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Xenopus egg extracts execute spontaneous apoptosis without
the requirement of transcription and translation, and this
intrinsic mechanism is supposed to be involved in the physio-
logical elimination of aged eggs. Although apoptosis in this sys-
tem is carried out by maternally stockpiled materials, the endog-
enous apoptosis regulators present in egg extracts are still
poorly characterized. Here we examined the mRNA expression
profiles and apoptosis-regulating functions of 13 Xenopus Bcl-2
family proteins in egg extracts. Among these, we found that
endogenous Xenopus Mcl-1 (xMcl-1) physiologically inhibited
apoptosis by counteracting the pro-apoptotic activity of endog-
enous Xenopus Bid in egg extracts. Exogenously added recom-
binant xMcl-1 was rapidly degraded by proteasome in egg
extracts, and we identified the destabilizing region in the N ter-
minus of xMcl-1. Our results suggest that the proteolytic decay
of xMcl-1 may change the functional balance between pro- and
anti-apoptotic activities of Bcl-2 family proteins, thereby regu-
lating the timing of cytochrome c release in egg extracts.

Bcl-2 family proteins are evolutionarily conserved apoptosis
regulators that control the release of cytochrome ¢ from mito-
chondria (reviewed in Refs. 1 and 2). They are classified as
either anti-apoptotic or pro-apoptotic, and the functional bal-
ance between these two groups controls the mitochondria-me-
diated intrinsic pathway of apoptosis. Although more than 10
members of the Bcl-2 family of proteins have been identified in
Xenopus laevis (simply referred to as Xenopus hereafter), their
functional characterizations are not yet complete (3—19).

Ovulated Xenopus eggs aged without successful fertilization
are eventually eliminated by apoptosis, and egg extracts also
execute spontaneous apoptosis after incubation for several h at
room temperature (reviewed in Refs. 20 and 21). Egg extracts, as
well as the mitochondria isolated from them, are frequently
used for biochemical experiments of apoptosis (17, 22—41).
Apoptosis in egg extracts is triggered solely by the cytoplasmic
release of cytochrome ¢ from mitochondria, and neither dam-
age-inducing treatment nor death receptor-ligand signaling is
required. Therefore, Bcl-2 family proteins are expected to be
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functionally involved in the apoptosis-initiating process. Apo-
ptosis in egg extracts is carried out without the requirement of
transcription and translation, and all of the components
required for apoptotic execution are already stockpiled as
maternal products. However, in most studies, exogenously
added mammalian proteins or peptides have been employed.
For this reason, endogenous Bcl-2 family proteins present in
Xenopus egg extracts or mitochondria are still poorly charac-
terized. We have been studying the functions and contributions
of apoptosis regulators present in Xenopus egg extracts (17, 33,
36, 39). We recently reported the pro-apoptotic activity of
endogenous Xenopus Bid (xBid), a BH3-only member of the
Bcl-2 family of proteins, in egg extracts (17). To further extend
this finding, here we systematically examined the mRNA
expression profiles and molecular functions of 13 Xenopus
Bcl-2 family proteins. Especially, we demonstrated the physio-
logical anti-apoptotic activity of endogenous Xenopus Mcl-1
(xMcl-1) in egg extracts.

EXPERIMENTAL PROCEDURES

RT-PCR and cDNA Cloning of Xenopus Bcl-2 Family Proteins—
Total RNAs from the eggs, intestine, liver, ovary, and stomach of
Xenopus female were purified using the acid guanidinium-phenol
chloroform method and LiCl precipitation. Reverse transcription
from oligo(dT) primer was carried out using ReverTra Ace
(TOYOBO). For known Xenopus Bcl-2 family proteins, the follow-
ing GenBank™" entries were used for the design of primers to
amplify each open reading frame (ORF): xBcl-B (BC142549),
xBcl2L12 (BP676787 and BP686551), xBcl-G (NM_001093988),
xBcl-w/xR1 (BC073259), xBcl-x; /xR11 (X82461), xMcl-1 and its
N-terminal deletion mutants (BX855270), xBax (AF288809),
xBak (BC099018), xBid (AY518731), xBim (BC106460), xBmf
(BJ032144), and xNoxa (CF519813). Nucleotide sequences of
xBcl-2 (AB427203) and xBok (AB427204) were deposited to
DDBJ. The primer sequences used in this study are summarized in
the supplemental material. PCR was performed for 35 cycles using
ExTaq (TaKaRa) as follows: 95 °C for 30 s, 60 °C for 30 s for xBim,
and 55 °C for 30 s for the others and 72 °C for 1 min. Amplified
fragments were cloned into pGEM-T Easy (Promega), and nucle-
otide sequences were verified by Bio Matrix Research Inc.

Preparation of Xenopus Egg Extracts—Animal care and use of
female frogs was approved by the Animal Research Committee
for Animal Experimentation of Toho University. Cytostatic fac-
tor (CSF)>-arrested metaphase egg extracts were prepared as

2 The abbreviations used are: CSF, cytostatic factor; MBP, maltose-binding protein;
PARP, poly(ADP-ribose) polymerase; RRL, rabbit reticulocyte lysates; FL, full length;
ORF, open reading frame; Z, benzyloxycarbonyl; fmk, fluoromethylketone.
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described previously (17, 33, 36, 39). Interphase egg extracts
were prepared by the addition of 0.4 mm CaCl, and 0.1 mg/ml
cycloheximide. These extracts were incubated at room temper-
ature (~23 °C) to induce spontaneous apoptosis. Where indi-
cated, a caspase inhibitor, 100 uMm Z-VAD-fmk (Peptide Insti-
tute); a proteasome inhibitor, 100 um MG-132 (Peptide
Institute); a protein kinase inhibitor, 10 uM staurosporine (Sig-
ma); or a protein phosphatase inhibitor, 10 um okadaic acid
(Wako), was added to egg extracts.

Production of Recombinant Proteins—To produce recombi-
nant N-terminally His,-tagged proteins, ORF fragments were
subcloned into pET-15b (Novagen) using appropriate restric-
tion enzymes. We also replaced the fragment of pET-15b
encoding the His, tag with that encoding the HA tag. This mod-
ified vector, named pHA, was used for the expression of recom-
binant N-terminally HA-tagged proteins. To produce synthetic
mRNAs for recombinant N-terminally HA-tagged proteins, the
pHA-derived expression vectors described as above were used
as templates, and the fragments encompassing the T7 promoter
and HA-tagged ORFs were amplified by PCR using the follow-
ing primers: pET-Transcript-F (5'-CGAAATTAATACGACT-
CACTATAGGG-3') and pET-Transcript-R2 (5'-TGTGCTA-
TTTATTATCATGAACATTAACC-3"). Amplified fragments
were purified and used as templates for mRNA synthesis using
mMESSAGE mMACHINE T7 kit (Ambion). The concentra-
tion of each mRNA was adjusted to 1 ug/ul in H,O, and 1 ul of
mRNA solution was mixed with 9 ul of CSF-arrested egg
extracts. These egg extracts were incubated for 3 or 6 h in the
absence or presence of Z-VAD-fmk to translate recombinant pro-
teins. For subcellular fractionation in Fig. 4, 10 ul of egg extracts
containing synthetic mRNA was incubated for 3 h in the presence
of Z-VAD-fmk, diluted with 90 ul of CSF-XB (10 mm HEPES-
KOH pH 7.7, 100 mm KCl, 2 mm MgCl,, 0.1 mum CaCl,, 5 mu
EGTA, 50 mM sucrose), and centrifuged at 10,000 X g for 10 min.
The precipitated fractions containing mitochondria were washed
with 100 ul of CSF-XB and centrifuged again. Soluble fractions
were pooled (~190 ul) and precipitated with 800 ul of ice acetone.
Both fractions were dissolved in SDS-PAGE buffer and subjected
to Western blot. **S-Radiolabeled recombinant N-terminally
His,-tagged proteins were produced using TNT T7 Quick rabbit
reticulocyte lysates (RRL; Promega). RRL were mixed with inter-
phase extracts containing cycloheximide at 1:9 as described previ-
ously (17, 33, 36, 39).

Antibodies, Western Blot, and Immunodepletion—Recombi-
nant His,-xMcl-1 N-terminal fragment (residues 1-174) was
expressed in Escherichia coli, purified from the inclusion
body fraction, refolded in PBS containing 0.1% SDS, and
used for rabbit immunization by Operon Biotechnologies.
The same antigen was immobilized on a HiTrap NHS-acti-
vated HP column (GE Healthcare) and used for the affinity
purification of antibody. Affinity-purified anti-xBid and
anti-xXIAP antibodies were prepared as described previ-
ously (17, 33). Each antibody was covalently linked to Affi-
Prep Protein A beads (Bio-Rad) at 2 mg antibody/ml of beads
using dimethylpimelimidate. For the immunoprecipitation-
Western blot experiment in Fig. 54, 250 ul of egg extracts
was used per ul of beads. For immunodepletion experiments
in Figs. 5and 6, 10 ul of egg extracts was used per ul of beads.
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Monoclonal antibodies against poly(ADP-ribose) polymer-
ase (PARP), HA tag (clone 6E2), and cytochrome ¢ were pur-
chased from BD Transduction, Cell Signaling Technology,
and Lab Vision, respectively. Polyclonal antibody against
actin was purchased from Sigma. Western blot was carried
out as described previously (17, 33, 36, 39).

RESULTS

Identification and RT-PCR Analysis of Xenopus Bcl-2 Family
Proteins—Five members of the Xenopus Bcl-2 family of pro-
teins (xBcl-w/xR1, xBcl-x; /xR11, xBax, xBid, and xBok) were
functionally characterized in the previous studies (3—19). In
addition, partial or complete nucleotide sequences of 10 Bcl-2
family proteins (xBcl-2, xBcl-B, xBcl-G, xBcl2L12, xBcl2L13,
xMcl-1, xBak, xBim, xBmf, and xNoxa) were deposited in the
Xenopus nucleotide database, but the functions of their protein
products remained uncharacterized (42—44). Among these,
xBcl2L13 was excluded from our study because the complete
ORF of xBcl2L13 could not be determined due to limited
sequence information. xBcl2L12 was also excluded because the
putative ORF of xBcl2L12 showed only weak homology with
chicken homolog and lacked the key signature motifs of
Bcl2L12 (proline-rich region and C-terminal BH2 domain).
Therefore, we aimed to characterize these 13 Xenopus Bcl-2
family proteins.

First, RT-PCR analyses were carried out to examine the
expression profiles of mRNAs encoding Xenopus Bcl-2 family
proteins. We used oligo(dT) primer to specifically synthesize
c¢DNAs from poly(A)-containing mRNAs, and each primer pair
was designed to amplify the fragment containing deduced ORF
(supplemental material). Our RT-PCR successfully amplified
the corresponding fragments of all members (Fig. 14). Most of
the members showed ubiquitous mRNA expression. However,
xBcl-2 was not expressed in egg and ovary, and xBcl-B was not
expressed in egg. In contrast, xBmf was not expressed in the
liver and stomach. A single fragment was amplified for each of
the members except xBim, suggesting the absence of splice
variants. In the case of xBim, our RT-PCR amplified three frag-
ments (Fig. 1B). The 0.5-kbp fragment encoded a 166-residue
protein with a BH3 motif. The 0.25-kbp fragment encoded an
82-residue protein, which was internally deleted but still con-
tained the BH3 motif. In contrast, the 0.4-kbp fragment
encoded a frame-shifted protein of 52 residues lacking the BH3
motif. Analogous to the nomenclature by U et al. (45), we
named these proteins as xBima1, xBima2, and xBimf3, respec-
tively. Both xBimal and xBima2 mRNAs were strongly
expressed in intestine, ovary, and stomach, whereas the expres-
sion of xBimB mRNA was high in egg and ovary (Fig. 1B).

Functional Characterization of the Recombinant Xenopus
Bcl-2 Family Proteins in Egg Extracts—Next, we examined the
apoptosis-regulating activities of recombinant Xenopus Bcl-2
family proteins in egg extracts. Each synthetic mRNA was
added to CSF-arrested egg extracts to synthesize the corre-
sponding recombinant N-terminally HA-tagged protein by the
endogenous translation system. To confirm the correct expres-
sion of recombinant proteins, we first carried out the experi-
ment in the presence of Z-VAD-fmk (a pancaspase inhibitor) to
block apoptotic execution, followed by Western blot with the
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FIGURE 1. mRNA expression profiles and structures of Xenopus Bcl-2 family proteins. A, RT-PCR analyses (left) and schematic structures (right) of Xenopus
Bcl-2 family proteins except xBim. B, RT-PCR analysis (left), and schematic structures of cDNAs (center) and proteins (right) of xBim variants. In A and B, RT-PCR
was carried out without template (—) or with cDNA templates from egg (E), intestine (), liver (L), ovary (O), or stomach (S). Xenopus ribosomal protein L8 (xRpl8)
was also examined as a positive control. In schematic protein structures, BH1 (white boxes), BH2 (dotted boxes), BH3 (black boxes), BH4 (hatched boxes), and
transmembrane regions (gray boxes) are indicated. The caspase-mediated cleavage site of xBid (Asp®?) is indicated by an arrowhead. In the central panel of B, the
lengths of the corresponding parts of cDNAs in bp and the positions of start (ATG) and stop (TGA and TAA) codons are shown.

antibody against HA tag. For all members except xBimp,
recombinant proteins of the expected electrophoretic mobility
were translated, but their expression levels were variable (Fig. 2,
«aHA). In contrast, xBimf3 was not expressed in this experimen-
tal system. We then performed the same experiment in the
absence of Z-VAD-fmk and analyzed the apoptosis-regulating
activities of recombinant proteins by monitoring the apoptotic
cleavage of endogenous PARP. In the control extract contain-
ing no synthetic mRNA, endogenous PARP remained intact
after 3 h but was cleaved by caspases after 6 h (Fig. 2, «PARP).
Therefore, we determined that the proteins inducing PARP
cleavage by 3 h were strongly pro-apoptotic and that the pro-
teins preventing PARP cleavage until 6 h were strongly anti-
apoptotic. Our results indicated that four proteins (xBcl-B,
xBcl-w/xR1, xBcl-x; /xR11, and xMcl-1) were strongly anti-
apoptotic. In contrast, five proteins (xBak, xBid, xBimal,
xBima2, and xNoxa) were strongly pro-apoptotic. Two pro-
teins (xBcl-G and xBax) slightly accelerated PARP cleavage
after 3 h and were defined as weakly pro-apoptotic. Four pro-
teins (xBcl-2, xBok, xBimf, and xBmf) showed no effect in our
experimental system.

Subcellular Fractionation of Recombinant Xenopus Bcl-2
Family Proteins in Egg Extracts—We next carried out subcellu-
lar fractionation analysis to examine the distribution of Xeno-
pus Bcl-2 family proteins in egg extracts. The mitochondrial
fraction is commonly separated from cytosol and microsomal
membrane by low speed centrifugal precipitation (5,000—
10,000 X gfor 10 min). However, the density of egg extracts is so
high that the mitochondrial fraction does not precipitate under
this condition. Therefore, the egg extracts containing recombi-
nant N-terminally HA-tagged proteins described as above were
first diluted 10-fold with buffer to reduce the density. Diluted
extracts were then centrifuged (10,000 X g for 10 min) to sep-
arate supernatant fraction containing cytosol and microsomal
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FIGURE 2. Apoptosis-regulating activities of Xenopus Bcl-2 family proteins in
CSF-arrested metaphase egg extracts. Shown is expression of recombinant
proteins and regulation of apoptotic PARP cleavage in CSF-arrested metaphase
egg extracts. Top, recombinant N-terminally HA-tagged proteins were translated
from the added synthetic mRNAs for 3 h in CSF-arrested metaphase egg extracts
in the presence of Z-VAD-fmk. Samples were separated by SDS-PAGE and sub-
jected to Western blot using anti-HA tag antibody («HA). Middle and bottom, the
same recombinant proteins as above were translated in the absence of Z-VAD-
fmk, and apoptotic cleavage of endogenous PARP after incubating the extracts
for 3 h (middle) and 6 h (bottom) was detected by Western blot using anti-PARP
antibody (aPARP). Full-length protein (FL) and cleaved N-terminal fragment (N) of
PARP are indicated by arrowheads.

membrane (Fig. 3, Sup) from precipitated fraction containing
mitochondria (Fig. 3, Ppt), and the fractions were analyzed by
Western blot with the antibody against HA tag. Nine proteins
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FIGURE 3. Subcellular fractionation of recombinant Xenopus Bcl-2 family
proteins in CSF-arrested metaphase egg extracts. Supernatant (Sup) and
precipitated membrane (Ppt) fractions were prepared from CSF-arrested
metaphase egg extracts expressing recombinant N-terminally HA-tagged
proteins. Samples were separated by SDS-PAGE and subjected to Western
blot using anti-HA tag antibody («HA). Samples were also probed using anti-
cytochrome ¢ (aCyt.c; mitochondria marker) and anti-actin (aActin; cytoplasm
marker) to validate our fractionation procedure.

(xBcl-2, xBcl-B, xBcl-G, xBcl-w/xR1, xBid, xBimal, xBima?2,
xBmf, and xNoxa) were detected mainly in the supernatant
fraction. In contrast, three proteins (xBcl-x; /xR11, xBak, and
xBok) were detected only in the precipitated fraction. Two pro-
teins (xMcl-1 and xBax) were present in both supernatant and
precipitated fractions. Actin and cytochrome c were recovered
in supernatant and precipitated fractions, respectively, thereby
validating our subcellular fractionation procedure. These
results suggest that Xenopus Bcl-2 family proteins show differ-
ent subcellular distributions in egg extracts.

Stability Analysis of Xenopus Bcl-2 Family Proteins in Egg
Extracts—Apoptosis in egg extracts is carried out without the
requirement of new protein synthesis. Therefore, we hypo-
thesized that apoptosis may be triggered by the irreversible
changes of existing molecules, such as 1) activation of pro-apo-
ptotic proteins and 2) inactivation of anti-apoptotic proteins.
To examine these possibilities, we tested the behaviors of exog-
enously added, recombinant N-terminally His,-tagged proteins
during incubation in interphase egg extracts. When translated
in RRL, 12 proteins (xBcl-2, xBcl-G, xBcl-w/xR1, xBcl-x; /xR11,
xMcl-1, xBax, xBak, xBok, xBid, xBimal, xBima2, and xBmf)
were successfully >*S-radiolabeled, whereas the signals of three
proteins (xBcl-B, xBimf3, and xNoxa) could not be detected due
to poor expression. Each of the above 12 proteins was mixed
with egg extracts and incubated for up to 6 h. As shown in Fig.
4A, four proteins (xMcl-1, xBid, xBima2, and xBmf) of 12
showed significant changes during incubation. As we previ-
ously reported (17), recombinant xBid was gradually ubiquity-
lated and then cleaved by caspases after 4 h in egg extracts, and
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FIGURE 4. Stability of recombinant Xenopus Bcl-2 family proteins in inter-
phase egg extracts. A, RRL containing >*S-radiolabeled, recombinant N-ter-
minally His,-tagged proteins were mixed with interphase egg extracts con-
taining cycloheximide. After incubation for 0, 2, 4, and 6 h, samples were
separated by SDS-PAGE and analyzed by a BAS image analyzer. B, RRL con-
taining **S-radiolabeled, recombinant N-terminally His,-tagged xBid, xMcl-1,
xBima2, and xBmf were incubated in interphase egg extracts containing
cycloheximide for 0 and 5 h in the absence (—) or presence of 100 um Z-VAD-
fmk (VAD) or 100 um MG-132 (MG) and similarly analyzed as in A. For His¢-xBid,
full-length protein (FL) was cleaved into N-terminal (N) and C-terminal (C)
fragments by caspases, and monoubiquitylated forms (FL-Ub, and N-Ub,)
were also observed (17).

this change was prevented by Z-VAD-fmk but not by MG-132
(Fig. 4, 6XHis-xBid). In addition, the gradual decreases of
recombinant xMcl-1 and xBima?2 were blocked by MG-132 but
not by Z-VAD-fmk, suggesting the proteasome-mediated deg-
radation of both proteins in egg extracts (Fig. 4, 6XHis-xMcl-1
and 6XHis-xBima?2). Recombinant xBmf was also unstable in
egg extracts, but neither Z-VAD-fmk nor MG-132 blocked its
degradation (Fig. 4, 6XHis-xBmf). Although MG-132 blocked
the degradation of at least two Bcl-2 family proteins (xMcl-1
and xBima?2), it showed little overall effect on the timing of
apoptosis execution in egg extracts (supplemental Fig. S1), as
we reported previously (33).

Counteracting Apoptosis-regulating Activities of Endogenous
xBid and xMcl-1 in Xenopus Egg Extracts—W e already charac-
terized endogenous xBid as a physiological accelerator of apo-
ptosis in egg extracts (17). It is generally believed that Bid is
activated by the caspase-mediated N-terminal cleavage to form
tBid, which supports our first hypothesis (activation of pro-
apoptotic protein). Among the remaining three unstable pro-
teins, xMcl-1 was strongly anti-apoptotic, xBima2 was strongly
pro-apoptotic, and xBmf was inactive in our assay using recom-
binant proteins (Fig. 4). Therefore, only xMcl-1 fulfills our sec-
ond hypothesis (inactivation of anti-apoptotic protein), and we
concentrated our effort to analyze the physiological functions
of endogenous xMcl-1.

Although the amount of endogenous xMcl-1 was too low to
be detected by direct Western blot of egg extracts, immunopre-
cipitation-coupled Western blot with anti-xMcl-1 antibody
clearly detected the endogenous xMcl-1 in fresh CSF-arrested
metaphase egg extracts (Fig. 54, axMcl-1). In contrast, no
xMcl-1 was detected with control antibody (Fig. 54, Control).
The concentration of endogenous immunoprecipitable xMcl-1
in normal CSF-arrested metaphase egg was less than 0.1 ng/pul.
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FIGURE 5. Counteracting apoptosis-regulating activities of endogenous xBid and xMcl-1 in egg extracts. A, detection of endogenous xMcl-1 in egg
extracts. Immunoprecipitation was carried out from CSF-arrested metaphase egg extracts using control (Immunoprecipitation: Control) or anti-xMcl-1 (Immu-
noprecipitation: axMcl-1) antibody. Immunoprecipitated materials were separated by SDS-PAGE and subjected to Western blot using anti-xMcl-1 antibody
(Western: axMcl-1). B, immunodepletion of recombinant xMcl-1 from egg extracts. Recombinant HA-xMcl-1 was expressed in CSF-arrested metaphase egg
extracts as in Fig. 24, followed by immunodepletion using control (Control) or anti-xMcl-1 (axMcl-1) antibody. Both supernatants (Sup) and immunoprecipi-
tated materials (Ppt) were separated by SDS-PAGE and subjected to Western blot using anti-HA antibody («HA). C,immunodepletion of endogenous xBid from
egg extracts. CSF-arrested metaphase egg extracts immunodepleted with control (Control) or anti-xBid (axBid) antibody were separated by SDS-PAGE and
subjected to Western blot using anti-xBid antibody (axBid). Both nonubiquitylated (xBid) and monoubiquitylated (xBid-Ub,) forms were depleted (17). D, coun-
teracting apoptosis-regulating activities of xBid and xMcl-1 in egg extracts. Interphase egg extracts containing cycloheximide after control depletion, xBid
depletion, xMcl-1 depletion, or xBid/xMcl-1 double depletion were incubated for up to 6 h. Samples were separated by SDS-PAGE, and apoptotic cleavage of

PARP at every hour was detected by Western blot using anti-PARP antibody («PARP). FL, full-length protein; N, N-terminal fragment.

To evaluate the efficacy of immunodepletion, we tested
whether our anti-xMcl-1 antibody was able to immunodeplete
recombinant HA-xMcl-1 translated in CSF-arrested meta-
phase egg extracts. Because recombinant xMcl-1 was efficiently
immunodepleted with anti-xMcl-1 antibody (Fig. 58, HA-
xMcl-1), we expected that the immunodepletion of endoge-
nous xMcl-1 would be also efficient. Endogenous xBid was also
efficiently immunodepleted with our anti-xBid antibody (Fig.
5C), as we reported previously (17). Using these antibodies, we
characterized the functional relationship between endogenous
xBid and xMcl-1 in egg extracts. Control-depleted interphase
egg extracts executed spontaneous apoptosis after 4 h, as
judged by caspase-mediated PARP cleavage (Fig. 5D, Control
depletion). PARP cleavage in xBid-depleted egg extracts began
after 5 h, indicating that xBid immunodepletion delayed the
onset of apoptosis by ~1 h (Fig. 5D, xBid depletion), as we
reported previously (17). In contrast, PARP cleavage in xMcl-
1-depleted egg extracts started after 3 h, suggesting that xMcl-1
immunodepletion accelerated the onset of apoptosis by ~1 h
(Fig. 5D, xMcl-1 depletion). Interestingly, double depletion of
xBid and xMcl-1 reversed the onset of PARP cleavage to 4 h
after incubation, similar to control-depleted egg extracts (Fig.
5D, Double depletion). These results indicate that the anti-apo-
ptotic function of endogenous xMcl-1 counteracts the pro-apo-
ptotic function of endogenous xBid in egg extracts. Our data
also suggest that egg extracts can execute spontaneous apopto-
sis normally in the absence of endogenous xBid-xMcl-1 pair.
The above result suggested that xBid and xMcl-1 might be
physically associated in egg extracts. We initially examined this
possibility by the reciprocal co-immunoprecipitation assays
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between endogenous xBid and endogenous xMcl-1 but failed to
detect their interaction in egg extracts (data not shown). How-
ever, this might be due to the low endogenous concentration
and proteasome-mediated degradation of endogenous xMcl-1.
To solve this problem, we established a pull-down assay system
using recombinant xMcl-1. When maltose-binding protein
(MBP) was fused to the N terminus of xMcl-1, this fusion pro-
tein was stable in egg extracts in contrast with His,-xMcl-1 and
showed a strong anti-apoptotic activity. We fixed MBP-xMcl-1
or control MBP on amylose beads and used them to pull down
endogenous xBid from healthy or apoptotic egg extracts. Again,
we could not pull down the full length, N terminus, or C termi-
nus of endogenous xBid (supplemental Fig. S2). We also tried to
pull down recombinant Bcl-2 family proteins using this exper-
imental system. Although xBim specifically bound to xMcl-1,
we did not observe the specific interaction between xBid-FL or
-C and xMcl-1 (supplemental Fig. S3). Altogether, these addi-
tional experiments still did not allow us to observe the physical
interaction between xBid and xMcl-1.

Dual Apoptosis-inhibiting Activities of Endogenous xMcl-1
and xXIAP in Xenopus Egg Extracts—W e previously reported
that xXIAP, a Xenopus homolog of mammalian X-linked inhib-
itor of apoptosis protein that blocks the activity of caspases, was
also a physiological apoptosis inhibitor in egg extracts (33). To
study the functional relationships among xBid, xMcl-1, and
xXIAP, we first compared the stabilities of exogenously added,
recombinant N-terminally His,-tagged proteins during incuba-
tion in interphase egg extracts. Caspase activation resulted in
the cleavage of recombinant xBid after 4 h (Fig. 64, 6XHis-
xBid), whereas recombinant xMcl-1 was rapidly degraded
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FIGURE 6. Dual apoptosis-inhibiting activities of endogenous xMcl-1 and
xXIAP in egg extracts. A, degradation time course of recombinant xBid,
xMcl-1, and xXIAP in egg extracts. RRL containing **S-radiolabeled, recombi-
nant N-terminally Hiss-tagged xBid, xMcl-1, or xXIAP were mixed with inter-
phase egg extracts containing cycloheximide and incubated for up to 6 h.
Samples were separated by SDS-PAGE and analyzed by a BAS image analyzer.
Fragments derived from His¢-xBid were as described in the legend to Fig. 4.
B, immunodepletion of endogenous xXIAP from egg extracts. CSF-arrested
metaphase egg extracts immunodepleted with control (Control) or anti-xX-
IAP (axXIAP) antibody were separated by SDS-PAGE and subjected to Western
blot with anti-xXIAP antibody (axXIAP). C, dual apoptosis inhibition by xMcl-1
and xXIAP in egg extracts. Interphase egg extracts containing cycloheximide
after control depletion, xMcl-1 depletion, xXIAP depletion, or xMcl-1/xXIAP
double depletion were incubated for up to 5 h. Samples were separated by
SDS-PAGE, and apoptotic cleavage of PARP at every hour was detected by
Western blot using anti-PARP antibody («PARP). FL, full-length protein; N,
N-terminal fragment.

before caspase activation (Fig. 64, 6XHis-xMcl-1). In contrast,
recombinant xXIAP was stable before caspase activation but
suddenly disappeared after 4 h (Fig. 64, 6XHis-xXIAP). We
therefore speculated that the loss of endogenous xMcl-1 might
be compensated by the presence of endogenous xXIAP. To
examine this possibility, we tried to deplete both endogenous
xMcl-1 and xXIAP from egg extracts. Our anti-xXIAP anti-
body, further purified since our first report (33), enabled us to
detect and deplete endogenous xXIAP from egg extracts (Fig.
6B). As shown in Fig. 6C, apoptotic PARP cleavage began earlier
in xXIAP-depleted extracts (after 2 h; xXIAP depletion) than
control-depleted extracts (after 4 h; Control depletion) and
xMcl-1-depleted extracts (after 3 h; xMcl-1 depletion), suggest-
ing that xXIAP was a stronger apoptosis inhibitor than xMcl-1.
Double depletion of xXIAP and xMcl-1 showed a similar effect
to single depletion of xXIAP (after 2 h; Double depletion). These
results suggest that both xMcl-1 and xXIAP are physiological
apoptosis inhibitors in egg extracts.

Identification of the Destabilizing Region in the N Terminus of
xMcl-1—Human Mcl-1 is also reported to be an unstable pro-
tein, and the regulatory mechanism of proteasome-mediated
degradation of Mcl-1 has been well documented. PEST region,
MULE-mediated ubiquitylation, Jun N-terminal kinase- and
glycogen synthase kinase 3-mediated phosphorylation, and
phosphodependent recognition by B-TrCP are reported
to be important for proteasome-mediated degradation of
human Mcl-1. In addition, caspase-mediated cleavage con-
verts the C-terminal fragment into the pro-apoptotic mole-
cule (reviewed in Refs. 46 and 47). However, the N terminus of
xMcl-1 does not show significant amino acid sequence homol-

MAY 6,2011+VOLUME 286-NUMBER 18

Apoptosis Inhibition by Xenopus Mcl-1

ogy with that of mammalian Mcl-1 or any other protein in the
database, and the sequence motifs of human Mcl-1 described
above are not conserved in xMcl-1. Moreover, we did not
observe the caspase-mediated cleavage of recombinant xMcl-1
in apoptotic egg extracts (Fig. 4). Therefore, the regulation of
xMcl-1 stability may be different from that of human Mcl-1.
We first examined the relative contribution of RRL and egg
extracts to the instability of Hisg-xMcl-1 and confirmed that
the components in egg extracts, rather than those in RRL, were
important for the rapid degradation of Hiss-xMcl-1 (supple-
mental Fig. S4). Next, to examine whether the stability of
xMcl-1 is regulated by phosphorylation, we compared the deg-
radation rate of exogenously added recombinant His,-xMcl-1
in four egg extracts of different phosphorylation conditions.
CSF-arrested metaphase egg extracts naturally arrest at the sec-
ond meiotic metaphase, and mitotic kinases, including Cdc2-
cyclin B and the components of the Mos-MEK-p42MAPK-
p90Rsk kinase cascade known as CSF, are active (Fig. 7A, CSF).
In contrast, mitotic kinases and CSF are both inactive in inter-
phase egg extracts (Fig. 7A, INT). The addition of 10 um okadaic
acid to interphase egg extracts inhibited PP1 and PP2A to
induce a hyperphosphorylated condition (Fig. 74, + OA). Stau-
rosporine at 10 uM is expected to inhibit various Ser/Thr
kinases in interphase egg extracts (Fig. 7A, +STS). Recombi-
nant xMcl-1 was rapidly degraded in all four types of egg
extracts, suggesting that the stability of xMcl-1 was not signif-
icantly affected by phosphorylation status (Fig. 7A, 6XHis-
xMcl-1). To elucidate how the stability of xMcl-1 is controlled,
we next constructed several N-terminal deletion mutants of
xMcl-1 (Fig. 7B). Only FL, A(1-30), and A(1-79) were success-
fully translated in RRL, whereas A(1-39) and A(1- 60) were not.
In contrast, all five proteins were expressed in E. coli extracts
(supplemental Fig. S5), but further examination suggested that
E. coli-synthesized recombinant proteins were insoluble and
unsuitable for stability analysis. We therefore examined the sta-
bility of RRL-synthesized FL, A(1-30), and A(1-79) in inter-
phase egg extracts. Both FL and A(1-30) were rapidly degraded
in the absence of MG-132 but stabilized in the presence of
MG-132 (Fig. 7C, FL and A(1-30)). In contrast, A(1-79)
remained stable even in the absence of MG-132 (Fig. 7C, A(1-
79)), indicating that residues 31-79 were required for the pro-
teasome-mediated degradation of xMcl-1 in egg extracts.
When RRL containing His,-xMcl-1 FL were added to egg
extracts, apoptosis inhibition was not observed due to rapid
degradation of recombinant xMcl-1 (Fig. 7D, compare + Con-
trol RRL and +FL RRL). In contrast, the addition of RRL con-
taining stable His,-xMcl-1 A(1-79) delayed the onset of PARP
cleavage by ~1 h (Fig. 7D, + A(1-79) RRL), suggesting that sta-
bilization of xMcl-1 increased its anti-apoptotic activity.

DISCUSSION

Functional Characterization of Xenopus Bcl-2 Family Pro-
teins in Egg Extracts—In this study, we comprehensively char-
acterized the apoptosis-regulating activities of Xenopus Bcl-2
family proteins in egg extracts. xBcl-2, xBcl-B, xBcl-G, xMcl-1,
xBak, xBim isoforms, xBmf, and xNoxa were functionally char-
acterized for the first time. However, the complete genomic
sequence of X. laevis is still not available, and we do not exclude
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FIGURE 7. Identification of destabilizing region in the N terminus of xMcl-1. A, stability of recombinant xMcl-1 in four egg extracts of different phosphor-
ylation conditions. RRL containing **S-radiolabeled recombinant Hiss-xMcl-1 were mixed with CSF-arrested metaphase egg extracts (CSF), interphase egg
extracts (INT), interphase egg extracts with 10 um okadaic acid (+OA), or interphase egg extracts with 10 um staurosporine (+STS), all containing cyclohexi-
mide. After incubation for 0, 2, and 4 h, samples were separated by SDS-PAGE and analyzed by a BAS image analyzer. B, schematic structures of N-terminally
deleted xMcl-1 mutants used in this study. Human Mcl-1 (HsMcl-1) is also presented for comparison. Arrowheads, caspase-cleaved sites in HsMcl-1 (Asp'?” and
Asp'®?). G, stability of recombinant xMcl-1 deletion mutants in interphase egg extracts. RRL containing 3*S-radiolabeled FL, A(1-30), or A(1-79) were mixed
with interphase egg extracts containing cycloheximide in the absence (top, —MG) or presence (bottom, +MG) of 100 um MG-132. After incubation for 0, 2, and
4h,samples were separated by SDS-PAGE and analyzed by a BAS image analyzer. D, increased apoptosis inhibition by the stabilized xMcl-1 mutant. Control RRL
(+Control RRL), RRL containing FL (+FL RRL), or RRL containing A(1-79) (+A(7-79) RRL) were mixed with interphase egg extracts as in C. After incubation for up
to 6 h, samples were separated by SDS-PAGE, and apoptotic cleavage of PARP at every hour was detected by Western blot using anti-PARP antibody («PARP).

FL, full-length protein; N, N-terminal fragment.

the possibility that other members, such as Xenopus Bad or
Puma, may be encoded in the genome but are not represented
in the current nucleotide database. The molecular mechanisms
of apoptosis regulation by Bcl-2 family proteins appear to be
evolutionarily conserved between Xenopus and mammals, but
several differences are also observed as described below.
Multidomain Anti-apoptotic Proteins—Our RT-PCR sug-
gested that xBcl-w/xR1, xBcl-x; /xR11, and xMcl-1 were ex-
pressed at the mRNA level in egg, whereas xBcl-2 and xBcl-B
were not (Fig. 1). In mice and humans, however, Bcl-B is
expressed in oocytes and early embryos (48, 49). Thus, Bcl-B
may be a physiological apoptosis inhibitor of egg in mammals
but not in Xenopus. Our functional assay revealed that recom-
binant xBcl-B, xBcl-w/xR1, xBcl-x; /xR11, and xMcl-1 were
strongly anti-apoptotic (Fig. 2). The initial characterization of
xBcl-w/xR1 was incomplete due to poor expression of recom-
binant protein (3), but we optimized the expression system and
clearly showed the anti-apoptotic activity of xBcl-w/xR1. In
contrast, recombinant xBcl-2 was inactive in our experiment
(Fig. 2), whereas previous reports indicated the anti-apoptotic
role of mammalian Bcl-2 expressed in Xenopus egg extracts
(22-24, 26, 27). This discrepancy may be due to the relatively
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low level expression of recombinant xBcl-2 in our study. Oth-
erwise, the molecular function of xBcl-2 may not be identical
with that of mammalian Bcl-2.

Multidomain Pro-apoptotic Proteins—Our results indicated
that xBcl-G, xBax, xBak, and xBok were all expressed at mRNA
level in egg (Fig. 1A). When exogenously overexpressed, xBak
was strongly pro-apoptotic, xBcl-G and xBax were weakly pro-
apoptotic, and xBok was inactive (Fig. 2). In mammals, Bax and
Bak are believed to be functionally redundant, but our results
using Xenopus egg extracts showed a clear functional difference
between xBax and xBak. Weak pro-apoptotic activity of over-
expressed xBax by itself suggests that additional activation
steps, such as mitochondria membrane translocation and con-
formational change, may be required to exert its pro-apoptotic
activity in egg extracts. In contrast, overexpression may be suf-
ficient for xBak to become fully active. Alternatively, egg
extracts may have a capacity to selectively neutralize xBax but
not xBak. A number of studies have suggested the pro-apo-
ptotic function of xBax during Xenopus early embryonic devel-
opment (4, 7-9, 16, 19), and the apoptosis-inducing activity of
xBax may be tissue- or developmental stage-specific. Similarly,
overexpressed xBok was inactive in egg extracts (this study) but
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accelerated apoptosis in oocytes (18). This may be due to the
difference of experimental systems or expression levels of
recombinant xBok.

BH3-only Pro-apoptotic Proteins—W'e previously reported
that endogenous xBid was a physiological accelerator of apo-
ptosis in egg extracts (17). In addition, RT-PCR analysis
detected the mRNA expressions of xBim[3, xBmf, and xNoxa in
egg, whereas xBimal and xBima2 mRNAs were poorly
expressed in egg (Fig. 1). Overexpression analysis showed that
xBimal, xBima?2, and xNoxa were strongly pro-apoptotic,
whereas xBimp and xBmf were inactive in egg extracts (Fig. 2).
Our results are different from those of another study by Uren et
al. (37), in which Noxa BH3 peptide alone did not release cyto-
chrome ¢ from Xenopus egg mitochondria. This discrepancy
may be due to the experimental differences between nearly
physiological levels of full-length Xenopus proteins against
unfractionated egg extracts (this study) and high concentra-
tions of mammalian synthetic BH3 peptides against isolated
mitochondria (37). In addition, our subcellular fractionation
analysis indicated that only five proteins (xBcl-x;/xR11,
xMcl-1, xBax, xBak, and xBok) were present in the mitochon-
drial fraction after centrifugation, whereas the remaining nine
proteins (xBcl-2, Bcl-B, xBcl-G, xBcl-w/xR1, xBid, xBimal,
xBima?2, xBmf, and xNoxa) were not (Fig. 3). Therefore, the
composition and functional contribution of endogenous Xeno-
pus Bcl-2 family proteins may be different between unfraction-
ated egg extracts and purified mitochondrial fraction.

Anti-apoptotic Activity and Proteasome-mediated Degrada-
tion of xMcl-1 in Egg Extracts—We demonstrated in this study
that endogenous xMcl-1 physiologically inhibited apoptosis by
counteracting the pro-apoptotic activity of endogenous xBid in
egg extracts (Fig. 5D). However, we were not able to detect the
physical association of xBid and xMcl-1 in egg extracts (supple-
mental Figs. S2 and S3). Therefore, these two proteins may not
exist as a tightly bound complex in normal egg extracts. Recom-
binant xMcl-1 (and probably also endogenous xMcl-1) was
constitutively degraded by proteasome in healthy egg extracts
before apoptotic execution (Figs. 4B and 7A). This instability of
xMcl-1 may contribute to the initiation of apoptosis in egg
extracts. The degradation of recombinant xMcl-1 required the
presence of the N-terminal 31-79 residues, but this region does
not contain the key regulatory residues identified in the N ter-
minus of mammalian Mcl-1 (reviewed in Refs. 46 and 47). We
currently hypothesize that intrinsic instability, rather than sig-
nal-dependent modifications, may drive the constitutive pro-
teasome-mediated degradation of xMcl-1 in egg extracts. This
proteolytic decay keeps the concentration of endogenous
xMcl-1 relatively low, and endogenous xMcl-1 will disappear
when protein translation is inhibited by cycloheximide or
slowed down by long incubation. We also showed that xXIAP, a
downstream backup of apoptosis inhibitor in egg extracts, was
abruptly degraded at the onset of apoptosis (Fig. 6), as we
reported previously (33). From the current knowledge, we spec-
ulate that the mechanism of two-tier apoptosis inhibition by
xMcl-1 and xXIAP may be as follows. When protein synthesis is
blocked or slowed down, exhaustion of endogenous xMcl-1 by
constitutive proteasome-mediated degradation changes the
functional balance between pro- and anti-apoptotic activities of
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Bcl-2 family proteins. This eventually leads to cytoplasmic
release of cytochrome ¢, formation of apoptosome, and activa-
tion of caspases. However, endogenous xXIAP immediately
binds to and inhibits activated caspases. In turn, the xXIAP-
caspase complex is degraded as shown in Fig. 64, probably by
the self-ubiquitylation activity of the C-terminal RING finger
domain of xXIAP (reviewed in Ref. 50). This mechanism
removes activated caspases from egg extracts during the initial
phase of apoptosis, but inhibition of protein synthesis leads to
the gradual loss of endogenous xXIAP. Our preliminary analy-
sis suggests that the endogenous amounts of effector caspases
are larger than that of xXIAP,? and apoptosis is finally executed
after the exhaustion of endogenous xXIAP. This hypothesis
also explains the dominant anti-apoptotic role of xXIAP over
xMcl-1. However, double depletion of endogenous xMcl-1 and
xXIAP still required ~2 h of incubation to execute apoptosis in
egg extracts (Fig. 6C). Therefore, other upstream or parallel
mechanisms may regulate cytochrome c release from mito-
chondria. They might be either activation of pro-apoptotic pro-
teins, such as xBax, inactivation of anti-apoptotic proteins
other than xMcl-1, or activation of hitherto unidentified path-
way(s). Further characterization of other Xenopus Bcl-2 family
proteins at endogenous levels, if present, will be necessary for a
complete understanding of apoptosis regulation in egg extracts.
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