model which is dependent upon a burst of phosphorylation. Stimulation of
immature stage VI oocytes using progesterone was followed by a 4.51� 0.32 fold increase in the GlcNAc content,
concomitantly to an increase in phosphorylation, notably on two cytoplasmic proteins of 66 and 97 kDa. The increase of
O-GlcNAc for the 97 kDa protein, which we identified as b-catenin was partly related to its accumulation during
maturation, as was demonstrated by the use of the protein synthesis inhibitor—cycloheximide. Microinjection of free
GlcNAc, which inhibits O-glycosylated proteins–lectins interactions, delayed the progesterone-induced maturation
without affecting the O-GlcNAc content. Our results suggest that O-GlcNAc glycosylation could regulate protein–protein
interactions required for the cell cycle kinetic. J. Cell. Biochem. 93: 999–1010, 2004. � 2004 Wiley-Liss, Inc.
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O-linked N-acetylglucosamine (O-GlcNAc)
glycosylation is the major glycosylation type
found within the nucleus and the cytosolic com-
partment of eukaryota [for review, see Wells

et al., 2001]. O-GlcNAc consists in the addition
of a single residue ofN-acetylglucosamine to the
hydroxyl groups of serine and threonine. This
type of glycosylation shares similar features
with protein phosphorylation [Haltiwanger
et al., 1997], and the occurrence of an antagon-
ism between phosphorylation and O-GlcNAc
glycosylation was demonstrated. The existence
of a direct competition between O-GlcNAc and
phosphate to occupy the same sites on proteins
was reported [Haltiwanger et al., 1998; Griffith
and Schmitz, 1999; Lefebvre et al., 1999].
The emergence of an O-GlcNAc/phosphoryla-
tion balance leads to the question of its biologi-
cal significance: if the role of phosphorylation is
well documented and generally contributes
to the regulation of the protein activity, the
particular role of O-GlcNAc glycosylation is still
not well understood. For example, whereas
the reciprocity between O-GlcNAc and O-Phos-
phate on the carboxyl terminal domain (CTD) of
RNA polymerase II was studied in detail, the
phosphorylation of the CTD is associated with
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promoter clearance, stabilization of elongation
complexes and with the involvement of the
mRNA processing machinery—the function of
O-GlcNAc glycosylation of the CTD remains
speculative [Comer and Hart, 2001].

Changes in the level of glycosylation in
several nuclear and cytoplasmic proteins were
observed during the mitogenic activation of
both T-lymphocytes and T-cell hybridoma. In
T-lymphocytes, O-GlcNAc levels change rapidly
after stimulation to enter the cell cycle [Kearse
andHart, 1991]. In thehuman colon cell lineHT
29,mitotic arrestwith either okadaic acid or the
microtubule destabilizing agent nocodazole,
causes an increase in the O-GlcNAc levels of
keratins [Haltiwanger and Philipsberg, 1997].
These observations suggest that O-GlcNAc
glycosylation might be involved in the cell cycle
regulation, while no other data corroborated
this assumption. Many of the nuclear pore
complexes, which are modified by single series
of O-GlcNAc, are phosphorylated in a cell cycle
specific manner, though the levels of O-GlcNAc
remain constant [Miller et al., 1999]. Other
experimentswere led to investigate into the role
of O-GlcNAc during the cell division process
through the microinjection of galactosyltrans-
ferase (GalT) into Xenopus oocytes arrested in
prophase I.However, injectedGalTwas toxic for
oocytes stimulated to resumemeiosis [Fang and
Miller, 2001].

Xenopus oocyte offers opportunities to study
the M-phase regulation that is highly control-
led by specific kinases and phosphatases. Full-
grown Xenopus stage VI oocytes are arrested
at the prophase of the first division of meiosis in
a G2-like state. In response to progesterone,
oocytes undergo germinal vesicle breakdown
(GVBD), chromosomes condensation, and spin-
dle formation. The end of the first division of
meiosis is attested by the extrusion of the first
polar body. The second division resumes, but it
is arrested at metaphase [Hausen and Riebe-
sell, 1991]. This process, also calledmaturation,
is characterized by the simultaneous activation
of two pathways. On one hand, the M-phase
Promoting Factor (MPF; p34Cdc2/Cyclin B)
that regulates both the entry and exit of the
M-phase is activated through the dephosphor-
ylation of its catalytic subunit by a dual-
specificity phosphatase Cdc25 [Masui, 2001].
On the other hand, the activation of the Mos/
MEK/Xp42Mpk1 Mitogen Activated Protein
Kinases (MAPK) cascade depends upon Mos

accumulation; and the effects of this pathway
are mainly mediated through p90Rsk [Gotoh
and Nishida, 1995; Gross et al., 2000].

Since phosphorylation is well known as
means to regulate the cell cycle progression
and since O-GlcNAc could antagonize phos-
phorylation, we assumed that O-GlcNAc varia-
tions could also occur during the meiosis
resumption and that O-glycosylated proteins–
lectins interactions might influence the G2/M
transition in Xenopus laevis oocytes. Thus, we
studied the O-GlcNAc level during Xenopus
oocytematuration, takingadvantage of thehigh
and natural synchrony of this model [Ferrell,
1999]. Moreover, we observed the O-GlcNAc
glycosylation of several proteins during matu-
ration. Among them, we identified b-catenin
which is phosphorylated by the Glycogen
synthase kinase-3 (GSK3) and lead to its de-
gradation. In return, the stabilization of b-
catenin through the inactivation of GSK3 is
essential for the dorsal determination in Xeno-
pus embryos [Heasman et al., 1994]. Moreover,
we have shown that the microinjection of free
GlcNAc delayed progesterone-induced matura-
tion, thereby suggesting a role for O-GlcNAc
mediated interaction in the cell cycle.

MATERIALS AND METHODS

Handling of Oocytes

Stage VI Xenopus oocytes were isolated and
prepared as previously described [Flament
et al., 1996]. Briefly, prophase I-arrested
oocytes were obtained from animals that were
not primed with any gonadotropins. Defollicu-
lated oocytes were kept in ND96 medium
(96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM
MgCl2, and 5 mM HEPES, pH 7.5). Progest-
erone was added at a final concentration of
10 mM. Percentages of maturation weremarked
by the appearance of a white spot at the animal
pole of the oocyte and GVBD was confirmed
via microscopically examination after the dis-
section of heat-fixed oocytes. For biochemical
analysis, oocytes were homogenized in b gly-
cerophosphate, 60 mM; paranitrophenylpho-
sphate, 15 mM; MOPS, 25 mM; EGTA, 15 mM;
MgCl2, 15 mM; DTT, 2 mM; sodium orthov-
anadate, 1 mM; NaF, 1 mM and proteases
inhibitors; pH 7.2 [Flament et al., 1996] and
centrifuged at 10,000 g for 10 min to eliminate
yolk and membranous pellet. All the experi-
ments were performed at least in duplicate.
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Enucleation

Immature oocytes were pricked at the animal
pole and placed in ND96 diluted four times.
Under such conditions, the germinal vesicle
that is located in the animal hemisphere went
out of the cell. Enucleated oocytes were then
replaced in normal ND96 for recovery, at least
1 h prior to treatment.
To check the efficiency of oocytes enucleation,

we used an antibody raised against p62 (sc-
1916, Santa Cruz Biotechnology, Santa Cruz,
CA), a nuclear pore specific protein. After
nitrocellulose saturation with milk, the anti-
body was used at a dilution of 1:1,000 overnight
at 48C, and the horseradish peroxidase-coupled
anti-goat secondary antibody was used at a
dilution of 1:2,000 for 1 h (Dako, Glostrop,
Denmark).

Cytological Analysis

Oocytes were fixed overnight in Smith’s
fixative, dehydrated and embedded in paraffin.
Sections (7 mm thick) were stained with nuclear
red to detect nuclear structures and chromo-
somes and with picroindigo-carmine, which
reveals cytoplasmic and microtubular struc-
tures. This method is precise enough to detect
spindles and condensed chromosomes, even if
they are not located near the plasmamembrane
[Flament et al., 1996].

Western Blotting

Analysis of the O-GlcNAc content. The
proteins were run on a 10% SDS–PAGE and
were electrophoretically transferred onto nitro-
cellulosemembrane. Blotswere saturated in 3%
bovine serum albumin (BSA) in TBS-Tween
(15 mM Tris, 140 mMNaCl, 0.05% (v/v) Tween,
pH 8.0) for 45 min and washed three times for
15 min with TBS-Tween. Before wheat germ
agglutinin (WGA) staining, samples were sys-
tematically digested with PNGase F in order to
remove N-linked oligosaccharides by direct
incubation of the nitrocellulose sheets in 5–
20 ml Phosphate Buffer (pH 7.5–50 mM) con-
taining 2,500–10,000 U PNGase F overnight
[Lefebvre et al., 1999]. Desialylation was per-
formed with formic acid pH 2.0, for 30 min
at 808C. Proteins were analyzed for their
O-GlcNAc status via Western blotting using
horseradish peroxidase-coupled WGA (HRP–
WGA) was incubated in TBS-Tween (1:10,000)
for 1 h, and horseradish peroxidase was de-

tected with ECL (Amersham Biosciences,
Saclay, France). In the same way, the occur-
rence of O-glycans was assessed by the use of
peanut agglutinin (PNA).

The anti-O-GlcNAc antibody (RL2, Affinity
Bioreagents, Golden, CO) was used at a dilution
of 1:1,000 over night at 48C, after the nitrocel-
lulose sheets were saturated with milk. The
horseradish peroxidase-coupled anti-mouse
secondary antibodywasused for 1hat adilution
of 1:10,000 (AmershamBiosciences). For immu-
noprecipitation, we used RL2 at a dilution of
1:200 for 2 h at 48C, and protein G sepharose
was finally added for 1 h at 48C for the recovery
of the O-GlcNAc proteins.

The phosphorylation status of proteins ex-
tracted from G2 and M-phase arrested oocytes
has been analyzed using an anti-phosphoserine
(1:200 dilution, Sigma, SaintQuentinFallavier,
France). Alkaline phosphatase coupled anti-
mouse antibody was used as the secondary
antibody.

Analysis of b-catenin content. Oocyte
homogenates were prepared and proteins were
submitted to Western blot analysis as pre-
viously reported [Bodart et al., 1999]. b-catenin
was detected using antibody H102 (Santa Cruz
Biotechnology) (1:500). After washes in TBS,
horseradish peroxidase-coupled goat anti-rab-
bit IgG antiserum (1:5,000 in 2.5% of non-fatty
milk in TBS) was incubated for 1 h. In order to
inhibit GSK-3b, oocytes were transferred to
ND96 containing 20 mM LiCl [Fisher et al.,
1999] before homogenization or progesterone
addition.

Analysis of the O-GlcNAc content using
gas phase chromatography. Mature and
immature oocytes extracts were submitted to a
reductive b-elimination in 0.1MNaOH and 1M
potassium borohydride at 658C overnight. The
reaction was stopped by addition of ice-cold
acetic acid under vigorous stirring until the pH
value of 5.0 was reached. The b-eliminated
material was dried several times under vacuum
with anhydrous methanol in order to remove
borate in its methyl ester form. The released
saccharides were peracetylated in anhydride
acetic for 4 h at 958C, dried and finally extract-
ed in chloroform (the extraction with chloro-
form was performed twice, and this volume
was washed four times with water). After dry-
ing under nitrogen and adding 100 ml of chloro-
form, 2 ml of the peracetyled saccharides were
analyzed using gas liquid chromatography
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[Lefebvre et al., 2001]. Analysis was performed
on a BPX column (30 m� 0.32 mm) at an initial
temperature of 1508C, with a gradient of 38C/
min to 2308C, then with a gradient of 58C/min
to 2508C, and finally with a plateau of 5 min at
2508C.

Oocyte microinjection. Microinjections
were performed in the equatorial region of the
oocytes, using a positive displacement digital
micropipette (Nichiryo). Free GlcNAc or Gal
microinjections were performed in order to ob-
tain a final concentration of 10 nmol per oocyte.
To trigger theMPF activation and GVBD, GST-
Cdc25Awas injected into immature oocytes at a
final concentration of 1.2 mM.

RESULTS

O-GlcNAc Content in Immature
Versus Mature Oocytes

In a first set of experiments, immature
oocytes (G2-like phase-arrested) and mature
oocytes (metaphase II-arrested) obtained after
treatmentwith 10mMprogesterone during 16h,
were compared for their O-GlcNAc content.
After treatments with PNGase F for deglycosy-
lation of the N-linked glycans and formic acid
for desialylation, proteins were separated on a
10% SDS–PAGE and checked for the presence
of O-GlcNAc using WGA staining (Fig. 1Aa). A
competition assaywith an excess of freeGlcNAc
was done in conjunction with WGA (Fig. 1Ab).
In this case, staining by WGA disappeared,
demonstrating that it was specifically bound to
O-GlcNAc proteins. We showed that the pro-
gesterone treatment induced an increase in the
O-GlcNAc content of several different proteins
in theXenopus oocyte. Two proteins of 97 and 66
kDa were mainly concerned (Fig. 1Aa). PNA
was used after formic acid desialylation to
assess the absence of contaminant O-Glycans
(Fig. 1Ac). Finally, the confirmation that the
glycosylation borne by the proteins of 97 and
66 kDa was actually O-GlcNAc was done
with a specific anti-O-GlcNAc antibody (RL2,
Fig. 1Ae). It is to be noted that WGA stained
more bands than the anti-O-GlcNAc antibody
RL2 (compare panels a and e). This observation
is not new and has already been reported
[Comer et al., 2001]. The WGA lectin and the
RL2 monoclonal antibody did not stained
exactly the same motif: the lectin only needs
the saccharide moiety for the binding, whereas
the RL2 antibody needs not only the saccharide,

but also a peptidic backbone. In these condi-
tions, if the peptidic environment of the protein
is too different from the peptidic environment
against which this antibody was originally
raised [Snow et al., 1987], the recognitionmight
not occur.

We performed the characterization and the
quantification of the GlcNAc release after the b-
elimination of the two extracts and the analysis
of the peracetylated released saccharides via
gas phase chromatography (Fig. 1B). The inte-
gration of the relevant GlcNAc peak areas
(Fig. 1Ba) showed a 4.51� 0.32 fold increase in
the O-GlcNAc content in mature oocytes (the
calculated values were normalized to an equal
protein amount assayed using the Bradford
method).

In order to compare theO-GlcNAcprofilewith
the phosphorylation status of immature and
matured oocytes, we performed Western blot-
ting using WGA, anti-phosphoserine and anti-
O-GlcNAc antibodies. These profiles show that
the induction of oocyte maturation with proges-
terone induces an increase both on the O-
GlcNAc (Fig. 1Cc,Cd) and on the phosphoryla-
tion (Fig. 1Cb) status of proteins. We must note
that interestingly, the twoproteins of particular
interest, i.e., 66 and 97 kDa, also appear to be
phosphorylated and that this phosphorylation
was increased by theG2/M transition, especially
for the 97 kDa one (arrowheads).

WGA staining on mature enucleated oocytes
extracts demonstrated that amajority of proteins
exhibiting O-GlcNAcmodulation duringmatura-
tion were localized in the cytoplasm (Fig. 2A).
Indeed, we did not observe any difference in the
O-GlcNAc proteins profile between the total
oocyte and the enucleated oocyte. This result is
interesting as many kinases/phosphatases that
are involved during meiosis are also cytosolic
components. The enucleation efficiency was
demonstrated using an antibody raised against
aspecificnuclearporeprotein,p62.The latterwas
not detected in enucleated oocytes extracts,
confirming the absence of any nuclear compo-
nents (Fig. 2C). Then, O-GlcNAc glycosylation
observed in enucleated oocytes aswell as in intact
cells are representative of cytosolic proteins, and
not nuclear proteins.

O-GlcNAc Modified Proteins During
the Maturation Process

In a second set of experiments, modifications
of cellular proteins’ O-GlcNAc levels during
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Fig. 1. O-linked N-acetylglucosamine (O-GlcNAc) content
analysis of immature and mature oocytes. A: Immature (G2) and
mature (M) oocytes were homogenised in lysis buffer. After
PNGase F and formic acid treatment, proteins were run on a 10%
SDS–PAGE. Aa: The blot was then analyzed for the O-GlcNAc
content by wheat germ agglutinin (WGA) staining. It revealed an
increase in the O-GlcNac content and especially on two proteins
of 97 and 66 kDa (Aa, arrows). Ab: In the presence of an excess of
free GlcNAc, no more staining was observed with WGA, which
demonstrated the specificity for O-GlcNAc. Ac: Peanut ag-
glutinin (PNA) staining was done to assess the absence of
contaminant O-Glycans. Ad: Red ponceau staining showing
equality of the quantity of proteins in the lanes. Ae: To definitely
assert the presence of O-GlcNAc glycosylation, we also used

RL2, a specific antibody raised against O-GlcNAc. B: The same
extracts were submitted to a reductive b-elimination and the
peracetylated released saccharides were analyzed and quanti-
fied by gas phase chromatography (Ba, immature oocytes;
Bb, mature oocytes). The peak corresponding to peracetylated
GlcNAc-ol is indicated. Mesoinositol (Meso) was used as an
internal standard. After integration, the GlcNAc peak area of
mature oocytes appeared to be 4.51� 0.32 times more important
than the peak area of immature oocytes. C: The phosphorylation
status of immature and mature oocytes was tested using an anti-
phosphoserine directed antibody (Cb) in conjunction with
peroxidase-labeled WGA (Cc) and with the anti-O-GlcNAc
antibody (Cd). The panel Ca shows the ponceau red staining.
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meiosis were monitored. Kinetic maturation
experiments were performed on oocytes after a
hormonal stimulation using progesterone:
oocytes were taken out at different times and
homogenized. Numerous proteins (indicated
with arrows in Fig. 3) showed modifications of
their O-GlcNAc content during the meiosis
resumption. For example, proteins at 150 and
at 97 kDa reached a maximum in O-GlcNAc
glycosylation 6–8 h after the progesterone
addition. Then, their O-GlcNAc level decreased
at the end of thematuration.The 66kDaprotein

was already O-GlcNAc glycosylated before the
progesterone treatment, but this O-glycosyla-
tion increased 2 h after the progesterone
application and then sharply decreased until
the end of meiosis. Lastly, the O-GlcNAc glyco-
sylation of a 30 kDa protein decreased during
maturation and increased at the end of the
maturation process.

Free GlcNAc Injection Delays
Maturation in Xenopus Oocytes

Since oocyte maturation was accompanied by
a modulation in O-GlcNAc glycosylation, the
potentially inhibiting effect of free GlcNAc
on maturation stages was evaluated after the
microinjection of this monosaccharide into
oocytes (Fig. 4). GlcNAc could not enter the
hexosamine biosynthetic pathway, contrary to
glucose or glucosamine, and thus could not take
part in the synthesis of UDP-GlcNAc for the
O-GlcNAc events. Besides, it is well-known that
O-GlcNAc transferase is unaffected by GlcNAc
[Haltiwanger et al., 1990]. After the microinjec-
tion of free GlcNAc, we observed that matura-
tion was delayed. From the three experiments
reported inFigure 4,we concluded thatGVBD50

(the time required for 50% of the oocytes to
undergo GVBD) occurred 4 h later than in con-
trol oocytes injected with water (Fig. 4A). As a
negative control, free galactose was microin-
jected before the progesterone treatment and it
did not delay maturation, and such treated
oocytes exhibited the same kinetics of GVBD
than water-injected oocytes. As was expected,
WGA staining did not shows any significant
differences in the O-GlcNAc content among
oocytes in the three batches (Fig. 4B).

In order to determine the position in the
cell cycle of GlcNAc injected oocytes, a cyto-
logical analysis was performed 4 h after the
GVBD50 of control oocytes injected with gal-
actose. The latter exhibited a metaphase II
spindle with condensed chromosomes, located
on the plasma membrane, and a polar body
(Fig. 5A), aswater-injected oocytes did (data not
shown). At the same time, cytological sections of
GlcNAc-injected oocytes showed either oocytes
with a typical metaphase II block (Fig. 5B)
or oocytes with a metaphase I spindle and no
polar body (Fig. 5C). Thus, though GlcNAc
injection delayed progesterone-induced matu-
ration, it did not seem to alter the condensa-
tion of chromosomes or the meiotic spindle
morphogenesis.

Fig. 2. Localization of the proteins that have their O-GlcNAc
modulated during maturation. A: WGA staining and (B) ponceau
red staining. Stage VI oocytes were manually enucleated before
treatment with progesterone. The lysates were further analyzed
for their O-GlcNAc content as described in Figure 1. Following
progesterone stimulation, changes in O-GlcNAc glycosylation
occurred in these enucleated oocytes (compare with immature
oocytes: G2) as was already observed in Figure 1Aa. The profile
was not different from those observed in mature nucleated
oocytes (total oocyte). C: We assessed for correct enucleation of
oocytes using an antibody raised against p62, a specific nuclear
pore protein. Lack of p62 staining confirmed the absence of any
nuclear components.
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Synthesized b-catenin Is O-GlcNAc Modified
During Xenopus Oocyte Maturation

In order to check whether the increase in the
O-GlcNAc content observed during maturation
was related to an increase in the synthesis of the
corresponding proteins, oocyteswere induced to
mature in the presence of cycloheximide (CHX,

50 mg/ml) a protein synthesis inhibitor. Since
progesterone-induced maturation is dependent
upon protein synthesis, maturation was trig-
gered by micro-injection of GST-Cdc25A in this
set of experiments. Cdc25 is a dual specificity
phosphatase that directly dephosphorylates
and activates p34Cdc2, the catalytic subunit
of the M-phase promoting factor. Results are

Fig. 3. O-GlcNAc glycosylation during the maturation process.
The O-GlcNAc content of oocytes at different times of the
maturation was analyzed as indicated in Figure 1. The WGA
staining is shown in Figure 3A, and ponceau red staining in
Figure 3B. Arrows indicate the main profile changes observed by
WGA staining. The evolution of O-GlcNAc glycosylation was
not similar for all proteins. The 97 kDa protein showed a
maximum in O-GlcNAc glycosylation 6–8 h after the progester-

one addition. Then, the latter decreased but remained higher
than in immature oocytes. The 66 kDa protein was already
glycosylated in immature oocytes and this glycosylation in-
creased as early as 2 h after the progesterone application;
it sharply decreased at the end of the maturation. The 30 kDa
protein showed an O-glycosylated profile in immature oocytes,
and this glycosylation decreased after the progesterone
treatment.

Fig. 4. Effect of GlcNAc microinjection on oocyte maturation.
A: The progesterone treatment was performed after the control
microinjection of either water (-~-) or free galactose (-&-) or
after the microinjection of free GlcNAc (-^-). Maturation was
assessed using white spot examination. The results are from three

different experiments. B: WGA staining of oocytes extracts. The
injection of either Gal or GlcNAc did not modify the O-GlcNAc
profile in immature oocytes (G2). This did not inhibit the
occurrence of the changes of O-GlcNAc glycosylation usually
observed in mature oocytes (M).
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described in Figure 6A. In the absence of CHX,
the injection of Cdc25A induced the changes
in O-GlcNAc usually observed following pro-
gesterone stimulation (see Fig. 1Aa). The same
changes were still observed in the presence of

CHX for most of the proteins, except for the
protein with an apparent molecular weight of
97 kDa, which was just slightly glycosylated.
So, based on the observations that the O-
GlcNAc glycosylation of the 97 kDa protein
was related in part to its accumulation during
maturation (i.e., its synthesis) and according to
its apparentmolecularweight,we assumed that
the protein was b-catenin. This hypothesis was
reinforced by the description of the O-GlcNAc
modification of b-catenin [Zhu et al., 2001]. In
fully grown immature oocytes, the glycogen
synthase kinase-3b (GSK-3b) is active, and it
must be inactivated to allowmaturation [Fisher
et al., 1999]. This kinase is responsible for b-
catenin phosphorylation, which is the signal for
its degradation using the proteasome pathway.
The inactivation of GSK-3b allows b-catenin to
accumulate in mature oocytes [Fisher et al.,
1999]. O-GlcNAc proteins were enriched on
agarose beads-coupled WGA, run on SDS–
PAGE, transferred and stained with the anti-
b-catenin antibody. As shown with the RL2
antibody (Fig. 6B), after WGA-enrichment, b-
catenin was better detected in mature oocytes
(M-phase) compared to immature oocytes (G2-
phase). LiCl, also known as a GSK-3b inhibitor,
was used to accumulate b-catenin [Hedgepeth
et al., 1997; Davies et al., 2000; Davies et al.,
2001]. When oocytes were treated with LiCl, we
found greater amounts of glycosylated b-cate-
nin both in mature and immature oocytes. To
confirm that the identity of the 97 kDa-protein
was actually b-catenin, we performed immuno-
precipitations with the anti-O-GlcNAc RL2
antibody on immature and mature extracts.
The immunoprecipitated proteins were sepa-
rated on a 10% SDS–PAGE, electrotransfered
on nitrocellulose and stained with an anti-b-
catenin antibody (Fig. 6C). These immunopre-
cipitations clearly showed the accumulation of
b-catenin during the maturation process and

Fig. 5. Effects of free GlcNAc injection on the cytological
events of the maturation. In this experiment, oocytes were fixed 4
h after control oocytes reached the GVBD50 stage. A: Galactose-
injected oocytes showing the usual aspect of mature oocytes with
a polar body and a metaphase spindle with condensed chro-
mosomes (arrows). B: Free GlcNAc injected oocytes showing a
metaphase II status as in A. This was observed in 50% oocytes.
C: Free GlcNAc injected oocytes with an unachieved matura-
tion. Here is shown an example with a metaphase I spindle with
condensed chromosomes but no polar body. Chr., condensed
chromosomes; P.B., polar body; Sp., spindle. bar represents
50 mm.
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concomitantly its O-GlcNAc glycosylation. This
identification of b-catenin prompted us to make
a further experiment. It seemed particularly
interesting to investigate into the inhibition of

the b-catenin phosphorylation on the O-GlcNAc
glycosylation of the protein. These points un-
ambiguously demonstrate that the 97 kDa
glycosylated protein is b-catenin.

Fig. 6. Inhibition of protein synthesis and identification of the
97 kDa protein as b-catenin. A: Maturation was performed in the
presence of the protein synthesis inhibitor, cycloheximide (CHX)
and was triggered using microinjection of GST-Cdc25A. Oocytes
were analyzed 5 and 7 h after the injection (A). A: Left panel
represents the WGA staining as described in Figure 1A whereas
the right panel represents the ponceau red staining. Cdc25
injection induced an increase in the O-GlcNAc glycosylation
as was previously observed with progesterone. Except for the
97 kDa protein, the glycosylation was independent from the
protein synthesis as CHX had no effect on it. B: Anti-b-catenin

staining. b-catenin was strongly detected in the WGA-enriched
fraction, proving that b-catenin was still present after WGA
precipitation. The GSK-3b inhibitor, LiCl, induced an increase in
the amount of b-catenin which was observed not only in total
homogenates but also following WGA enrichment (G2, imma-
ture oocytes; M, mature oocytes). C: Immunoprecipitation was
performed with the anti-O-GlcNAc antibody (RL2) on the two
extracts (G2 and M), the bound proteins were separated on a 10%
SDS–PAGE, electroblotted onto nitrocellulose and then stained
with the anti–b-catenin.
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DISCUSSION

The aim of this study was to investigate into
the O-GlcNAc level of cellular proteins during
Xenopus oocyte maturation. Xenopus oocytes
were widely used to study the regulation of
the M-phase entry that is triggered by well-
characterized and well-conserved pathways
of phosphorylations and dephosphorylations
[Nebreda and Ferby, 2000]. Several reports
have suggested that phosphorylation could be
antagonized on the same site, or on an adjacent
site, through O-GlcNAc glycosylation [Torres
and Hart, 1984; Comer and Hart, 2000; Comer
and Hart, 2001]. Hence, resumption of meiosis
in oocytes, according to the phosphorylation/
dephosphorylation cascade, might be accompa-
nied by amodulation of theO-GlcNAc content of
individual proteins, which could play a part in
the cell cycle progression.

Unexpectedly, we observed that progester-
one-induced oocyte maturation is correlated
with an increase of O-GlcNAc glycosylation.
Indeed,whenWesternblotswere analyzed after
WGA staining, several proteins exhibited an
increase in their O-GlcNAc glycosylation in
M-phase (mature) oocytes versus G2-phase
(immature) ones. The major changes were
mainly shown by two proteins of 66 and of 97
kDa (the O-GlcNAc glycosylation for these two
proteins was confirmedwith the RL2 antibody).
These observations were confirmed by gas
phase chromatography, which showed a global
increase in the O-GlcNAc content in mature
oocytes (�4.51� 0.32). This increase may be
partly due to an increase in the O-GlcNAc
transferase (OGT) activity: measurements per-
formed on the OGT activity have shown a slight
increase in this activity during the maturation
process (datanot shown). Similar changes in the
O-GlcNAc content were observed when the M-
phase entry was triggered by themicroinjection
of Cdc25 that is a direct activator of p34Cdc2.
The importance of the O-GlcNAc glycosylation-
mediated phenomenon for oocyte maturation
was strongly suggested by the noticeable delay
observed in the maturation process following
the microinjection of free GlcNAc (4 h delay).

The conclusion drawn from these results
seems to disagree with a competition between
phosphorylation and O-GlcNAc for the same
sites. Indeed, since maturation is mainly asso-
ciated with a burst in phosphorylation due to
the activation of many kinases (Mos, MEK1,

p42Erk2, p90rsk, p34Cdc2, Cdc25C, Plx1, Plkk1;
for review, see [Nebreda and Ferby, 2000]), we
could have expected to observe a decrease in the
O-GlcNAc content. However, such a conclusion
should be qualified. First, because the analyses
that were performed during time-course experi-
ments showed that the changes in O-GlcNAc
were rather complex. For instance, a protein of
30 kDa showed a transient decrease in its O-
GlcNAc glycosylation. Secondly, even if a burst
of phosphorylation accompanies G2/M transi-
tion inXenopus oocytes, kinases such as PKA or
GSK-3b have to be inhibited for cell cycle
progression [Maller and Krebs, 1977; Fisher
et al., 1999]. Interestingly, we characterized the
protein of 97 kDa as b-catenin. In immature
oocytes, when b-catenin is phosphorylated by
GSK-3b, this protein is degraded by an ubiqui-
tin ligase-proteasome system [Aberle et al.,
1997; Orford et al., 1997]. Following the proges-
terone stimulation, GSK-3b is inhibited, b-
catenin is synthesized but no longer proteolysed
and it consequently accumulates [Fisher et al.,
1999]. Later, b-catenin accumulates on the
future dorsal side of the Xenopus embryo
due to the two-cell stage [Larabell et al., 1997].
We found high amounts of glycosylated b-
catenin in mature oocytes as well as following
treatments with the GSK3 inhibitor, LiCl. This
result confirmed the O-GlcNAc glycosylation of
b-catenin recently reported in MCF-7, MDA-
MB-468, and MDCK cells as well as in 3T3-L1
adipocytes [Zhu et al., 2001; Vosseler et al.,
2002]. In the oocyte, the increase in the O-
GlcNAc content resulted from the accumulation
and stabilization of the protein as was demon-
strated by experiments using cycloheximide.
This apparent correlation between the glycosy-
lation of b-catenin and its stabilization is in line
with the O-glycosylation of the Sp1 transcrip-
tion factor since it was demonstrated that
reduced O-GlcNAc of Sp1 increased the protea-
somesusceptibility [HanandKudlow, 1997]. So,
at least in the case of b-catenin, the increase in
O-GlcNAc might be correlated to a decrease in
phosphorylation.

We assumed that O-GlcNAc could promote
interactions between several components re-
quired for the G2/M transition and subsequent
cytological events during oocyte meiosis. These
interactions could be disturbed by the presence
of high amounts of freeGlcNAc in the oocyte and
a similar approachwas used by Fang andMiller
[2001]. Such a role for the modulation of the
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protein–protein interaction by O-GlcNAc has
already been suggested. For example proteins
that link the cytoskeleton to cellular mem-
branes are O-GlcNAc modified but the exact
function of O-GlcNAc in these interactions
remains obscure [Hagman et al., 1992; Cole
andHart, 1999]. The best-known example is the
interaction between Sp1, the TATA-binding-
protein-associated factor (TAF110) and holo-
Sp1. It was suggested that the removal of O-
GlcNAc froman interactiondomainwasa signal
for the protein association [Roos et al., 1997]. In
this example O-GlcNAc may thereby prevent
untimely and ectopic interactions. Conversely,
our findings suggest that O-GlcNAc promotes
protein–protein interactions that are involved
in the cell cycle kinetic but not in spindle mor-
phogenesis, nor chromosomes condensation.
As a conclusion, this study provides new

evidence of the dynamic feature of the O-
GlcNAc glycosylation during a cellular process
and particularly during the cell cycle. Further
experiments are required to investigate into
the role of the O-glycosylation-phosphorylation
balance in the cell cycle control. The role of O-
GlcNAc might be important not only in the
resumption ofmeiosis but also in the events that
followmaturation: fertilization and early devel-
opment. So, the role of the O-glycosylation of b-
catenin is interesting since it is an important
factor in the Wnt signaling pathway [Akiyama,
2000].
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