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Scythe regulates apoptosis through modulating ubiquitin-mediated
proteolysis of the Xenopus elongation factor XEF1AO
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Scythe was originally identified as a novel Reaper-binding anti-
apoptotic protein, although the mechanisms of its functions
remain largely obscure. Our previous analysis revealed that Scythe
can bind to a proteasomal subunit via N-terminal domains and
that the domains are required for appropriate development of
Xenopus embryos. In the present study, we show evidence that
the N-terminus of Scythe interacts with XEF1AO, a maternal
form of Xenopus laevis EF1A that was suggested to be a potential
inducer of apoptosis in vertebrates, and that the binding enhances
the poly-ubiquitin modification and subsequent degradation of
XEF1AO. Scythe is required for degradation of XEF1AO, since

immunodepletion of Scythe from embryonic extracts stabilized
XEF1AO significantly. Furthermore, we show that apoptosis in-
duced by accumulation of XEF1AO can be suppressed by co-
expression of the full-length form of Scythe. These observations
indicate that the proteolytic regulation of XEF1AO, mediated
through Scythe, is essential to prevent inappropriate accumulation
of XEF1AO and resulting apoptotic events during the course of
Xenopus development.

Key words: 26S proteasome, apoptosis, Bcl-2-associated athano-
gene (BAG), elongation factor 1α (EF1A), ubiquitin.

INTRODUCTION

Ubiquitin is a covalent modifier that produces a polyubiquitin
chain functioning as a degradation signal [1,2]. In this pathway,
substrate recognition, ubiquitination and subsequent proteolysis
are key steps in the selective degradation of various cellular pro-
teins [2–6]. Previously, functional co-operation between ubiquit-
ination and ubiquitin-domain proteins has been suggested [7–9].
Indeed, it has been reported that several proteins with a UBL
(ubiquitin-like domain), a UBA (ubiquitin-associated) domain
and a BAG (Bcl-2-associated athanogene) domain, such as HR23
(homologue of yeast Rad 23), PLIC (protein linking integrin-
associated protein to the cytoskeleton) and BAG-1, act as adaptor
molecules that mediate substrate ubiquitination and degradation.
However, their specific target proteins and functional diversity in
higher eukaryotes remain unknown.

Scythe was originally identified as a novel chaperone- and
Reaper-binding anti-apoptotic protein from Xenopus oocyte
extracts [10–12]. Scythe contains a BAG domain (as an heat shock
protein 70-binding region) in its C-terminus and a UBL domain
in its N-terminal region, but the function of the latter domain has
remained largely elusive. It has been reported that complete im-
munodepletion of Scythe from extracts prevented Reaper-induced
apoptosis [10]. Furthermore, a truncated variant of Scythe lacking
more than half of the N-terminal portion (known as the C312
fragment) induced apoptosis even in the absence of Reaper
[10,13]. In our previous studies [13,14], we found that the N-
terminus of Scythe contains at least two ubiquitin-homology se-
quences, named Domain I and Domain II, that are redundantly
involved in the interaction with proteasomal ubiquitin receptor
subunit Xrpn10c. Furthermore, we also found that forced ex-
pression of a Scythe mutant lacking the ubiquitin homology re-
gions in Domain I and Domain II caused severe defects in
normal Xenopus development [13]. Our results indicate that the
N-terminal domain of Scythe acts as an essential segment linking

the ubiquitin/proteasome machinery to proper embryonic devel-
opment, although the exact mechanism by which the mutated
form of Scythe induced developmental abnormality has remained
completely elusive to date.

In the present study, we show that XEF1AO (Xenopus laevis
elongation factor 1α oocyte form), a maternal form of EF1A that
was suggested to be a potential inducer of apoptosis in verteb-
rates [15,16], interacts with Scythe via its N-terminal domain. The
binding enhanced polyubiquitin modification of XEF1AO, which
can be targeted by the proteasome-mediated proteolytic pathway.
Furthermore, we show that the accumulation of XEF1AO induced
apoptosis in Xenopus embryos, which can be suppressed by co-
expression of the full-length form of Scythe. These observations
clearly indicate that the proteolytic regulation of XEF1AO medi-
ated by Scythe and the proteasome pathway is crucial for
regulation of apoptosis during the course of Xenopus embryonic
development.

EXPERIMENTAL

Plasmid construction

The full-length cDNAs of Scythe and XEF1AO were amplified by
PCR from Xenopus cDNA libraries prepared from stage-25 em-
bryos. The PCR products of Scythe and XEF1AO were digested
with SalI/NotI and EcoRI/SalI respectively, and inserted into pCI-
neo-3T7 and pCI-neo-2S vectors for expression in cultured cells
[17]. Note that pCI-neo-3T7 and pCI-neo-2S expression vectors
contain three repeats of a T7 tag sequence or two repeats of an S
peptide sequence respectively at the N-terminal regions of their
products. The truncated and mutated versions of Scythe were
constructed by PCR and cloned into appropriate vectors. Vectors
were used for experiments after verification of the sequence of
the inserted DNA.

Abbreviations used: BAG, Bcl-2-associated athanogene; DEVD, Asp-Glu-Val-Asp; DTT, dithiothreitol; EF1A, elongation factor 1α; GST, glutathione
S-transferase; HA, haemaggulutinin; Hsp, heat shock protein; IP, immunoprecipitation; MALDI–TOF-MS, matrix-assisted laser-desorption ionization–time-
of-flight MS; MG132, benzoyl-Leu-Leu-Leu-aldehyde; PMF, peptide mass fingerprinting; UBL, ubiquitin-like; UBA, ubiquitin-associated; XEF1AO, Xenopus
laevis elongation factor 1α oocyte form.
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Expression of proteins in Xenopus embryos

Full-length and their mutant derivatives of Scythe and XEF1AO
cDNA were subcloned into the RN3 vector [18], and the mRNAs
were synthesized in vitro using mMESSAGEmMACHINE
(Ambion, Austin, TX, U.S.A.). The synthesized mRNAs were
dissolved in RNase-free water, and the indicated amounts of the
mRNAs in a volume of 9.2 nl were injected into the blastomeres
of two-cell-stage Xenopus embryos. Total amounts of injected
mRNAs were adjusted by control mRNA. Embryos were cultured
in a 0.2 × MMR (Marc’s modified Ringer’s) solution at 20 ◦C.
At the indicated stages, each embryo was individually harvested,
crushed in PBS, and centrifuged (20000 g, 20 min, 4 ◦C) to collect
the cytoplasm fraction. An aliquot of the fraction (100 µl) was
used for immunoprecipitation with an anti-FLAG antibody and
subsequently subjected to Western blot analysis.

Caspase assays

Embryos were harvested at the indicated times and stored at
−35 ◦C until use. Each single embryo was crushed in 50 µl
of PBS and then centrifuged at 10000 g for 5 min, and the
supernatants were collected. To measure caspase activity, 20 µl
of each supernatant was incubated with 180 µl of assay buffer
[50 mM Hepes, pH 7.5, 100 mM NaCl, 0.1% CHAPS, 10 mM
DTT (dithiothreitol), 1 mM EDTA and 10% (v/v) glycerol]
containing 200 µM fluorescent peptide substrate, Ac-DEVD-
MCA (N-acetyl-Asp-Glu-Val-Asp-4-methylcoumaryl-7-amide),
at 25 ◦C for 1 h. The reaction was stopped by the addition of
20 µl of 10% (w/v) SDS. Fluorescence due to MCA (7-amido-
4-methylcoumarin) was measured in a fluorspectrophotometer
(excitation at 380 nm, emission at 460 nm).

Immunological analysis

For IP (immunoprecipitation) analysis, cultured cells were washed
with ice-cold PBS and lysed with IP buffer containing 20 mM
Tris/HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA and 1 % (v/v)
Nonidet P-40. The lysate was sonicated for 1 s and centrifuged at
20000 g for 20 min at 4 ◦C, and the resulting supernatant was
incubated with 3 µl of anti-FLAG M2–agarose beads (Sigma
Chemical Co., St Louis, MO, U.S.A.) or 10 µl of S-protein
agarose beads (Novagen, Madison, WI, U.S.A.) for 2 h at 4 ◦C.
After the beads had been washed four times with IP buffer,
the precipitated immunocomplexes were subjected to SDS/10%-
(w/v)-PAGE.

For Western blotting, the whole cell lysate and immunoprecip-
itates were separated by SDS/PAGE and transferred on to nitro-
cellulose membranes (Bio-Rad Laboratories, Richmond, CA,
U.S.A.). The membranes were immunoblotted with anti-T7
(Invitrogen, San Diego, CA, U.S.A.), anti-S peptide (Santa Cruz
Biotechnology, Santa Cruz, CA, U.S.A.), anti-ubiquitin (FK2,
Medical and Biological Laboratories, Nagoya, Japan) and anti-
Flag M2 (Sigma) antibodies and then incubated with horseradish
peroxidase-conjugated antibody against mouse or rabbit immuno-
globulin (Amersham Life Science, Little Chalfont, Bucks, U.K.),
followed by detection with enhanced chemiluminescence Western
blotting detection reagents (Amersham Biosciences).

PMF (peptide mass fingerprinting)

Proteins on the SDS/PAGE gel were excised, destained with
100 mM ammonium bicarbonate containing 50 % (v/v) aceto-
nitrile, and were dehydrated completely by evaporation using
a SpeedVac vacuum centrifuge, before 100 µl of 100 mM
DTT solution in 100 mM ammonium bicarbonate was added,

and the proteins were reduced for 1 h at 56 ◦C. The DTT
solution was replaced with 100 µl of 100 mM iodoacetamide
in 100 mM ammonium bicarbonate. After 45 min incubation at
37 ◦C in the dark with occasional vortex-mixing, the gel pieces
were washed with 100 µl of 100 mM ammonium bicarbonate for
10 min, and dehydrated by addition of acetonitrile following
vacuum centrifugation. Proteins were digested in gels with
modified trypsin (Sigma) in 100 mM ammonium bicarbonate. The
resulting peptides were desalted using ZipTip-C18 (Millipore,
Bedford, MA, U.S.A.) and mixed with 10 µg/ml α-cyano-4-
hydroxycinnamic acid (Nacalai Tesque, Kyoto, Japan) in 0.3 %
trifluoroacetic acid and 50% (v/v) acetonitrile. The PMFs of
proteins were obtained by MALDI–TOF-MS (matrix-assisted
laser-desorption ionization–time-of-flight MS) on VoyagerTM

Biospectrometry Workstation DE-PRO (PerSeptive Biosystems,
Framingham, MA, U.S.A.). A database search was performed us-
ing Mascot (http://www.matrixscience.com/search_form_select.
html).

Preparation of recombinant proteins

To express recombinant HA (haemaggulutinin)-tagged XEF1AO,
the XEF1AO gene was subcloned into the pGEX6P1-5HA vector
and transformed into Escherichia coli BL21 (DE3). The GST
(glutathione S-transferase) fusion protein was expressed in E. coli,
and the extracts were applied to glutathione-immobilized agarose
beads (Amersham Biosciences). After extensive washing with
buffer A (40 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA,
0.01% Nonidet P-40 and 0.5% DTT), the beads were suspended
in an appropriate volume of buffer A containing PreScission
protease (Amersham Biosciences), and the mixture was incubated
for 16 h at 4 ◦C to allow the protease to cleave the GST tag. The
protein thus obtained was then used as purified 5HA–XEF1AO.
For preparation of His6-tagged recombinant Scythe full-length
protein, the gene was subcloned into the pGEX-His vector and
transformed into E. coli BL21 (DE3). The proteins were purified
as described above and further applied to Ni2+-nitrilotriacetate–
agarose beads (Qiagen, Germany) and eluted by 300 mM
imidazole in 20 mM Tris/HCl (pH 7.5). The eluted proteins were
then dialysed against buffer B (10 mM Tris/HCl, pH 7.5, and
150 mM NaCl). The proteins thus prepared were then used as
purified His6–Scythe.

Cell-free degradation assay of XEF1AO

Immunodepletion of Scythe protein from the extract was
performed as follows. Protein A–SepharoseTM beads (Amersham
Biosciences) was equilibrated with 26 S buffer [10 mM Tris/HCl,
pH 7.5, 150 mM NaCl, 10% (v/v) glycerol, 0.5% Tween-20,
10 mM MgCl2 and 5 mM ATP], and a 10 µl volume of beads was
incubated with 10 µg of anti-Scythe IgG or control IgG at 25 ◦C
for 5 min. After the beads had been extensively washed with 26
S buffer, they were incubated with 200 µl of Xenopus embryo
extracts harvested at stage 18. After 30 min of incubation at 4 ◦C,
the beads were removed by brief centrifugation (1000 g, 50 s,
4 ◦C). The immunodepletion procedures were repeated at least
twice to ensure efficient removal of endogenous Scythe protein.
The depleted extracts were diluted to 10 µg of protein/µl with 26 S
buffer and then used for the stabilization assay for 5HA–XEF1AO.
The stabilization assay for 5HA–XEF1AO in the extract was
performed as follows; 500 ng of purified 5HA–XEF1AO protein
and 20 µl of diluted extracts were mixed and then incubated for
1 h at 37 ◦C or 24 h at 25 ◦C in the presence or absence of a
proteasome inhibitor MG132. Reactions were stopped by adding
1% (w/v) SDS, and the amount of 5HA–XEF1AO was measured
by Western blotting.
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Figure 1 Identification of Scythe-associated proteins by PMF

(A) A spectrum obtained by MALDI–TOF-MS. Signals hit with XEF1AO peptides are indicated
by closed boxes. (B) Peptides that exactly correspond to the sequence of XEF1AO are presented.
(C) Amino acid sequence of XEF1AO. The regions identified by PMF [shown in (B)] are
underlined. These peptides cover 35 % of the XEF1AO sequence.

Mammalian cell culture and transfection

HeLa cells were cultured in Dulbecco’s modified Eagle’s medium
(Sigma) supplemented with 10% heat-inactivated calf serum at
37 ◦C. HeLa cells were transiently transfected with the indicated
plasmids using Metafectene (Biontex, Munich, Germany) accor-
ding to the protocol supplied by the manufacturer. The total
amount of plasmid DNA was adjusted to 2 µg with an empty
vector. The cells were incubated for 24 h after transfection, and
then harvested and subjected to Western blot analysis.

RESULTS AND DISCUSSION

Scythe interacts with XEF1AO

Although Scythe was identified as a Reaper-binding anti-apoptotic
protein in Xenopus egg extracts [10], the genuine orthologue of
Reaper in vertebrates has not been identified [19], and little is
known about other interacting targets that are able to regulate
apoptosis. To identify the potential apoptosis-inducing target
protein(s) of Scythe in Xenopus embryos, we performed affinity
purification of Scythe-binding protein with an S-tagged precipit-
ation system. By using PMF analysis, we identified eight peptides
that correspond exactly to the sequence of XEF1AO, a maternal
form of Xenopus EF1A (Figure 1). To verify that Scythe and
XEF1AO actually interact in vivo, we generated a 2S-tagged
Scythe protein and co-expressed it with 3T7-tagged XEF1AO in

Figure 2 Scythe interacts with XEF1AO in vivo

(A) Full-length 2S-tagged Scythe and 3T7-tagged XEF1AO were co-expressed in HeLa cells.
Tagged proteins were affinity-purified with S-protein–agarose beads, and the co-precipitates
were immunoblotted with antibodies against the S-peptide and T7-tag. (B) Either the full-length
form (FL) or an N-terminal 436-amino-acid-truncated mutant (�N436) of 2S-tagged Scythe
was co-expressed with 3T7-tagged XEF1AO in HeLa cells, and co-immunoprecipitates with
S-protein–agarose were immunoblotted as described in (A).

HeLa cells. We confirmed that Scythe interacted with XEF1AO
in vivo (Figure 2A). Furthermore, it was found that the N-terminal
436 amino acids of Scythe (the region covering Domain I and
Domain II) are essential for its interaction with XEF1AO, as the
deletion of this region abolished the association (Figure 2B). Thus
we concluded that XEF1AO is a novel Scythe-binding protein.
Although the involvement of XEF1AO in apoptotic regulation had
not been clarified in developing Xenopus embryos, mammalian
homologues of XEF1AO have been identified as apoptotic modu-
lators. Indeed, it has been reported that the accumulation of eEF1α
(eukaryotic EF1α) protein, one of the mammalian homologues of
XEF1AO, is linked to induction of apoptosis in various tissues and
cultured cells [15,16,20,21]. Thus we hypothesized that XEF1AO
plays a crucial role in Scythe-mediated regulation of apoptosis.

Excess accumulation of XEF1AO induces caspase activation
in Xenopus embryos

To determine whether the accumulation of XEF1AO causes apop-
tosis induction in developing embryos, we microinjected mRNA
encoding FLAG-tagged XEF1AO into fertilized eggs of X. laevis.
Apoptotic cell death generally involves activation of a family of
proteases known as caspases [22]. As shown in Figure 3(A), the
accumulation of XEF1AO protein indeed induced a significant in-
crease in the cleavage activity of Ac-DEVD-MCA, a well-known
substrate of execution caspases, caspase 3, caspase 6 and cas-
pase 7, whereas the expressions of exogenous proteins, such as
β-galactosidase and green fluorescent protein, under the same
conditions did not stimulate the activity and developmental ab-
normalities. Interestingly, activation of caspase 3/7 by XEF1AO
was observed only after developmental stage 12. Embryos at
stages earlier than this did not show caspase activation or any
sign of cell death, despite significant accumulation of exogenous
XEF1AO protein. This finding implies that cells, including
oocytes, fertilized eggs and embryos up to stage 12, are insensitive
to the accumulation of XEF1AO. Taking into account the fact that
XEF1AO is a maternally expressed protein that is replaced by a
somatic form of EF1A, XEF1AS, around developmental stage 12
[23–25], these results suggest that XEF1AO must be appropri-
ately removed from the embryo at a specific stage to prevent
induction of apoptotic events after stage 12. Our results show
that excess accumulation of XEF1AO results in inappropriate
caspase activation in developing embryos after gastrulation to
neurulation.
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Figure 3 Apoptosis induced by expression of XEF1AO was suppressed by
co-expression of Scythe in Xenopus embryos

(A) mRNA (1 ng) for FLAG-tagged XEF1AO and 4 ng of full-length (FL) Scythe or control mRNAs
were microinjected into Xenopus embryos. Embryos were harvested at stage 12 and used for
DEVDase assays. The results are shown as means +− S.D for the indicated number of embryos.
(B) A deletion mutant of Scythe that lacks the N-terminal 436 amino acids caused increased
activation of caspase 3/7 in Xenopus embryos. Scythe mRNA (5 ng) encoding T7-tagged Scythe
(FL) and Scythe (�N436) were microinjected into 2-cell-stage Xenopus embryos. After injection
the embryos were incubated for 18 h and then harvested for DEVDase assays. The data represent
relative DEVDase activity compared with that of non-injected 2-cell stage embryos and are
shown as means +− S.D. (C) Ectopic expression of FLAG-tagged XEF1AO by injection of 1 ng of
mRNA caused detectable developmental abnormality. In contrast, co-expression of T7–Scythe
rescued the abnormality. The results are shown as means +− S.D. for the indicated numbers
of embryos and are indicative of three independent experiments. Note that some embryos
expressing XEF1AO developed to normal viable tailbud embryos. (D) (a) An example of an early
stage 12 embryo expressing XEF1AO that began to indicate a first sign of apoptotic cell death.
(b) Normal embryos that were injected with control or full-length Scythe mRNA.

Scythe lacking an XEF1AO-binding site induces caspase activation

Since we found that the N-terminal 436 amino acids of Scythe
are essential for interaction with XEF1AO (Figure 2B), we next
tried to determine whether Scythe lacking N-terminal 436 amino
acids (�N436) influences apoptosis induction in the developing
Xenopus embryo. We injected mRNA encoding the full-length and
�N436 forms of Scythe proteins into a blastomere of two-cell-
stage embryos and harvested the embryos at 18 h after injection for
DEVDase assay. We found that the expression of Scythe �N436
significantly activated caspase 3/7 (Figure 3B), whereas that
of full-length Scythe scarcely activated caspase 3/7. Activation of
caspase 3/7 by the expression of Scythe �N436 became obvious at
stage 12, which corresponds to the time point of down-regulation
of XEF1AO in normal embryos. The activity levels of caspase 3/7
became highest at stage 24 in Scythe �N436-expressing embryos.
The morphology of the embryos expressing Scythe �N436 at this
stage is identical with that of embryos expressing the apoptosis-
inducing fragment of Scythe C312. In contrast, embryos at stages
earlier than stage 9 showed little increase in caspase activity or

morphological disorder even though they expressed comparable
levels of Scythe �N436 mutant protein.

Apoptosis induced by XEF1AO can be suppressed by Scythe

Since the N-terminus of Scythe is required for its association with
XEF1AO and is also essential for apoptosis regulation, we ex-
amined whether full-length Scythe can suppress apoptotic induc-
tion via modulating XEF1AO function. To this end, we investi-
gated the effect of co-expression of Scythe on XEF1AO-induced
apoptosis in Xenopus embryos. Although caspase activation (Fig-
ure 3A) and signs of cell death (Figures 3C and 3D, panel a) were
evident after stage 12 in embryos expressing XEF1AO, simul-
taneous expression of Scythe with XEF1AO suppressed caspase
activation and reduced the number of apoptotic embryos (Fig-
ures 3A and 3C). These results show that inappropriate apoptosis
induction caused by accumulation of XEF1AO can be suppressed
by the co-expression of Scythe. Thus, we concluded that XEF1AO
is directly regulated by a Scythe-mediated pathway to modulate
apoptotic events during the course of Xenopus embryogenesis.

XEF1AO associated with Scythe is polyubiquitinated in vivo

We subsequently noticed that the S-tagged XEF1AO protein co-
immunoprecipitated with FLAG-tagged Scythe was detected as
multiple ladders (Figures 2A and 4A). The modified forms of
XEF1AO were significantly up-regulated when cells were treated
with MG132, a potent proteasome inhibitor (Figure 4A). These
observations suggest that the multiple modification signals are
originated from polyubiquitinated XEF1AO and that the poly-
ubiquitinated form of this protein is susceptible to proteasome-
mediated degradation. To examine the direct ubiquitin modific-
ation of XEF1AO, we performed two-step pull-down experiments
(Figure 4B). For the first pull-down, we immunoprecipitated
FLAG–Scythe using an anti-FLAG antibody, and the co-precip-
itated materials including 2S-tagged XEF1AO were treated with
a buffer containing 1% (w/v) SDS. Denaturated precipitates were
subsequently diluted and precipitated with S-protein agarose (se-
cond precipitation). The results indicated clearly that ubiquitin
molecules were co-precipitated with 2S–XEF1AO from the
MG132-treated cell extracts even after the complete denaturation
of 2S–XEF1AO (Figure 4B, second precipitation), suggesting
that polyubiquitin moieties are covalently linked to 2S–XEF1AO,
which was co-precipitated with FLAG–Scythe. Thus, it can be
concluded that the polyubiquitin modification of XEF1AO is
closely linked with Scythe- and 26S proteasome-mediated degrad-
ation events.

Ubiquitin modification of XEF1AO is enhanced by Scythe

We found that the polyubiquitin modification of XEF1AO is
largely dependent on its association with Scythe. As shown in
Figure 5, when cells were treated with MG132, a significant in-
crease in ubiquitinated XEF1AO, concomitant with an increase
in the amount of co-existing Scythe protein, was observed. These
results suggest that Scythe enhanced the polyubiquitin modi-
fication of XEF1AO and that the ubiquitination is linked closely
with proteasome-mediated protein degradation events.

XEF1AO is degraded through a Scythe-mediated pathway in
Xenopus egg extracts

To obtain definite evidence supporting our finding that XEF1AO
is degraded by a proteasome- and Scythe-mediated pathway, we
established a cell-free assay system using extracts prepared from
stage 18 Xenopus embryos. In this system, bacterially expressed
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Figure 4 XEF1AO is a Scythe-associated protein that is polyubiquitinated
in a Scythe-dependent manner in cultured cells

(A) 2S-tagged full length Scythe and 3T7-tagged XEF1AO were co-expressed in HeLa cells.
Cells were incubated with or without 20 µM MG132 for 6 h before being harvested as indicated.
Tagged proteins were affinity-purified with S-protein–agarose beads, and bound proteins were
immunoblotted with either anti-S-peptide or anti-T7-tag antibodies. (B) XEF1AO, which was
associated with Scythe, is covalently linked with ubiquitin. FLAG-tagged Scythe and 2S-tagged
XEF1AO were expressed as in (A). Tagged proteins were immunoprecipitated with anti-FLAG M2–
agarose beads, and the precipitates were eluted by SDS denaturation buffer. The eluted samples
were diluted with RIPA buffer that did not contain SDS, and then the samples were affinity-purified
with S-protein–agarose beads (second precipitation). Bound proteins were subjected to Western
blot analysis with anti-ubiquitin, anti-S-peptide and anti-FLAG antibodies. ppt, precipitation.

5HA-tagged XEF1AO is highly unstable (Figure 6A), indicat-
ing that the degradation machinery for XEF1AO is fully active.
It should be noted that the protein biosynthesis occurred at negli-
gible levels in the extracts. We found that HA–XEF1AO is stabil-
ized by the addition of MG132, in part as a high-molecular-
mass polyubiquitinated form (Figures 6A and 6B), suggesting
that XEF1AO is indeed metabolized via a 26S proteasome- and
ubiquitin-dependent degradation pathway.

To determine whether Scythe contributes to the degradation
of XEF1AO in the extracts, we established a specific antibody
against Scythe protein. This antibody was able to immunodeplete
endogenous Scythe protein efficiently from the extracts (Fig-
ure 6C). We found that HA–XEF1AO was significantly stabilized
in the extracts when Scythe was removed (Figure 6C). In contrast,
HA–XEF1AO remained highly unstable in the control immuno-
depletion extracts (Figure 6C). These results indicate clearly that
the stability of XEF1AO is specifically modulated by the existence
of Scythe, and that Scythe is essential for the down-regulation of
XEF1AO protein in extracts derived from stage-18 embryos. To
determine whether Scythe itself is sufficient to restore degradation
of XEF1AO in the depleted extracts, we added bacterially ex-

Figure 5 Scythe enhances polyubiquitination of XEF1AO

T7-tagged full-length Scythe and 2S-tagged XEF1AO were co-expressed in HeLa cells. Cells
were treated with 20 µM MG132 for 6 h before harvesting. Cells were lysed with RIPA buffer
containing 1 % (w/v) SDS, and the extracts were diluted with RIPA buffer that did not contain SDS.
Then the samples were affinity-purified with S-protein–agarose beads, and bound proteins were
immunoblotted with anti-ubiquitin, anti-S-peptide and anti-T7 antibodies. ppt, precipitation.

pressed full-length Scythe protein back into the Scythe-depleted
extracts. In this case, we found that there was no restoration
in XEF1AO-degrading activity by the addition of recombinant
Scythe, implying the possibility that the factor(s) that is essential
for the degradation of XEF1AO is co-depleted by anti-Scythe
immunodepletion (results not shown). In conclusion, the stability
of XEF1AO is specifically modulated by Scythe and its asso-
ciated protein(s). Defects in this degradation pathway result in
stabilization of XEF1AO, and excess accumulation of this protein
in embryos at later developmental stages induces inappropriate
caspase activation, as shown in Figure 3(A).

Possible role of Scythe in apoptotic regulation

Apoptosis is a physiological form of cell death that is essential
for the correct development of multicellular organisms and is
precisely controlled by multiple mechanisms [26–28]. It has been
reported that components of the protein synthesis pathway play
essential roles in regulation of apoptosis [19]. For example, several
lines of evidence suggest non-canonical apoptotic functions
of EF1A [15,20,21,29]. Indeed, it has been reported that increased
EF1A transcripts correlated with p53-induced apoptosis in
erythroleukemic cells, and the EF1A gene seems to be directly
activated by p53 upon the activation of programmed cell death
[15]. In a cardiomyocyte cell line, it has been shown that eEF1A
levels undergo a rapid increase upon treatment with apoptosis
inducers [16]. Furthermore, antisense treatment of the EF1A
gene protects cells against apoptotic stimuli, suggesting that the
up-regulation of EF1A plays an important role in execution of
the apoptotic programme [20,21]. In vertebrates, several related
proteins of the EF1A family have been identified [23–25].
XEF1AS is a somatic form of EF1A expressed in adult cells and
later stages of Xenopus embryos, whereas XEF1AO is a germline-
specific species that is expressed maternally [24]. Replacement
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Figure 6 Scythe is essential for the proteasome-mediated degradation of
XEF1AO in Xenopus egg extract

(A) Bacterially expressed HA–XEF1AO was mixed with Xenopus egg extracts prepared from
stage 18 embryos in the presence or absence of 100 µM MG132 as indicated. The mixtures were
incubated at 37◦C for 1 h and the reaction was stopped by the addition of SDS. The samples
were immunoblotted using an anti-HA antibody to measure the amount of XEF1AO. (B) The
intensity of the signals derived from XEF1AO and its polyubiquitinated forms in (A) was measured
by Scion image and quantitatively represented. The results are shown as the means of duplicates
for one out of three independent experiments. (C) Purified HA–XEF1AO was mixed with Xenopus
egg extracts at stage 18 that had been immunodepleted either by anti-Scythe IgG or by control IgG.
The mixtures were incubated at 25◦C for 24 h, and the reaction was stopped by the addition of
SDS, followed by immunoblotting with anti-HA antibody to measure the stability of HA–XEF1AO.
As a control, bacterially produced GST was added in an equal amount to each sample and blotted
with anti-GST antibody, and its stability was compared with that of HA–XEF1AO. The results
of anti-Scythe immunoblotting confirmed appropriate immunodepletion of endogenous Scythe
protein from the extracts. Arrows indicate the full-length form of corresponding proteins, and
the asterisk (*) indicates a non-specific band. FL, full length.

of the maternal form of EF1A by its somatic form at the mid-
blastula to neurulation stage is thought to be caused by a switch
in gene activity that occurs in early embryonic development
[23]. However, the exact mechanism of EF1A down-regulation
is currently obscure, and the developmental consequence with
failure to degrade XEF1AO at a specific stage has not been
adequately examined.

In the present study, we show that XEF1AO binds to Scythe via
the N-terminal domain of Scythe and that the binding enhanced
the polyubiquitin modification and subsequent degradation of
XEF1AO. We have also presented evidence that the accumulation
of XEF1AO induces apoptosis in Xenopus embryos, which can
be suppressed by co-expression of the full-length form of Scythe.
Furthermore, we have shown that an N-terminal deletion mutant
of Scythe that fails to bind to XEF1AO induces apoptosis, with
concomitant activation of execution caspases. These observations
indicate that the proteolytic regulation of XEF1AO mediated by
Scythe and the ubiquitin pathway is crucial for regulation of

apoptosis during the course of Xenopus embryonic development.
In agreement with our findings, Desmots et al. [30] reported
recently that knock out of the mouse Scythe gene results in
developmental abnormalities and extensive cell death.

Scythe belongs to a family of BAG proteins. It has been
reported that the BAG domain of Scythe regulates Hsp70 (heat-
shock protein 70)-mediated protein folding and that Scythe-
mediated inhibition of Hsp70 is reversed by Reaper, an apoptosis-
inducing protein [12]. BAG-1, another UBL-BAG domain protein,
has been reported to function as a physical link between the
Hsc70 (heat-shock cognate 70)/Hsp70 chaperone system and
ubiquitination machineries [8,31]. In a similar way, it is possible
that Scythe links the ubiquitination machinery to its apoptotic
substrates. In accordance with this idea, we found that polyubi-
quitin modification of XEF1AO is actually enhanced by Scythe
association (Figure 5). The results of the present study suggest
that XEF1AO ubiquitination and subsequent degradation occur,
at least in part, through a specific interaction with Scythe proteins
and thus regulate the embryonic apoptotic pathway. Accordingly,
determination of the mechanisms by which Scythe recognizes
and ubiquitinates the XEF1AO protein at specific developmental
stages is an important challenge for future studies.
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