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During mitosis, the Xenopus chromokinesin Kid (Xkid) provides the polar ejection forces needed at meta-
phase for chromosome congression, and its degradation is required at anaphase to induce chromosome
segregation. Despite the fact that the degradation of Xkid at anaphase seems to be a key regulatory factor to
induce chromosome movement to the poles, little is known about the mechanisms controlling this proteolysis.
We investigated here the degradation pathway of Xkid. We demonstrate that Xkid is degraded both in vitro and
in vivo by APC/Cdc20 and APC/Cdhl. We show that, despite the presence of five putative D-box motifs in its
sequence, XKkid is proteolyzed in a D-box-independent manner. We identify a domain within the C terminus of
this chromokinesin, with sequence GXEN, whose mutation completely stabilizes this protein by both APC/
Cdc20 and APC/Cdhl1. Moreover, we show that this degradation sequence acts as a transposable motif and
induces the proteolysis of a GST-GXEN fusion protein. Finally, we demonstrate that both a D-box and a
GXEN-containing peptides completely block APC-dependent degradation of cyclin B and XKkid, indicating that
the GXEN domain might mediate the recognition and association of Xkid with the APC.

During cell division, essential chromosome and microtubule
interactions ensure the correct segregation of the chromo-
somes into two sets. Chromosome alignment and segregation
are driven by forces directed both toward and away from the
spindle poles. Poleward force is generated at the kinetochore
by the kinetochore-associated protein motors XKCM1, CENP-
E, and cytoplasmic dynein (24, 31, 34, 39, 41). Force directed
away from the pole, termed polar ejection force, acts essen-
tially on the chromosome arms (30) and appears to be medi-
ated by chromosome bound motors or chromokinesins (5, 12).
In Drosophila melanogaster the chromokinesin Nod is required
for proper alignment of achiasmic chromosomes (1, 45). It is
proposed that Nod counterbalances the poleward kinetochore
force by the generation of a polar ejection force. Recently,
Xkid, a vertebrate homologue of the chromokinesin Nod has
been reported to be localized at the chromosome arms. Im-
munodepletion of Xkid in frog egg extracts induces a misalign-
ment of chromosomes at metaphase, indicating that it is es-
sential for chromosome alignment on the metaphase spindle. It
is suggested that Xkid participates in the polar ejection forces
acting on the chromosome arms (2, 13).

At the anaphase, chromatids must be separated from each
other and move toward the spindle poles. In animal cells, the
final stage of anaphase movement may reflect changes in the
poleward and polar ejection forces. These changes could in-
clude a decrease in the polar ejection force, which would result
in a positive kinetochore poleward force inducing the move-
ment of chromatids to the pole. According to this hypothesis, it
has been shown that the induction of anaphase in Xenopus egg
extracts requires the degradation of Xkid by the anaphase-pro-

* Corresponding author. Mailing address: Centre de Recherche de
Biochimie Macromoléculaire, CNRS UPR 1086, 1919 Route de
Mende, 34293 Montpellier Cedex 5, France. Phone: 33-4-67-61-33-30.
Fax: 33-4-67-52-15-59. E-mail: lorca@crbm.cnrs-mop.fr.

4126

moting complex (APC) and the proteasome (13). However, sur-
prisingly, a different degradation timing has been described for
human Kid which is still present in anaphase centromeres (37).
The mitotic targets for degradation are selected by the spe-
cific ubiquitin ligase, APC. The APC regulates exit from mito-
sis and events in G, (44). This E3 is regulated by two different
modulators, the Cdc20/Fizzy and Cdh1/Fizzy-Related proteins
(10, 21, 23, 35). Both activators transiently interact with the
APC in a cell cycle-specific manner. APC/Cdc20 complex me-
diates the degradation of a number of targets, including se-
curin and cyclin B. This event is essential to mitotic progression
(9, 23). Cdhl protein, on the other hand, mainly controls the
progression through the G; phase by ensuring the complete
proteolysis of cyclin B and Cdc20 (26, 38). Substrates recog-
nized by the APC contain destruction signal sequences that
target them for degradation. Three different destruction motifs
have been described: the destruction box (D-box) with consen-
sus of RXXL (where X is any amino acid) (15), the KEN box
(KEN-box) with consensus KEN (26), and the A box (A-box)
(8, 22). D-box-containing substrates typically appear to be rec-
ognized by either APC/Cdc20 or APC/Cdh1 or by both (4, 26,
32, 42). The KEN-box is believed to be recognized exclusively
by APC/Cdhl (26). Finally, the A-box is required for D-box-
dependent degradation of Aurora A by APC/Cdhl (8, 22).
We demonstrate here that Xkid is proteolyzed both in vitro
and in vivo by APC/Cdc20 and APC/Cdhl in a D-box-inde-
pendent manner. Moreover, we identify a degradation domain
with sequence GXEN, within the C terminus of this chromo-
kinesin, that is required to induce the APC/Cdc20 and APC/
Cdhl-dependent degradation of this protein.

MATERIALS AND METHODS

c-DNA cloning of Xkid, immunization procedures, and antibodies. The oligo-
nucleotides Xkid 5'-ATGGTTCTTACTGGGCCTCTC and 3'-GCTGGCGAT
GCTGCTCATG were used to amplify the full-length c-DNA from a Xenopus
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FIG. 1. XKid is first expressed at GVBD in maturing oocytes and is degraded at the transition from metaphase I to anaphase I and at the
metaphase II exit. (A) Prophase oocytes were incubated with progesterone, collected in groups of three at the indicated times after progesterone
addition and homogenized in homogenization buffer. Lysates were then subjected to Western blot with anti-Xkid antibodies. Arrow indicates the
time when all oocytes underwent GVBD. (B) Stage VI oocytes were stimulated to undergo oocyte maturation with progesterone and subdivided
in three groups. Oocytes of the first group, used as a control (CT), were homogenized in groups of three at 30 min (0 min), 90 min (60 min), and
120 min (90 min) post-GVBD. In the second group, 30-min post-GVBD, oocytes were incubated with the protein synthesis inhibitor Chx at 100
pg/ml and homogenized at 0, 60, and 90 min after Chx treatment (Chx). In the third group, oocytes were microinjected with 40 ng of anti-Cdc20
antibodies 2 h after progesterone addition and then incubated, 30 min post-GVBD, with 100 g of Chx (Chx+aCdc20)/ml. Next, groups of three
oocytes were homogenized at 0, 30, and 60 min after Chx treatment, and endogenous levels of Xkid (X-kid), cyclin B2 (Cyclin B), active
phospho-ERK (PP-ERK) and, as a loading control, a-tubulin (a-Tub) were analyzed by Western blot. (C) Metaphase II-arrested oocytes were
activated by the calcium ionophore A32187, homogenized in groups of three, and analyzed at various times after oocyte activation for endogenous
Xkid and cyclin B2 levels by Western blotting. The two arrowheads in the anti-cyclin B Western blot represent both the phosphorylated (upper)
and the dephosphorylated (lower) forms of cyclin B2. As expected, the dephosphorylated form of this protein is only present at interphase and
is completely absent in post-GVBD maturing and metaphase II-arrested oocytes. (D) Similar to panel C except for the addition of 100 pg of Chx/ml

in the incubation buffer 1 h before oocyte activation. The equivalent of one oocyte was loaded per lane.

oocyte cDNA library. The PCR product was subcloned blunt into the EcoRV
cloning site of pBluescript. For mutagenesis analysis, the Xkid insert was excised
from the pBluescript-Xkid by Xhol-Xbal and subcloned in a pCS2™ vector. The
glutathione S-transferase (GST)-XKid**%°%, GST-AD-box(4/5)Xkid***¢%, and
GST-A(GLEN)Xkid***°% fusion proteins were obtained by a first amplification
of the fragment from amino acids 498 to 600 from the wild type, the AD-box(1-5)
Xkid mutant and the A(GLEN)Xkid mutant by PCR and a subsequent subclon-
ing blunt into the Smal cloning site of the pXen3 vector. For the immunization
protocol, pBluescript-Xkid was cut with EcoRI, and the resulting C-terminal
insert of Xkid corresponding to amino acids 309 to 651 (XkidA309C) was cloned
into the EcoRI site of pGEX4T2 vector. The XkidA309C-GST fusion protein
was expressed in Escherichia coli. Inclusion bodies were prepared and subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis according to stan-
dard procedures. The fusion protein was electroeluted and used to immunize
rabbits. Immune sera was affinity purified on immobilized XkidA309C-GST. The
Xenopus anti-cyclin B2, anti-Cdc20, anti-CDC27, and anti-Cdh1 antibodies were
obtained as previously reported (7, 23). Anti-a-tubulin and the antibodies against
the active form of ERK protein (PP-ERK) were obtained from P. Mangeat
(Montpellier, France) and New England Biolabs (catalog no. 9106S). Western
blots were treated as described by Castro et al. (7).

In vitro production of mRNAs and [*3S]methionine-labeled proteins. nRNAs
encoding full-length human cyclin B1, Xenopus EMI1, GST, Cdhl, wild type,
Xkid mutants, and fusion proteins were transcribed in vitro with T7 or SP6

polymerase. When used for protein degradation assays, the mRNAs were trans-
lated in a rabbit reticulocyte lysate in the presence of [**S]methionine.

Xenopus egg extracts and protein translation and degradation. Metaphase
II-arrested oocyte extracts (CSF extracts) were prepared from unfertilized Xe-
nopus eggs as described in Lorca et al. (23). Protein translation of Xenopus Cdh1
mRNA in interphase extracts was as described previously (6, 11). For protein
degradation assays, 1 pl of either *>S-labeled cyclin B or Xkid was incubated at
room temperature with 20 wl of CSF or interphase extracts that had been (or
not) supplemented with Cdhl mRNA (1 h before).

Site-directed mutagenesis. Internal or point mutations of Xkid protein were
achieved by using the QuikChange site-directed mutagenesis kit according to the
manufacturer’s protocol (Stratagene). The sequences of the primers used to
generate each mutant can be supplied on request. AD-box(1-5) was obtained by
sequential mutagenesis with the same primers used for the individual D-box
mutations. N-terminal and C-terminal Xkid mutants were obtained by PCR
amplification by using the primers at the corresponding amino acid positions.
The presence of all of the mutations was confirmed by DNA sequencing of the
Xkid cDNAs.

mRNA microinjection in Xenopus oocytes. Oocytes were microinjected with 20
ng of wild-type or mutated Xkid mRNAs or with the same amount of Cdhl
mRNA where indicated. Three oocytes per time point were homogenized in 10
wl of homogenization buffer (20 mM Tris [pH 7.5], 50 mM NaCl, 50 mM NaF,
10 mM B-glycerophosphate, 5 mM Na,P,O,, 1 mM EDTA). After extract cen-
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FIG. 2. Xkid is degraded by APC/Cdc20 and APC/Cdhl in a D-
box-independent pathway. (A) In the upper panel, CSF extract (20 pl)
was supplemented with 1 pl of both **S-labeled cyclin B and Xkid.
Where indicated, the extract was then activated by the addition of 0.5
mM CaCl, (CSF+Ca?*). Samples (2 pl) were taken at different times,
and Xkid and cyclin B levels were analyzed by autoradiography. In the
lower panel, Cdhl mRNA was mixed in interphase extracts where
indicated (INT+Cdh1) in the presence of >*S-labeled methionine. One
hour later, 1 pl of both in vitro-translated 3*S-labeled Xkid and 3S-
labeled cyclin B was added. Samples (2 pl) were then taken at different
times, and Xkid, cyclin B, and Cdhl1 levels were analyzed by autora-
diography. (B) In the upper panel, CSF extract (50 pl) was first de-
pleted with 5 i of either a-Cdc27 antibodies (IP Cdc27), a-Cdc20
antibodies (IP Cdc20), or control antibodies (IP CT) and then supple-
mented with 1 wl of 3S-labeled Xkid and the same volume of *S-
labeled cyclin B. Subsequently, the samples were activated by the ad-
dition of 0.5 mM CaCl,. Samples (2 pl) were then collected at the
indicated times after calcium addition, and the levels of Xkid and
cyclin B were analyzed by autoradiography. In the lower panel, inter-
phase extract (50 pl) was first depleted with (5 pl) of a-Cdc27 anti-
bodies (IP Cdc27) or the same volume of control antibodies (IP CT)
and complemented with Cdhl mRNA in the presence of *>S-labeled
methionine. One hour later, 1 pl of 3S-labeled Xkid and the same
volume of *S-labeled cyclin B were added, and 2-pl samples were
taken at different times for analysis of the levels of Xkid, cyclin B, and
Cdhl proteins by autoradiography. (C) Interphase extract was first
supplemented with either the mRNA for the APC inhibitor EMI1 or
the GST mRNA as a control, and after a 1-h incubation, with the Cdh1
mRNA. One hour later, 1 pl of 3*S-labeled Xkid was mixed, and 2-pl
samples were collected to analyze the **S-labeled Xkid levels. (D) CSF
extracts (CSF+Ca?*, left panel) were first supplemented with 1 wl of
¥S-labeled cyclin B and the wild-type (Wt) or one of five D-box [D-box
(1) to D-box(5)] **S-labeled Xkid mutants and subsequently activated
by the addition of calcium. The degradation pattern of these different
Xkid mutants and of cyclin B were then analyzed at different times
after calcium activation by autoradiography. Interphase extracts (INT+
Cdh1, right panel) were first supplemented with Cdh1 mRNA, and 1 h
later they were mixed with the wild type or the different radiolabeled
D-box mutants of Xkid. The Xkid protein levels were analyzed by
autoradiography. The amount of Xkid and cyclin B remaining at each
proteolysis assay is quantified by densitometry and plotted with respect
to the amount at time zero.

trifugation (13,000 rpm for 3 min at 4°C), the clear supernatant was recovered,
and the equivalent volume of one oocyte was used for Western blot analysis.
When Xkid mRNA was injected in maturing oocytes, Western blot analysis
allowed the selective detection of ectopic Xkid, since, despite the fact that
anti-Xkid antibodies detect both endogenous and ectopically expressed Xkid
mutated forms, the low endogenous Xkid levels were not visualized at the
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enhanced chemiluminescence exposure time used to reveal the ectopical mu-
tated Xkid forms.

RESULTS

The Xenopus chromokinesin Kid is first expressed at germi-
nal vesicle breakdown (GVBD) in maturing oocytes and is
degraded at the transition from metaphase I to anaphase I
and at the metaphase II exit. It has been previously reported
that the Xenopus chromokinesin Kid is not present in stage VI
Xenopus oocytes and that it is clearly detectable in CSF ex-
tracts (2). Moreover, previous reports demonstrate that Xkid is
degraded at metaphase II exit in CSF extracts (2, 13). To
characterize the oocyte expression and degradation patterns of
this Xenopus chromokinesin, polyclonal antibodies were raised
against a fusion protein containing the last C-terminal 341
amino acids of Xkid. Stage VI oocytes were incubated with
progesterone to induce meiotic resumption and, every hour, a
mix of three oocytes were homogenized and analyzed by West-
ern blot for the presence or absence of Xkid (Fig. 1A). The
homogenized oocytes selected 4, 5, 6, 7, and 8 h after proges-
terone incubation had all undergone GVBD. Maximal Xkid
levels were reached between 4 and 5 h. We then analyzed Xkid
degradation pattern in vivo during oocyte maturation and at
meiotic exit. To investigate whether Xkid could be degraded at
the transition from metaphase I to anaphase I, maturing oo-
cytes were divided into three different groups. The first group
was used as a control, and oocytes were homogenized at 30 min
(Fig. 1B, CT, 0 min), 90 min (Fig. 1B, CT, 60 min), and 120 min
(Fig. 1B, CT, 90 min) post-GVBD. In the second group total
protein synthesis was blocked 30 min post-GVBD by the ad-
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FIG. 2—Continued.

dition of cycloheximide (Chx) to the incubation buffer, and
then oocytes were homogenized at 0, 60, and 90 min after Chx
treatment (Fig. 1B, Chx). In the third group, anti-Cdc20 anti-
bodies were microinjected into the oocytes to block APC ac-
tivity 2 h after progesterone addition. At 30 min post-GVBD,
Chx was added to the incubation buffer to block total protein
synthesis, and oocytes were recovered 0, 60, and 90 min after
Chx treatment (Fig. 1B, Chx+aCdc20). Oocyte homogenates
were then used for immunoblot analysis with anti-Xkid, anti-
cyclin B2, anti-PPERK (the active form of ERK), and anti-a-
tubulin antibodies (loading control). As shown in Fig. 1B
(Chx), Xkid levels significantly dropped in Chx-treated oocytes
compared to nontreated oocytes (CT) concomitantly with the
degradation of cyclin B2 and the inactivation of ERK (7).
Unlike the decrease of Xkid amount observed in Chx-treated
oocytes, Xkid levels remained constant when the APC activity
was blocked in these oocytes by microinjection of anti-Cdc20
antibodies prior Chx treatment (Fig. 1B, Chx+aCdc20). In
agreement with the findings of Perez et al. (25), these results
indicate the presence of a concomitant degradation and neo-
synthesis of Xkid at the metaphase-I-to-anaphase-I transition.
We next analyzed Xkid proteolysis at meiotic exit by activating
metaphase II-arrested oocytes with the calcium ionophore
A32187. Endogenous levels of Xkid and cyclin B2 in these
oocytes were examined at different times postactivation. As
expected, endogenous cyclin B2 was completely degraded 10
min after ionophore treatment (Fig. 1C, lower panel). Surpris-
ingly, only a small decrease in the Xkid levels were observed

after oocyte activation, indicating either a partial degradation
or a concomitant degradation and neosynthesis of this protein
(Fig. 1C, upper panel). To discern between these two possibil-
ities, we repeated the same experiment in the presence of the
protein synthesis inhibitor Chx. As shown in Fig. 1D, endoge-
nous Xkid importantly decreased at 10 min and was almost
completely degraded 20 min after ionophore treatment, al-
though a residual protein level remained. We observed an
acceleration of the degradation pattern of endogenous Xkid in
Chx-treated oocytes compared to CT (compare Fig. 1C and
D). However, we attributed this difference to the variability of
the kinetics of activation of distinct batches of oocytes by
ionophore treatment. These results indicate that Xkid is de-
graded both in the transition from metaphase I to anaphase I
and at meiotic exit and that, in both cases, in vivo neosynthesis
of this chromokinesin rapidly replaces the degraded protein.
Xkid is degraded by APC/Cdc20 and APC/Cdhl1 in a D-box-
independent pathway. We next addressed the mechanisms reg-
ulating Xkid degradation. Proteolysis of proteins, such as cyc-
lins or securins, at mitotic exit is mediated by the APC (9, 23,
44). As described above, this E3 ligase is regulated by two
different modulators, the proteins Cdc20 and Cdhl1 (10, 21, 23,
35). It has been reported that degradation of Xkid at the
transition from mitotic metaphase to anaphase is dependent
on APC activity (13). Moreover, Xkid is also degraded in
interphase Xenopus egg extracts supplemented with baculovi-
rus-purified human Cdhl protein (27). To investigate the role
of APC/Cdc20 and APC/Cdhl in Xkid proteolysis, we devel-
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oped an in vitro degradation assay with either CSF extracts in
which APC/Cdc20 was activated by the addition of Ca*" or
interphase Xenopus egg extracts supplemented with a Cdhl
mRNA (Xenopus oocytes are devoid of Cdhl). In these ex-
tracts, >>S-radiolabeled Xkid and **S-radiolabeled cyclin B, as
a control, were added, and the levels of these two proteins were
then analyzed by autoradiography. As shown in Fig. 2A, the
activation of both APC/Cdc20 (upper panel) and APC/Cdhl
(lower panel) induced a complete degradation of Xkid and
cyclin B.

We further investigated the role of APC/Cdc20 in Xkid
degradation by immunodepleting in CSF extracts either the
APC activator Cdc20 or the APC subunit CDC27 before Ca**
addition. Neither Xkid nor cyclin B proteolysis was detected
when immunodepletion was performed with anti-Cdc27 or an-
ti-Cdc20 antibodies compared with control antibodies (Fig. 2B,
upper panel), indicating, as expected, that the degradation of
Xkid is mediated by APC/Cdc20 in metaphase II exit. We also
investigated in more detail, in interphase extracts, the role of
APC/Cdhl in Xkid proteolysis by either immunodepleting
Cdc27 (Fig. 2B, lower panel) or by adding to the extract the
mRNA for the APC inhibitor EMI1 (Fig. 2C) (28, 29). When
Cdc27 was immunodepleted in interphase egg extracts before
the addition of the Cdh1 mRNA neither Xkid, nor cyclin B was
degraded compared with control immunodepletion (Fig. 2B,
lower panel). Similarly, the presence of the APC inhibitor EMI1
in Cdhl-containing interphase egg extracts completely blocked
Xkid degradation, indicating that the proteolysis of this protein
induced by Cdhl in interphase egg extracts is mediated by the
APC (Fig. 2C). Thus, in our in vitro assays, Xkid proteolysis
may be mediated by both APC/Cdc20 and APC/Cdhl com-
plexes.

Because it has been previously described that the amino-
terminal fragment of cyclin B, which contains the D-box
sequence, blocks Xkid proteolysis (13), we next investigated
whether the degradation of this protein could be mediated by
a D-box motif. Xkid contains five putative D-box sequences at
amino acids 69 to 72, 141 to 144, 455 to 458, 509 to 512, and
573 to 576. We tested whether these sequences specified Xkid
degradation by using site-directed mutagenesis to convert the
arginine residue of the RXXL of each D-box sequence to
alanine. The stability of the resulting constructs was assessed in
CSF+Ca?" and in Cdhl mRNA-supplemented interphase egg
extracts. Surprisingly, except for the small delay observed in
the proteolysis pattern of the AD-box(4) mutant, the point
mutation of the individual D-box mutants had no effect on
Xkid degradation (Fig. 2D) either in CSF+Ca®* (left panel)
or in Cdhl-supplemented (right panel) extracts. These results
suggest that Xkid may be degraded in a D-box-independent
manner. However, to eliminate a possible cooperative effect
among the five D-box motifs, we developed a mutant form of
Xkid wherein the five D-box sequences were mutated. The
quintuple D-box(1-5) mutant only slightly slows down Xkid
degradation, indicating that the proteolysis of this protein by
either APC/Cdc20 or APC/Cdhl is not mediated by a D-box
motif (Fig. 3). Since Xkid protein sequence has no putative
KEN-box or A-box motifs, Xkid might be proteolyzed in a
D-box/KEN-box/A-box-independent pathway.

Identification of the Xkid sequence necessary for its degra-
dation. In order to elucidate whether Xkid harbors a motif that

MoL. CELL. BIOL.

could act as a destruction signal, a series of amino- and car-
boxyl-terminal deletion mutants of Xkid were constructed. Fig-
ure 4A shows the portion of the coding sequence remaining in
each mutant. The position of the putative D-box motifs are
indicated with shaded rectangles. When internal sequences
were deleted, the position of these sequences was shown as
punctuated rectangles. The stability of each mutant was mea-
sured in CSF+Ca*" and Cdh1-containing interphase extracts.

All of the N-terminal deleted forms of Xkid underwent
degradation in both CSF+Ca®* and Cdhl-containing inter-
phase extracts except for the mutant AN(1-530) in which only
the last 121 amino acids were left. Thus, since AN(1-498) is
normally degraded, the lack of proteolysis observed in this
mutant can be due to the presence of a destruction sequence
between amino acids 498 and 530. In order to test this possi-
bility, we developed a mutant form of Xkid lacking amino acids
from 498 to 530 [Fig. 4A, A(498-530)]. This mutant was de-
graded normally in both CSF+Ca®" and in Cdhl-containing
interphase extracts (data not shown), indicating that sequence
from 498 to 530 of Xkid does not include a degradation signal.
We cannot exclude the possibility that one of the lysines pres-
ent at positions 521, 523, and 524 is required for Xkid ubig-
uitination and degradation; however, if this is the case, a sup-
plementary lysine takes over this role in the A(498-530) Xkid
mutant. Thus, we concluded that the mutant AN(1-530) is
probably not big enough to be degraded.

When C-terminal mutants were analyzed, we observed that
the proteolysis of the C-terminal truncated forms AC(619-651),
AC(601-651), and AC(581-651) were not affected. However,
mutants AC(521-651), AC(541-651), and AC(561-651) were
completely stabilized in both CSF+Ca** and Cdhl-containing
interphase extracts (Fig. 4A). These results indicate that a
putative destruction sequence may be present at the C-termi-
nal sequence of Xkid between amino acids 561 and 581.

Given the identification of this region as required for Xkid
degradation, we created three internal mutated forms of Xkid
lacking amino acids from 561 to 568, from 569 to 576, and from
577 to 581. Mutant A(561-568) was clearly stabilized compared
to mutants A(569-576) and A(577-581), which were normally
degraded, showing that a destruction signal may be present be-
tween amino acids 561 and 568 (sequence **'GLENQPTW>%),

To further identify the minimal sequence required for sig-
naling APC/Cdc20 and APC/Cdhl-dependent degradation of
Xkid, we constructed four internal mutated forms of Xkid:
A(561-564) (lacking sequence GLEN), A(563-566) (lacking se-
quence ENQP), and A(565-568) (lacking sequence QPTW).
We also constructed an internal mutated form of Xkid (A556-
560), which comprised a contiguous sequence to the 561-t0-568
region in order to eliminate a possible participation of this
sequence to the destruction signal. As shown in Fig. 4B and
C, only the mutated forms lacking sequences GLEN [mutant
A(561-564)] and ENQP [mutant A(563-566)] were importantly
stabilized in both CSF+Ca?* and Cdh1-containing interphase
extracts. These results indicate that the destruction signal re-
sides within the sequence GLEN.

Finally, to completely identify this new degradation signal,
we constructed a series of point mutated forms of Xkid in
which every amino acid of the sequence **GLEN’* was sub-
stituted by an alanine. The results of the degradation analysis
showed that destruction of E563A and N564A mutants was



VoL. 23, 2003
CSF+ Ca**
AD-Box (1- 5) =
X-kid Wt ->‘.
20 40 60
INT+Cdh1 INT-Cdh1

AD-Box (1-5) P> | s g

-  —

Min 0 204060 0 20 40 60

INT+Cdh1

N

0 20 40 60 0 20 40 60

DEGRADATION OF Xkid 4131

£

% Protein Remaining
th
(-]

=

0 20 40 60 0 20 40 60  Min
Dbox(1-5) X-kid Wt
100 (1
(=1
=
g
o
=]
[~
= 501
2
=)
]
(=W
&8
0= 20 40 6 0 20 40 60  Min
Dbox(1-5)+Cdhl  Dbox(1-5)-Cdhl
100-"
-]
B
_=
=
B
@
= s0
g
2
(=]
Ll
(=™
53
0= 20 40 60 0 20 40 60  Min

X-kid Wt+Cdh1 X-kid Wt-Cdh1
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considerably delayed in the CSF+Ca®" extracts and com-
pletely blocked in the Cdhl-containing interphase extracts,
whereas the substitution of L562 to alanine did not affect the
proteolysis of this protein in either extract. Surprisingly, the
G561A form was importantly stabilized in the CSF+Ca*" ex-
tracts, but it was normally degraded in Cdhl-containing inter-
phase extracts (Fig. 4D, CSF+Ca?" and INT+Cdhl1, respec-
tively). This would suggest that, despite being within the same
domain, the proteolysis signal of Xkid is not the same for
APC/Cdc20 and APC/Cdhl.

In vivo degradation of Xkid by APC/Cdc20 and APC/Cdhl1 is
mediated by the proteolysis sequence GXEN. In order to fur-
ther characterize the sequence of Xkid required for APC/
Cdc20 and APC/Cdh1 to induce the degradation of this pro-
tein, we analyzed in vivo the proteolysis pattern of all of the
point mutants described above by both E3 complexes.

To study the in vivo degradation of Xkid by APC/Cdc20, we
measured the proteolysis of this chromokinesin at the transi-
tion from metaphase I to anaphase I. To this end, the mutated
Xkid mRNAs were microinjected into maturing oocytes 2 h
after progesterone treatment. Subsequently, at GVBD, total
protein synthesis was blocked by the addition of Chx. Two
hours later, oocytes were homogenized, and the stability of the

ectopically expressed Xkid mutants was analyzed by Western
blotting.

To measure in vivo degradation of Xkid by APC/Cdhl, we
first microinjected stage VI oocytes, which are devoid of Cdhl,
with the mRNA encoding this protein and, 1 h later, with the
mRNA for the different mutated forms of Xkid. After 1 h of
ectopic Xkid protein expression, Chx was added to the oocyte
buffer to block protein synthesis, and the oocytes were homog-
enized at the indicated times. Protein levels of the Xkid mu-
tants were analyzed by Western blotting.

As observed in vitro, Xkid wild-type protein was clearly
degraded in vivo by both APC/Cdc20 and APC/Cdhl (Fig. 5A,
Wt, and 5B, Wt+Cdhl). However, unlike the in vitro results,
both in vivo APC/Cdc20- and APC/Cdh1-dependent degrada-
tion of Xkid was strongly delayed in G561A, E563A, and
N564A mutants, whereas substitution of the leucine 562 to
alanine did not affect Xkid proteolysis (Fig. 4A and B, respec-
tively). To date, we cannot explain the reason why the in vitro
and in vivo APC/Cdh1-dependent degradation patterns of the
G561A mutant are different. A possible explanation could in-
volve an incorrect in vitro folding of the ectopically translated
protein in interphase egg extracts. However, the in vivo results
clearly demonstrate that the glycine residue of the GLEN se-
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FIG. 4. Xkid is degraded by a new GXEN proteolysis signal. (A) Schematic representation of the wild-type Xkid sequence (WT) and the
different mutants. N, N terminus; C, C terminus. The numbers in brackets show the deleted amino acids. Where internal sequences were deleted,
they are depicted by hatched rectangles. All mutants of Xkid were translated in vitro and incubated in CSF extracts activated by calcium- or with
Cdh1-containing interphase extracts to measure protein stability. Results of this stability are summarized on the right-hand side. (B) Degradation
pattern of the wild type and the mutants A(556-560), A(561-564), A(563-566), and A(565-568) of Xkid in activated CSF extracts (CSF+Ca?"). (C)
Degradation pattern of the wild type and the A(556-560), A(561-564), A(563-566), and A(565-568) Xkid mutants in Cdhl-containing interphase
extracts (INT+Cdhl). (D) Degradation pattern of the wild type (Wt) or the G561A, L562A, E563A, and N564A Xkid point mutants in activated
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every degradation assay were quantified by densitometry and are plotted with respect to the amount at time zero.
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FIG. 4—Continued.

quence is part of the degradation signal. Thus, all of these
results show the presence of a new destruction motif in the
Xkid protein, with the sequence GXEN, recognized by both
the APC/Cdc20 and APC/Cdh1 complexes to induce degrada-
tion of this chromokinesin.

The GXEN sequence acts as a transposable degradation
signal. An essential feature of the three previously described
D-box, A-box, and KEN-box degradation sequences is that

these signals are transposable. Fusion of these sequences to a
nondegradable protein results in the proteolysis of the fusion
proteins by either APC/Cdc20 or the APC/Cdhl (15, 19, 22,
26). To test whether the GXEN sequence acts as a transpos-
able signal, we merged GST protein with the C-terminal do-
main of wild-type Xkid containing amino acids from 498 to
600. Since D-box(4) and D-box(5) were contained in this C-
terminal domain, we developed another fusion protein in
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FIG. 5. Invivo requirement of the GXEN proteolysis sequence for Xkid degradation. (A) Stage VI oocytes were stimulated to undergo oocyte
maturation with progesterone. Two hours after progesterone addition, oocytes were microinjected with the wild type (Wt) or the punctual Xkid
mutants G561A, L562A, ES63A, and N564A mRNAs. Oocytes were then examined every 30 min, and once they underwent GVBD they were
separated and incubated with Chx for two more hours. Oocytes were then homogenized, and ectopic Xkid protein levels were measured by Western
blotting. Control Xkid levels were obtained by homogenization of wild-type Xkid-microinjected, nontreated, maturing oocytes 2 h post-GVBD in
the same batch of oocytes (CT). (B) Stage VI oocytes were first microinjected with Cdhl mRNA and then 1 h later with the mRNA of either the
wild-type protein (X-kid) or the Xkid point mutants G561A, L562A, E563A, and N564A. After 1 h of incubation, Chx (100 wg/ml) was added and
the oocytes were homogenized at the indicated times. Xkid protein levels, as well as Cdhl expression, were analyzed by Western blotting.
Quantification of the Xkid remaining at each degradation assay is depicted on the right-hand side.

which the GST was merged to the 498-to-600 C-terminal do-
main of the Xkid AD-box(1-5) mutant. Finally, we constructed
a third fusion protein by merging the same C-terminal frag-
ment of the wild-type Xkid in which amino acids **'GLEN>%*
were deleted. We then assayed the degradation pattern of
these constructs in interphase Xenopus egg extracts supple-
mented with Cdhl. As shown in Fig. 6A, GST-KID*?%%% fy.-
sion protein was degraded with a pattern similar to that of
wild-type Xkid protein. According to the small delay of prote-
olysis observed in the AD-box(1-5) Xkid mutant, the destruc-
tion of GST-AD-box(4/5)Xkid**%¢% was only slightly slowed
down. Nevertheless, the GST-A(GLEN)XID*?%%% fusion mu-
tated form was completely stable in these extracts, indicating
that, similar to the other proteolysis signals, the GXEN se-
quence acts as a transposable degradation signal.

D-box- and GXEN-containing peptides completely block
degradation of both cyclin B and Xkid by APC/Cdhl. It has
been previously described that the KEN-box-dependent deg-
radation of Cdc20 by APC/Cdhl is blocked by a D-box-con-
taining peptide (26). In order to investigate the mechanism by
which the GXEN degradation signal targets substrates to be
degraded by APC/Cdh1, we investigated whether a D-box pep-

tide could also compete with the GXEN sequence and block,
in a similar fashion, proteolysis of the GXEN-containing sub-
strate Xkid. To this end, we measured the degradation profile
of Xkid in Cdhl-containing interphase egg extract previously
supplemented with either a D-box-containing peptide or the
corresponding D-box mutated form of this peptide. As shown
in Fig. 6B, Xkid proteolysis was clearly blocked by the D-box-
containing peptide (D-box®**™ peptide), whereas the addition
to the extracts of the D-box mutated form (D-box**** pep-
tide) did not induce any effect on the degradation pattern of
this protein. As expected, the addition of the D-box-containing
peptide also prevented cyclin B degradation by APC/Cdhl,
whereas the D-box mutated form did not. Thus, from these
results we can conclude that the D-box-containing peptide
competes for the degradation of the substrate targeted by the
GXEN sequence.

We next sought to determine whether, similar to the D-box-
containing peptide, a GXEN-containing peptide could com-
pete and block the D-box-dependent degradation of cyclin B.
With this aim we tested the ability of a GXEN-containing
peptide to inhibit D-box-dependent degradation of cyclin B by
APC/Cdhl in interphase Xenopus egg extracts. We used the
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FIG. 6. The GXEN sequence acts as a transposable degradation signal and competes with the D-box degradation signal to mduce cyclin B and
Xkid degradation. (A) Interphase egg extract was first supplemented with Cdhl mRNA and then 1 h later with 1 pl of either **S-labeled GST-
KID*%%°% the same fusion protein in which D-box(4) and D-box(5) were mutated (GST-A (Dbox4/5)XKID**%% or the GST-KID**-°* form,
in which the GLEN sequence was deleted [GST-A(GLEN)KID**%%]. Sample (2 pl) of the mixtures were obtained at different times for analysis
of the levels of the three GST-Xkid fusion proteins by autoradiography. The presence in the autoradiography of a band corresponding to >>S-
labeled Cdh1 due to the free [*>S]methionine of the reticulocyte lysates was variable; however, it confirmed the correct translation of this protein.
Constructs of the two fusion proteins are schematically depicted. (B) Interphase egg extract previously supplemented with Cdh1 mRNA was mixed
to a final concentration of 0.5 pg/pl with either a D-box-containing peptide (amino acid sequence RRTALGDVTNKVSE) or the D-box mutated
form of this peptide (amino acid sequence RATALGDVTNKVSE) (underlining and boldface indicate the wild-type and mutated sequences,
respectively). Subsequently, 1 jul of *>S-labeled Xkid or the same volume of **S-labeled cyclin B was added, and 2-j.l samples were obtained at
different times for analysis of the levels of both proteins by autoradiography. (C) Interphase extract was first supplemented with either the
GST-Kid****" or the GST-A(GLEN)Kid**** mRNAs for 1 h and subsequently with the Cdh1 mRNA. After an incubation of a supplementary
hour, 1 ul of 33S-labeled Xkid and the same volume of *S-labeled cyclin B were added, and the levels of these two proteins were analyzed by
autoradiography. Quantification of the remaining protein levels of Xkid or cyclin B is depicted on the right-hand side of each degradation assay.

GSTKID*%%%% and the GST-A(GLEN)XID*?%%% fusion pro- tracts; however, when overexpressed, the APC capacity to in-
teins as a source of GXEN and control peptides, respectively. duce its degradation is exceeded, and it will compete with other
As described above (Fig. 6A) GST-KID**%°% fusion proteinis  substrates to bind APC. Thus, we measured D-box-dependent
completely degraded in Cdhl-containing interphase egg ex- degradation of cyclin B in Cdhl-containing egg extracts in
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FIG. 7. GXEN-dependent degradation of Xkid is not regulated by
the binding of this chromokinesin to DNA. Cdhl-containing inter-
phase extract (20 ul) was preincubated for 1 h (+DNA) or not (—DNA)
with demembranated sperm chromatin (2,000 sperm cells/ul). Subse-
quently, radiolabeled wild-type Xkid protein (1 wl) was added, and
2-ul samples were taken at different times to measure Xkid levels by
autoradiography.

which ectopic mRNA translation of GST-KID***%%° and GST-
A(GLEN)XID*%*-%% induced a large overexpression of these
two fusion proteins (data not shown). As shown in Fig. 6C,
although cyclin B was clearly stabilized when GXEN-contain-
ing protein (GST-KID*?%°%%) was overexpressed, it was de-
graded when the GXEN-mutated form of this protein was
present into the extracts [GST-A(GLEN)KID**%°%], As ex-
pected, Xkid proteolysis was only blocked by the GXEN-con-
taining protein. These results indicate that the GXEN se-
quence clearly competes not only with the GXEN-containing
substrates but also with the D-box-containing substrates to be
degraded by APC/Cdhl.

GXEN-dependent degradation of Xkid is not regulated by
the binding of this chromokinesin to DNA. It has been recently
shown that the ubiquitin-proteasome-dependent degradation
of the Cdk inhibitor, Xicl, is regulated by the presence of DNA
in a nuclear-like environment (43). Since Xkid protein se-
quence have two helix-hairpin-helix DNA-binding motifs at
its C terminus, near the GXEN motif, we sought to determine
whether APC-dependent proteolysis of Xkid could be regu-
lated by the binding of this chromokinesin to the DNA. To
answer this question, we added demembranated sperm chro-
matin (2,000/nl) in Cdhl-containing interphase egg extracts.
One hour later, **S-radiolabeled Xkid was added, and the lev-
els of this protein were analyzed by autoradiography at differ-
ent times. As shown in Fig. 7, DNA addition did not modify the
proteolysis pattern of Xkid, indicating that the APC-depen-
dent degradation of this protein might not be regulated by its
binding to the DNA.

DISCUSSION

Previous works in Xenopus egg extracts have demonstrated
that Xkid mediates chromosome alignment on the metaphase
spindle and that its degradation is required to induce chromo-
some movements toward the poles during anaphase (2, 13).
This prompted us to investigate the mechanisms that regulate
Xkid proteolysis. The results presented here show that Xkid is
destroyed by both the APC/Cdc20 and the APC/Cdhl com-
plexes and that its degradation depends upon a proteolysis
signal, with sequence GXEN, present within its C terminus.

A great number of proteins are considered to be degraded
by the APC, e.g., cyclin A and B (36), Cdc20 (40), securin (46,
47), Nek2A (17), or Aurora A (6, 22). Despite the fact that all
of these proteins are targeted for degradation by this ubiquitin
ligase, their individual proteolysis is sequentially programmed
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during the cell cycle. This regulation is mainly due to the
association of the APC with two different modulators, Cdc20
and Cdhl. Moreover, APC substrates carry conserved degra-
dation motifs that are required for their proteolysis. The cur-
rent model proposes the presence of three different motifs,
the D-box (RXXL), the A-box, and the KEN-box. The D-box
sequence acts as a degradation signal that targets both APC/
Cdc20- and APC/Cdhl1-dependent proteolysis. The A-box is a
regulatory rather than a proteolysis sequence that modulates
D-box-dependent degradation of Aurora A. Finally, the KEN-
box has been considered a signal that exclusively targets APC/
Cdhl-dependent degradation. These degradation signals di-
rectly interact with the modulators, allowing APC-substrate
interaction (3, 18, 27, 33).

Our results demonstrate that Xkid degradation is mediated
by both Cdc20 and Cdh1 in an APC-dependent manner, since
immunodepletion of the APC subunit, CDC27, or the addition
of the APC inhibitor EMI1 completely blocked proteolysis of
this chromokinesin. Moreover, although Xkid presents five
putative D-box motifs, its proteolysis is D-box independent.
We have identified a domain of Xkid required for APC/Cdc20-
and APC/Cdh1-dependent degradation of this protein. This
domain comprises the sequence GXEN that shares a certain
sequence similarity to the KEN-box. However, despite this
similarity, the GXEN-box clearly differs from the KEN-box by
the fact that, contrary to the latter domain, it is not only
recognized by APC/Cdhl but also by APC/Cdc20. We con-
clude that the GXEN-box could correspond to a new different
proteolysis signal.

One of the distinctives that defines the degradation signals is
their capacity to confer proteolysis of a nondegradable protein
when a small motif containing this degradation signal is fused.
Our results show that fusion of GST to a C-terminal domain of
Xkid containing the GXEN sequence results in the degrada-
tion of the merged protein, confirming that this domain shares
this property with the A-box, D-box, and KEN-box degrada-
tion sequences.

Another characteristic of a proteolysis signal is to confer a
correct timing of protein degradation during the cell cycle.
Xenopus Kid is proteolyzed at the metaphase-anaphase tran-
sition and during late mitosis and overexpression of a nonde-
gradable form of this protein during this transition impairs
chromosome separation (2, 13). The APC/Cdc20 and the APC/
Cdhl complexes are sequentially activated from metaphase to
mitosis exit and G; (10, 20, 48). APC/Cdc20 activity first ap-
pears at metaphase and is later replaced in anaphase by APC/
Cdhl. Current thinking is that Cdhl has to be dephosphory-
lated before it can bind and activate the APC, and this happens
late in metaphase when cyclin B/cdk1 activity disappears (21).
A switch from APC/Cdc20 to APC/Cdhl1 happens at anaphase
(16). Thus, Xkid degradation must be performed by both APC/
Cdc20 and APC/Cdhl1 in order to assure continuous and com-
plete disappearance of this protein at the metaphase-anaphase
transition and late mitosis. We showed here that both APC/
Cdc20- and APC/Cdhl-dependent degradation of Xkid are
mediated by the GXEN sequence, indicating that this prote-
olysis motif is also capable to confer the appropriate proteol-
ysis timing of this protein during the cell cycle.

A third feature of a proteolysis signal is to mediate the
recognition of the substrate by the APC complex and to induce



VoL. 23, 2003

their association. Accordingly, our results show that both D-
box and GXEN-box peptides compete for the APC/Cdhl-de-
pendent degradation of Xkid and cyclin B. These findings
indicate that, similar to the D-box and KEN-box sequences,
the GXEN-box might mediate the recognition and the inter-
action of the substrate with the APC.

Finally, a last property of a proteolysis signal is that this
motif is conserved in different species. Regarding the GXEN
sequence, we have found only limited homology in the region
corresponding to the GXEN motif (*°**GLEN>** in Xenopus
spp. versus “°*PEEK>”! in humans and ***AVEK>®® in mice).
Nothing is known about Kid proteolysis in the mouse; however,
degradation of human Kid does not seem to be regulated in the
same fashion as Xenopus Kid proteolysis. In this regard, human
Kid is still present in anaphase chromosomes (14, 37), whereas
Xkid is completely degraded at the metaphase-anaphase tran-
sition (2, 13). Interestingly, the fact that the mechanism of Kid
proteolysis could not be conserved in other species suggests the
presence of other degradation pathways that would result in a
distinct timing of kid proteolysis and underlines the possibility
of different roles of this protein in different species. Indeed, a
recent report has described a distinct mechanism for human
Kid degradation that involves the SIAH-1 ubiquitin ligase (14).
This pathway seems to be specific for human Kid protein, since
SIAH-1 is not required for Xkid degradation (our unpublished
results). It is possible that different species have evolved two
different strategies to induce Kid proteolysis: the first one
mediated by APC and the second one mediated by the SIAH-1
ubiquitin ligase.

In conclusion, we have described a new target signal that,
despite being only partially conserved in other species, fulfills
all of the main characteristic features of a degradation motif
and that is essential for the Xkid protein to be correctly de-
graded during the cell cycle. Due to the fact that Xkid amino
acid sequence contains five potential D-box sequences and
that it binds Cdh1 and Cdc20 in vitro, it was assumed that its
degradation was mediated by a D-box (27); however, surpris-
ingly, we clearly demonstrate here that this is not the case. On
the basis of these results, a detailed study will be required to
establish the degradation signal that targets the proteolysis of
every new APC substrate. It is likely that the number of new
degradation signals will be enlarged by future studies and will
reveal the presence of a complex association network of APC/
Cdc20 and APC/Cdh1 with their different substrates.
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