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The anaphase promoting complex/cyclosome (APC/
C), activated by fzy and fzr, degrades cell cycle
proteins that carry RXXL or KEN destruction boxes
(d-boxes). APC/C substrates regulate sequential events
and must be degraded in the correct order during
mitosis and G1. We studied how d-boxes determine
APC/Cfzy/APC/Cfzr speci®city and degradation timing.
Cyclin B1 has an RXXL box and is degraded by both
APC/Cfzy and APC/Cfzr; fzy has a KEN box and is
degraded by APC/Cfzr only. We characterized the
degradation of substrates with swapped d-boxes.
Cyclin B1 with KEN was degraded by APC/Cfzr only.
Fzy with RXXL could be degraded by APC/Cfzy and
APC/Cfzr. Interestingly, APC/Cfzy- but not APC/Cfzr-
speci®c degradation is highly dependent on the loca-
tion of RXXL. We studied degradation of tagged
substrates in real time and observed that APC/Cfzr is
activated in early G1. These observations demonstrate
how d-box speci®cities of APC/Cfzy and APC/Cfzr, and
the successive activation of APC/C by fzy and fzr,
establish the temporal degradation pattern. Our
observations can explain further why some endo-
genous RXXL substrates are degraded by APC/Cfzy,
while others are restricted to APC/Cfzr.
Keywords: APC/C/cyclosome/destruction box/®zzy/
®zzy-related

Introduction

Ubiquitin-mediated degradation plays a major role in
ensuring the irreversible nature of the cell cycle. The
insight that mitotic cyclins are degraded by this pathway
(Glotzer et al., 1991; Hershko et al., 1991) and the
subsequent discovery of the anaphase promoting complex/
cyclosome (APC/C; King et al., 1995; Sudakin et al.,
1995) contributed enormously to the current understand-
ing of how the cell cycle functions. The APC/C is a
1500 kDa complex of a dozen different subunits (Peters
et al., 1996) that serves as the ubiquitin ligase (E3) of the
ubiquitylation process of various cell cycle proteins that
are degraded during mitosis and G1.

More than a dozen different groups of proteins are
degraded by the APC/C pathway, including mitotic A and
B type cyclins (Sudakin et al., 1995), fzy (Weinstein,
1997; Shirayama et al., 1998), securin (Zou et al., 1999),
xkid (Funabiki and Murray, 2000), E2-C (Yamanaka
et al., 2000), polo kinase (Shirayama et al., 1998), nek2A

(Hames et al., 2001), hsl1 (Burton and Solomon, 2000),
cdc6 (Petersen et al., 2000) and geminin (McGarry and
Kirschner, 1998). While all these proteins are degraded by
the APC/C, they start to be degraded at different time
points, such as prometaphase for cyclin A (den Elzen and
Pines, 2001; Geley et al., 2001) and nek2A, metaphase for
cyclin B1 (Clute and Pines, 1999), securin and xkid, and
G1 for cdc6. APC/C substrates carry conserved motifs, so-
called destruction boxes (d-boxes), which are required for
their degradation. The cyclin B1 d-box (RTALGDIGN) is
crudely shared by many of the other APC/C substrates.
The arginine (R) and the leucine (L) are conserved in
almost all substrates except in pim1, where arginine is
replaced by lysine (Leismann et al., 2000), and in cyclin
B3, where leucine is replaced by phenylalanine (Lozano
et al., 2002). The asparagine (N) at position 9 is conserved
in a subset of substrates and is required for the degradation
of cyclin B1 in Xenopus extracts (King et al., 1996). Other
residues of this RXXL box are much less conserved and it
is virtually impossible to identify such a box merely by its
sequence. However, the APC/C is evidently able to
identify real RXXL boxes because not every protein that
carries an RXXL is degraded. Moreover, ®ne differences
in this box can contribute to changes in degradation, as is
the case for cyclins A and B (King et al., 1996;
KlotzbuÈcher et al., 1996). An important recent advance
is the identi®cation of the KEN box as a targeting signal of
some APC/C substrates (P¯eger and Kirschner, 2000). The
discovery of this motif explained how vertebrate fzy,
which lacks an RXXL box, is targeted for degradation by
the APC/C. This box also plays a role in the degradation of
substrates that do have an RXXL box, such as securin (Zur
and Brandeis, 2001), cdc6 (Petersen et al., 2000), clb2
(Hendrickson et al., 2001), hsl1 (Burton and Solomon,
2001) and nek2A (Hames et al., 2001). However, the KEN
motif is also abundant in many proteins that are not APC/C
substrates.

The APC/C is activated by two WD repeat proteins: fzy/
cdc20 and fzr/cdh1/hct1 (Sigrist et al., 1995; Schwab et al.,
1997; Sigrist and Lehner, 1997; Visintin et al., 1997; Fang
et al., 1998; Kramer et al., 1998; Lorca et al., 1998). In
yeast, these two proteins confer some substrate speci®city
on the APC/C: pds1 is ubiquitylated by APC/Ccdc20, and
clb2 by APC/Ccdh1 (Schwab et al., 1997; Visintin et al.,
1997). A similar speci®city has been suggested in
mammalian cells, and it was shown that fzy is ubiquityl-
ated by APC/Cfzr only (P¯eger and Kirschner, 2000). It
was recently reported that fzy and fzr directly bind
different APC/C substrates in vitro. Fzy is restricted to
substrates that have an RXXL box, and fzr binds both
RXXL and KEN box substrates (Burton and Solomon,
2001; Hilioti et al., 2001; P¯eger et al., 2001; Schwab
et al., 2001).

Timing of APC/C substrate degradation
is determined by fzy/fzr speci®city of
destruction boxes
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In order to study the signal speci®city of the RXXL and
KEN boxes, we inserted arti®cial motifs into known
substrates and studied their degradation in vivo. We show
that the degradation of cyclin B1 with a mutated RXXL
box can be restored by the insertion of an arti®cial KEN
box close to the N-terminus of the mutated RXXL box.
The location of this KEN was critical for its capacity to
support degradation. Strikingly, cyclin B1 with a KEN box
and a mutated RXXL box is ubiquitylated in vitro and
degraded in vivo by APC/Cfzr only. This is in contrast to
cyclin B1 with a wild-type RXXL box, which is degraded
by both APC/Cfzy and APC/Cfzr.

We also studied the degradation of fzy, which is
targeted for degradation by a KEN box and is an APC/Cfzr-
speci®c substrate. Mutation of the KEN box stabilized fzy,
and its degradation could be restored by the insertion of
an RXXL box. Following the replacement of KEN with
RXXL, fzy is targeted by APC/Cfzy, as well as by APC/
Cfzr. RXXL inserted anywhere into the N-terminus of fzy
could support APC/Cfzr-speci®c degradation. Degradation
by APC/Cfzy was, however, highly dependent on the
location of the RXXL, suggesting that ¯anking sequences
or conformation in¯uence the APC/Cfzr/APC/Cfzy speci®-
city of the RXXL box. This could explain why certain
RXXL substrates are degraded by APC/Cfzr only while
others are degraded by both APC/Cfzr and APC/Cfzy.

We followed the degradation of green ¯uorescent
protein (GFP)-tagged versions of APC/Cfzy and APC/Cfzr-
speci®c substrates in real time. We observed that APC/
Cfzy-speci®c degradation starts upon sister chromatid
separation, and that APC/Cfzr-speci®c degradation starts
in early G1.

The results we present here show that d-box type and
location determine APC/Cfzy and APC/Cfzr speci®city, and
that fzy and fzr sequentially activate the APC/C. This
speci®city could thus form the basis of the ordered
degradation of APC/C substrates during the different
stages of mitosis and G1.

Results

A KEN box can target a cyclin B1 RXXL box
mutant for degradation
The N-terminal part of cyclin B1, including its RXXL box
(RTALGDIGN), is a portable degradation signal that
maintains its degradation speci®city when fused to other
proteins. We fused the 105 N-terminal residues of
cyclin B1 to CAT (chloramphenicol acetyl transferase)
and GFP reporters and constitutively expressed them in
NIH 3T3 mouse ®broblasts. Enzymatic activity of the
B1-CAT fusion protein mimics the levels of endogenous
cyclin B1, and is useful for following APC/C-speci®c
proteolysis (Brandeis and Hunt, 1996). Cells were treated
with nocodazole, and prometaphase-arrested cells were
obtained by shake-off and released into fresh medium.
This treatment yields highly synchronous G1 cell popula-
tions (Brandeis and Hunt, 1996). Figure 1A shows that
when cells expressing a B1-CAT fusion protein were
released into G1, CAT activity dropped sharply. CAT
activity of cells expressing B1DM, a similar CAT fusion
protein with a mutant RXXL box (GTAVGDIGN),
remained constant throughout the cell cycle, exactly like
that of cells expressing wild-type CAT. We inserted a

minimal KEN box motif into B1DM (B1DM-KEN) by
mutating two amino acids located ®ve residues N-terminal
to the mutated RXXL. We used an already existing lysine
(K), to avoid adding another potential ubiquitylation target
(Figure 1A). B1DM-KEN was degraded upon release into
G1 just like wild-type B1-CAT. Figure 1B shows that
analogous fusion proteins with GFP, assayed by immuno-
blotting, were degraded in a similar fashion. These
observations suggest that the minimal KEN box is, like
the RXXL box, a portable degradation signal, and that
both boxes can target cyclin B1 for degradation in G1.

The short KEN sequence is common in many proteins
that are not APC/C substrates, which suggests that it can
target proteins to the APC/C only within the correct
context of ¯anking sequences and conformation. To test
this idea, we made a series of B1DM-CAT fusion proteins
with KEN boxes inserted into various locations. Figure 1C
shows that none of these fusion proteins were degraded.
These results demonstrate that the sequences or conform-
ation ¯anking the KEN box determine its capacity to target
substrates for degradation.

The B1DM-KEN substrate is degraded by APC/Cfzr

Cyclin B1 is degraded both by APC/Cfzy and by APC/Cfzr.
The KEN box has been identi®ed as an APC/Cfzr-speci®c
signal, therefore we wondered whether replacing the
RXXL box of cyclin B1 with a KEN box changes its fzy/
fzr speci®city. We used fzr overexpression to test whether
B1DM-KEN can be degraded by the APC/Cfzr. Fzr
overexpression triggers unscheduled degradation of
APC/Cfzr substrates in cells arrested by nocodazole at the
spindle assembly checkpoint (Listovsky et al., 2000;
Sorensen et al., 2000). We co-transfected cells with
vectors expressing CAT fusion proteins of wild-type B1,
B1DM and B1DM-KEN together with a fzr expression
vector. Figure 2A shows that fzr overexpression in
nocodazole-arrested cells led to the degradation of B1
and B1DM-KEN, but not of B1DM. All three proteins
were stable in nocodazole-arrested cells transfected with
an empty control vector.

APC/Cfzr-speci®c degradation can also be triggered by
inhibition of cdk1 activity in prometaphase-arrested cells
(Listovsky et al., 2000). Cells stably expressing fusion
proteins were treated with nocodazole, and arrested cells
were obtained by shake-off into medium with nocodazole
without or with the cdk1 inhibitors roscovitin and
purvalanol A. The cells were harvested after 3 h and
assayed for CAT activity. Figure 2B shows that B1-KEN
was degraded upon cdk1 inactivation with roscovitin or
purvanalol A, just like wild-type B1, while B1DM was not
affected. These experiments suggest that B1DM-KEN can
be degraded in vivo by APC/Cfzr, but they do not preclude
the possibility that it is also an APC/Cfzy substrate.

The B1DM-KEN substrate is ubiquitylated
exclusively by APC/Cfzr

Cyclin B1 can be ubiquitylated by both APC/Cfzy and
APC/Cfzr (Fang et al., 1998; Kramer et al., 1998). Fzy that
carries a KEN box is, in contrast, ubiquitylated by APC/
Cfzr only (P¯eger and Kirschner, 2000). We examined
whether exchanging the cyclin B1 RXXL with a KEN box
changed its fzy/fzr speci®city in vitro. [35S]methionine-
labeled substrates carrying the different mutations were
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prepared by a coupled in vitro transcription and translation
reaction in reticulocyte lysate. The substrates were
ubiquitylated by mitotic APC/C, without or with fzy, and
by interphase APC/C without or with fzr (see Materials
and methods). Figure 3 shows that the wild-type cyclin B1
substrate was, as expected, highly polyubiquitylated by
both APC/Cfzy and APC/Cfzr. The B1DM-KEN substrate,
which was degraded in vivo (Figure 1C, KEN36), was
ubiquitylated in this assay, but by APC/Cfzr only. The non-
degradable B1DM and B1DM-KEN13 (Figure 1C) sub-
strates were hardly ubiquitylated at all. This assay shows
that the replacement of the functional RXXL box of
cyclin B1 with a KEN box converted it, at least in vitro,
into an APC/Cfzr-speci®c substrate.

The B1DM-KEN substrate is degraded in vivo only
by APC/Cfzr

The observation that B1DM-KEN can be ubiquitylated
in vitro by APC/Cfzr only (Figure 3) suggested that the
substitution of RXXL with KEN transformed it into an
APC/Cfzr-speci®c substrate. In order to examine whether
B1DM-KEN is degraded by the APC/Cfzy in vivo or not,
we had to obtain cells with active APC/Cfzy and inactive
APC/Cfzr. APC/Cfzy is normally active only for a short time
during mitosis; however, expression of non-degradable
kinase-active cyclin B1 arrests cells in telophase

(Wheatley et al., 1997) with a highly active APC/Cfzy

(Zur and Brandeis, 2001). Fzr can not activate the APC/C
in these cells because cdk1±cyclin B1 phosphorylates fzr
and prevents its binding to the APC/C (Zachariae et al.,
1998; Lukas et al., 1999; Listovsky et al., 2000).

Figure 4A shows round mitotic cells arrested in
telophase following transient transfection of the non-
degradable catalytically active cyclin B1DM±GFP con-
struct. Cells in telophase would normally be elongated;
however, if cytokinesis is prevented by non-degradable
cyclin B1, they become round again. Almost all of the
round mitotic cells (top right panel) are GFP positives (top
left panel). Only <10% of the mitotic cells were GFP
negative, and may represent untransfected cells that
happened to be in mitosis. Likewise, the vast majority of
chromosome spreads prepared from these cells showed
cells with fully separated chromatids (Figure 4A, bottom
left panel) and <10% showed metaphase chromosomes
(Figure 4A, bottom right panel). These cells were collected
by gentle shake-off and their APC/C was immunoprecipi-
tated with cdc27 antibodies. Figure 4B shows that only fzy
co-precipitated with the APC/C of telophase-arrested cells,
as well as with the APC/C of prometaphase-arrested cells.
APC/C precipitated from G1 cells was, as reported
previously (Kramer et al., 1998; Listovsky et al., 2000),
bound only by fzr. Figure 4B also shows that endogenous

Fig. 1. A KEN box can target cyclin B1 for degradation in G1. Expression vectors for CAT, B1±CAT, its RXXL box (GTAV) mutant B1DM±CAT,
and B1DM-KEN-CAT that has both a GTAV and an arti®cial KEN, were stably expressed in NIH 3T3 ®broblasts. Prometaphase-arrested cells,
obtained by nocodazole treatment and subsequent shake-off, were released into fresh medium, harvested at the indicated time points and assayed for
CAT activity (A). Cells stably expressing analogous constructs with a GFP reporter were synchronized in prometaphase and in G1. Degradation of
wild-type and mutant B1±GFP reporters was analyzed by immunoblotting with GFP antibodies. Endogenous cyclin B1 was probed in parallel to estab-
lish that cells did indeed enter G1. Actin served as a loading control (B). KEN boxes were introduced at the indicated sites of the N-terminus of
B1DM-CAT. The degradation of these reporters was assayed upon release into G1, but only KEN36, as used in (A), was degraded in G1 (C).
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cyclin B1, a substrate of both APC/Cfzy and APC/Cfzr, was
degraded both in telophase and G1 as expected. Fzy, in
contrast, which is targeted only by the APC/Cfzr, was
stable in telophase-arrested cells and degraded in G1. The
fact that no fzr co-precipitated with APC/C immunopre-
cipitates from telophase cells indicates that these cells
were not contaminated with any noticeable amount of
G1 cells.

Extracts of telophase-arrested cells stably expressing
CAT fusion proteins of B1, B1DM, B1DM-KEN and
B1-KEN, which has both a KEN and a wild-type RXXL
box, were assayed for CAT activity alongside extracts of
prometaphase and G1 cells. Figure 4C shows that B1DM-
KEN was stable in telophase and degraded in G1. B1 and
B1-KEN were, in contrast, degraded both in telophase and
G1, and B1DM-CAT was always stable. These results
show that B1DM-KEN is stable in the presence of active
APC/Cfzy and support the data obtained by in vitro
ubiquitylation (Figure 3), which showed that B1DM-
KEN is an APC/Cfzr-speci®c substrate. The fact that
B1-KEN was degraded, like wild-type B1, shows that the
KEN box is not dominant over the RXXL box.

Fzr phosphorylated by cdk1±cyclin B1 cannot bind the
APC/C (Zachariae et al., 1998; Lukas et al., 1999;
Listovsky et al., 2000). Degradation of cyclin B1 is
therefore required for the activation of the APC/Cfzr.
We hypothesized that catalytically active full-length
cyclin B1DM-KEN, which can be degraded by APC/Cfzr

only, will arrest the cells in telophase, like non-degradable
cyclin B1. The top panel of Figure 4D shows that cells
transfected with an expression vector for wild-type
cyclin B1 do not arrest in mitosis. The middle panel of
Figure 4D shows that cells transfected with an expression
vector for cyclin B1DM-KEN got arrested in telophase,
like cells transfected with non-degradable cyclin B1
shown in the bottom panel. Moreover, chromosomes in
spreads of cells arrested by active cyclin B1DM-KEN
were fully separated, as seen in the cells expressing

non-degradable cyclin B1DM, shown in the bottom
left panel of Figure 4A. To con®rm that full-length
cyclin B1DM-KEN can be degraded by the APC/Cfzr, we
treated the arrested cells with cdk1 inhibitors, as described
in the legend of Figure 2. The inhibition of cdk1 led to the
degradation of cyclin B1DM-KEN, as expected, but had no
effect on the levels of cyclin B1DM (data not shown). This
observation suggests that APC/Cfzy-mediated degradation
of cyclin B1 is indeed essential for mitotic exit.

An RXXL box can target fzy for degradation
The results we have presented so far show that replacing
the RXXL box of cyclin B1 with a KEN box converted the
cyclin into an APC/Cfzr-speci®c substrate. We wondered
whether a reciprocal replacement of the KEN box of fzy
with an RXXL box of cyclin B1 would have analogous
effects.

Fzy is an APC/Cfzr-speci®c substrate whose degradation
is signaled by a KEN box (P¯eger and Kirschner, 2000).
We made a fzy-CAT reporter by fusing the N-terminal 112
residues of human fzy, including the KEN box, to CAT.
Figure 5A shows that the fzy-CAT fusion reporter was
degraded upon exit from mitosis, and that the Fzy-KM
reporter, which has a triple mutation converting KEN to
AAA, is not degraded. In order to establish the speci®city
of the KEN, we made three constructs with conserved
replacements of each residue: REN, KDN and KEQ. None
of these mutants were degraded (data not shown).
Figure 5A shows that fzy-KM-RXXL99, which has an
insertion of a cyclin B1 RXXL box close to the mutated

Fig. 2. Cyclin B1DM-KEN can be degraded in prometaphase by fzr
overexpression and by cdk1 inhibition. Cells were transiently co-trans-
fected with the indicated reporters together with an empty (±) or a
human fzr (+) expression vector in a 1:3 ratio, respectively. After 24 h,
cells were treated with nocodazole for 16 h. Prometaphase-arrested
cells were obtained by shake-off and assayed for CAT activity (A).
Cells stably expressing the indicated reporters were treated with noco-
dazole for 16 h, and prometaphase cells obtained by shake-off were
transferred to fresh medium with nocodazole with or without roscovitin
(ros) or purvalanol A (PA). Cells were harvested after 3 h and assayed
for CAT activity (B).

Fig. 3. Cyclin B1 with a mutated RXXL and a KEN box is ubiquityl-
ated in vitro by APC/Cfzr. CAT fusion proteins of cyclin B1, B1DM
and B1DM with KEN boxes at positions 13 or 36 only were ubiquityl-
ated in vitro with mitotic APC/C with (+) or without (±) fzy (A) or
with interphase APC/C with (+) or without (±) fzr (B).

Timing of APC/C substrate degradation by fzy and fzr
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KEN box of fzy, is degraded in G1. This degradation
depends on the RXXL box because fzy-KM-DM, a similar
reporter with a mutated RXXL box, is not degraded.
Figure 5B shows similar results obtained with analogous
GFP fusion proteins and compares their degradation with
that of endogenous fzy.

The location of the arti®cial KEN box we inserted into
B1DM-KEN was critical for its capacity to target the

substrate for degradation (Figure 1C). We wondered
whether the arti®cial RXXL in fzy is also location
dependent. We therefore inserted RXXL boxes into four
additional locations of the fzy-CAT fusion protein.
Degradation of these substrates by the APC/Cfzr was
tested by release of cells into G1, and degradation by the
APC/Cfzy was tested by arresting cells with non-degrad-
able cyclin B1. All these substrates were equally degraded

Fig. 4. Cyclin B1 with a mutated RXXL box and a KEN box is degraded in vivo by APC/Cfzr only. Cells were transfected with an expression vector
for non-degradable catalytically active cyclin B1±GFP to arrest them in telophase. Almost all the round mitotic cells observed by phase±contrast
microscopy are GFP positive (top panels). More than 90% of chromosome spreads prepared from cells arrested by this transfection had fully separated
sister chromatids (bottom left panel), compared with only a small fraction that had non-separated metaphase chromosomes (bottom right panel). These
results indicate that this protocol yields highly synchronous populations of telophase-arrested cells (A). Cells arrested in telophase by this protocol,
and in prometaphase with nocodazole were obtained by gentle shake-off. G1 cells were obtained by growing prometaphase cells obtained by shake-off
for 4 h in fresh medium. The APC/C complex was immunoprecipitated with cdc27 antibodies from extracts of prometaphase, telophase and G1 cells
and probed with fzy and fzr antibodies. Cell extracts were also directly probed with the indicated antibodies (B). Cells stably expressing the indicated
reporters were synchronized as described in (B) and assayed for CAT activity (C). A KEN36 box was introduced into the full-length
cyclin B1DM±GFP used in (A). Cells were transfected with this vector and with wild-type and non-degradable cyclin B1±GFP expression vectors on a
glass-bottom culture dish. Living transfected cells were photographed after 40 h with ¯uorescence (GFP and DAPI) and DIC illumination at 6303
magni®cation (D).
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by the APC/Cfzr in G1 (Figure 5C). Thus, as far as the
APC/Cfzr is concerned, the RXXL did not show any
location preference. Interestingly, the degradation of these
substrates in telophase-arrested cells varied considerably.
A substrate with an RXXL box closest to the mutated KEN
(RXXL99) was as stable in telophase cells as wild-type
fzy. In contrast, a substrate with an RXXL at a nearby
location (RXXL78) was degraded in telophase as ef®-
ciently as cyclin B1-CAT (Figure 5C). The other sub-
strates showed intermediate values but were relatively
stable. We were surprised by this result and repeated the
experiments in triplicate. All experiments yielded very
similar results (see error bars), and therefore we are
con®dent that the observed variations are indeed real and

not a result of experimental variations. These results
suggest that the APC/Cfzy is considerably more sensitive to
the location of the RXXL box than the APC/Cfzr.

APC/Cfzr-speci®c degradation of B1DM-KEN takes
place in G1

It is assumed that fzy, which activates the APC/C in
metaphase, is replaced in G1 by fzr (Morgan, 1999;
Zachariae and Nasmyth, 1999; Peters, 2002). This switch
from APC/Cfzy to APC/Cfzr has not been characterized and
has never been observed in real time in living cells. We
therefore used our B1DM-KEN±GFP fusion construct to
follow the onset of APC/Cfzr-speci®c degradation in living
cells. We prepared cell lines stably expressing GFP-tagged
reporters of cyclin B1, B1DM, B1DM-KEN, B1-KEN and
fzy. Stable lines were used to preclude problems of
saturating the degradation machinery, which might be
caused by transient transfections. The fact that these
reporters are expressed in cells over many cell generations
testi®es that they do not inhibit proper mitosis.

Figure 6A shows representative cells stably expressing
GFP-tagged B1 and B1DM-KEN from different stages of
mitosis and early G1. B1±GFP strongly localizes to the
chromosomes in metaphase. In anaphase, B1±GFP was no
longer observed on chromosomes and the total ¯uores-
cence was considerably lower. B1±GFP could hardly be
seen at all in cells from later stages of mitosis or early G1.
B1DM-KEN±GFP was not only strongly localized to the
chromosome in metaphase, but also in anaphase and nuclei
of early G1 cells that had already decondensed their
chromatin. B1DM-KEN±GFP completely disappeared
only after >2 h into G1. Cells shown in this ®gure represent
hundreds of cells with similar phenotypes. The mid-G1

cells shown were followed to this stage from anaphase.
To quantify the degradation the various fusion proteins,

we followed single metaphase cells and photographed
them every 3 min. Each time series was quanti®ed and the
level of normalized ¯uorescence was plotted against time.
Figure 6B shows quanti®ed data of representative cells
from more than a dozen cells of each type (for details, see
Materials and methods). Figure 6B shows that degradation
of B1±GFP is initiated at the metaphase±anaphase tran-
sition and is very rapid. These results are similar to those
reported previously for full-length cyclin B1±GFP (Clute
and Pines, 1999). Cells expressing B1-KEN were
degraded in exactly the same manner. Degradation of
B1DM-KEN±GFP, in contrast, started only in early G1 and
took ~2 h to complete. Degradation of the Fzy±GFP,
which also depends on a KEN box, was very similar to that
of B1DM-KEN. The non-degradable B1DM±GFP was not
degraded and remained virtually the same for the duration
of the experiment. The relatively constant level of
B1DM±GFP shows that the reduction of ¯uorescence in
the cells expressing the other proteins was not due to
photobleaching of GFP or to non-speci®c degradation.

These results show that the exchange of the RXXL with
the KEN box, which converted cyclin B1 into an APC/Cfzr

substrate, also changed its degradation timing. In addition,
this is the ®rst time that the initiation of APC/Cfzr-speci®c
degradation has been observed in real time, suggesting that
the APC/Cfzr is activated around the beginning G1.

Fig. 5. The RXXL box can replace the KEN box of fzy and change its
fzy/fzr speci®city. Degradation of fzy-CAT (fzy) and a mutant with ala-
nine replacement of the KEN box (fzy-KM) was analyzed in cells
stably expressing vectors for these fusion reporters. Degradation of
fzy-KM either with a cyclin B1 RXXL box (fzy-KM-RXXL99), or
with a mutated RXXL box at the same location (fzy-KM-DM) was
tested in the same way (A). Degradation of fzy±GFP and its derivatives
upon release into G1 was assayed by immunoblotting of cells stably
expressing fusion reporters. Mitotic cells were obtained by nocodazole
arrest and shake-off, and G1 cells by release of mitotic cells into G1 for
4 h. Endogenous fzy and actin were probed in parallel (B). RXXL
boxes were introduced into the indicated locations of the non-degrad-
able fzy-KM-CAT reporter. The CAT activity of these reporters was
assayed in prometaphase (M), telophase (T) and G1. This experiment
was performed in triplicate (see error bars). All CAT fusion proteins
were stable in prometaphase and degraded in G1 by APC/Cfzr. In con-
trast, only the fzy-KM with an RXXL box introduced into position 78
was degraded as ef®ciently as cyclin B1 by the APC/Cfzy in telophase.
Fzy-KM with RXXL in position 99 was hardly degraded by the
APC/Cfzy (C), like wild-type fzy-CAT.

Timing of APC/C substrate degradation by fzy and fzr
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Discussion

The most important capacity of a regulatory degradation
pathway is its capability to identify and degrade its
substrates. Thus, elucidating how substrates are identi®ed
is a basic requirement for understanding how such a
pathway works. Some of the `words' the APC/C under-
stands have been identi®ed; however, the `grammar' of the
language of the APC/C is still not fully understood.

APC/C substrates regulate interdependent and sequen-
tial events during mitosis, therefore it is paramount that
they are degraded in the correct order. It has been proposed
that this ordered degradation is achieved by different
substrate speci®cities of fzy and fzr, and by successive
APC/C activation, ®rst by fzy and then by fzr (Morgan,
1999; Zachariae and Nasmyth, 1999; Peters, 2002). We
made APC/C substrates that differed only at their d-boxes

and used them to test this model. A KEN box introduced
into cyclin B1 with a mutated RXXL restored its
degradation. This arti®cial KEN box substrate was
degraded by APC/Cfzr only. The location of this KEN
was critical for degradation. RXXL boxes introduced into
fzy with a mutated KEN box restored its degradation.
RXXL boxes at different locations could target the
substrate for degradation by APC/Cfzr, and one particular
RXXL could further target the substrate for degradation by
APC/Cfzy. We used GFP-tagged versions of APC/Cfzy- and
APC/Cfzr-speci®c substrates to study degradation in living
cells in real time. These studies showed that the APC/Cfzy

is switched on at the metaphase±anaphase transition, and
that the APC/Cfzr is activated in early G1.

Our conclusions from these observations are that fzy
and fzr speci®city is determined by the identity of the
d-box and its location in the substrate, and that the switch

Fig. 6. Live cell imaging of the initiation of APC/Cfzy and APC/Cfzr activity. Cells stably expressing B1±GFP and B1DM-KEN±GFP were photo-
graphed at the indicated stages of mitosis and G1 at 6303 magni®cation with GFP and DAPI ®lter sets, as well as by DIC optics. The mid-G1 cells
were followed through mitosis and photographed 3 h after metaphase (A). Cells stably expressing GFP fusion proteins of cyclin B1, B1DM, B1-KEN,
B1DM-KEN and fzy were followed through mitosis and photographed every 3 min. Background-subtracted GFP ¯uorescence was analyzed as
described in Materials and methods and plotted as a function of time (B). The stages of mitosis are indicated by arrows.
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from fzy- to fzr-speci®c degradation takes place in early
G1. These observations support both assumptions of the
proposed model (Morgan, 1999), showing that it is indeed
capable of establishing the temporal pattern of APC/C-
speci®c proteolysis observed in mitosis.

Fzy and fzr targeting speci®city of RXXL and KEN
box substrates
Substrate-speci®c APC/C activation by cdc20 (fzy) and
cdh1 (fzr) was observed in budding yeast (Schwab et al.,
1997; Visintin et al., 1997), as well as in vertebrates
(P¯eger and Kirschner, 2000). Two distinct degradation
signals have been identi®ed so far in APC/C substrates: the
RXXL box, originally identi®ed in cyclin B1 (Glotzer
et al., 1991; King et al., 1996), and the KEN box,
originally identi®ed in fzy (P¯eger and Kirschner, 2000).

Several recent reports have shown that the fzy and fzr
APC/C activators directly interact with substrates (Burton
and Solomon, 2001; Hilioti et al., 2001; P¯eger et al.,
2001; Schwab et al., 2001). Mammalian fzr was found to
bind both KEN and RXXL box substrates; in contrast, fzy
was restricted to the binding of RXXL box substrates
(P¯eger et al., 2001). These studies used endogenous
substrates and were inconclusive as to whether the KEN
box is essential (Schwab et al., 2001) or suf®cient (Burton
and Solomon, 2001) for fzr speci®city.

We used sets of substrates that differed only at their
d-boxes in ®xed sequence contexts of known APC/C
substrates. One set was based on the N-terminal part of
cyclin B1 fused to CAT or GFP reporter proteins
(Figure 1). Wild-type B1 (RTAL) was universally de-
graded by both APC/Cfzy and APC/Cfzr. Two amino acid
substitutions made a non-degradable B1DM (GTAV).
Two additional substitutions made a B1DM-KEN that
could be degraded by APC/Cfzr only. The APC/Cfzr

speci®city of B1DM-KEN was deduced from an in vitro
ubiquitylation assay (Figure 3) and from the fact that it was
not degraded in cells arrested in telophase with non-
degradable cyclin B1 (Figure 4). Such cells contain highly
active APC/Cfzy and readily degraded wild-type B1-CAT,
as well as endogenous cyclin B1 (Figure 4) and securin
(Zur and Brandeis, 2001). Finally, cells transfected with
full-length catalytically active cyclin B1DM-KEN arres-
ted in telophase, like cells transfected with the non-
degradable cyclin B1. This arrest is the strongest evidence
so far that cyclin B1 degradation by the APC/Cfzy is
essential for mitotic exit, which could suggest that fzy is
essential in multicellular organisms. Cdc20, the budding
yeast homologue of fzy, is not essential; however, yeast
express the cyclin kinase inhibitor (CKI) p40sic1 that serves
as an alternative pathway for inactivating mitotic cyclins
(Visintin et al., 1998; Shirayama et al., 1999). In

multicellular organisms, no CKI that inhibits cyclin B1
in mitosis has been identi®ed so far.

The second set of substrates we used was based on the
N-terminal part of fzy fused to CAT or GFP. Fzy has a
KEN box and is degraded by APC/Cfzr only. We mutated
this box and obtained a stable fusion protein. RXXL boxes
were introduced into ®ve locations of this stable fusion
protein and all of them were degraded by APC/Cfzr. One of
these substrates was also ef®ciently degraded by APC/Cfzy

(Figure 5C).
The conclusion from the experiments with these arti®-

cial substrates is that the RXXL and KEN boxes, together
with ¯anking sequences or conformation, determine
whether an APC/C substrate will be targeted by both
APC/Cfzy and APC/Cfzr, or by APC/Cfzr only. To what
extent can this conclusion describe the degradation of real
substrates? Fzy is so far the only protein where it has been
shown rigorously that KEN on its own is suf®cient for
APC/C-speci®c degradation (P¯eger and Kirschner,
2000); in most other substrates, the KEN box is accom-
panied by some sort of RXXL box. The dual KEN+RXXL
substrates securin, hsl1, clb2 and nek2A are degraded
by both APC/Cfzy and APC/Cfzr (Baumer et al., 2000;
Yeong et al., 2000; Burton and Solomon, 2001; Hames
et al., 2001; Hendrickson et al., 2001; Zur and Brandeis,
2001). This pattern is consistent with our observation that
the RXXL box is dominant over the KEN box (Figures 4C
and 6B). Interestingly, cdc6 and Aurora-A, which both
have RXXL boxes, are degraded by the APC/Cfzr only
(Petersen et al., 2000; Castro et al., 2002). Table I shows
that the repertoire of arti®cial substrates we made covers
the full range of degradation speci®cities of endogenous
substrates: B1DM-KEN is degraded by the APC/Cfzr, like
fzy; B1-KEN is a dual KEN+RXXL substrate degraded by
both APC/Cfzy and APC/Cfzr, like securin; fzy-RXXL78 is
degraded by both APC/Cfzy and APC/Cfzr, like cyclin B1;
and ®nally, fzy-RXXL99 is degraded like cdc6, Aurora-A
and E2-C, by the APC/Cfzr only. Other endogenous
substrates that have been characterized so far also ®t into
one of these groups. We are currently addressing the
question of which ¯anking conformation or sequences are
required for activating a putative KEN or determining
whether an RXXL can signal targeting by the APC/Cfzy.

Sequential activation of the APC/C by fzy and fzr
Multiple experiments in yeast, ¯ies and mammalian cells
suggest that the APC/C is ®rst activated in metaphase by
fzy, and that fzr activates the APC/C later in mitosis. In
Drosophila, fzy is required for degradation of mitotic
cyclins in mitosis (Sigrist et al., 1995) and fzr is required
for degradation in G1 (Sigrist and Lehner, 1997).
Sequential activation of the APC/C by fzy in metaphase

Table I. Arti®cial substrates mimic the degradation speci®city and timing of all known endogenous APC/C substrates

Synthetic substrate D-box type Targeted by Endogenous substrate Degradation timing

B1DM-KEN KEN APC/Cfzr Fzy G1

B1-KEN KEN+RXXL APC/Cfzy and APC/Cfzr Securin Anaphase
Fzy-RXXL78 RXXL APC/Cfzy and APC/Cfzr Cyclin B1, Xkid Anaphase
Fzy-RXXL99 RXXL or KEN+RXXL APC/Cfzr E2-C, Cdc6, Aurora-A G1
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and by fzr in G1 is regulated both positively and negatively
by cdk1±cyclin B1. Cdk1±cyclin B1, in collaboration with
plk1 (Golan et al., 2002), phosphorylates the APC/C, a
precondition for its activation by fzy (Shteinberg et al.,
1999; Kramer et al., 2000; Rudner and Murray, 2000). At
the same time, cdk1±cyclin B1 phosphorylates fzr, thereby
preventing it from binding to the APC/C (Zachariae et al.,
1998; Lukas et al., 1999; Listovsky et al., 2000). After
cdk1±cyclin B1 activity is reduced due to cyclin B1
degradation, fzr is no longer inhibited and can bind to the
APC/C and activate it. In contrast to fzy, fzr binds non-
phosphorylated interphase APC/C, and it remains associ-
ated with it until the end of G1 (Zur and Brandeis, 2001).

We used GFP-tagged versions of the substrates we made
to directly observe the onset of APC/C activity in real
time. Degradation of APC/Cfzy substrate B1±GFP was
initiated at the metaphase±anaphase transition as reported
previously (Clute and Pines, 1999). The degradation of
APC/Cfzr-speci®c substrate B1DM-KEN±GFP was initi-
ated only in G1. A recent study has shown that securin with
a wild-type KEN and a mutated RXXL box is degraded by
APC/Cfzr only (Hagting et al., 2002). The degradation of
this APC/Cfzr-speci®c substrate is initiated in anaphase,
somewhat earlier than the degradation of B1DM-KEN that
we observed. This small difference might be due to
different experimental methods, cell lines or substrates
used for monitoring APC/Cfzr activation.

The mechanism that governs the replacement of fzy
with fzr is not understood. It is possible that fzy dissociates
from the APC/C upon dephosphorylation of the APC/C.
Inactivation of APC/Cfzy does not depend on APC/Cfzr

activity because it also takes place in embryos that do not
express fzr (Lorca et al., 1998) and in cells with a deleted
fzr gene (Sudo et al., 2001). Thus, it is not likely that the
degradation of fzy by APC/Cfzr plays an important role in
this switch from APC/Cfzy to APC/Cfzr.

Finally, the encouraging implication of our results is
that the complex issue of substrate recognition by the
APC/C and their sequential degradation could, potentially,
be explained by a set of relatively simple rules.

Materials and methods

Plasmids
The cyclin B1-CAT fusion reporter consists of the N-terminal 105 amino
acids of mouse cyclin B1 fused to bacterial CAT, and expressed by an SV
promoter (Brandeis and Hunt, 1996). B1±GFP codes for the same
fragment of the cyclin fused to GFP and expressed by an EF1 promoter.
Non-degradable full-length mouse cyclin B1±GFP was described
previously (Listovsky et al., 2000). To make substrates for ubiquitylation,
we cloned B1-CAT and its derivatives into pBluescript downstream of the
T7 promoter. All the described mutants were made by using the
QuikChangeÔ site-directed mutagenesis method (Stratagene). Fzy-CAT
and fzy±GFP fusion vectors encode the 112 N-terminal residues of human
fzy fused to CAT and GFP, respectively. Fzy-RXXL-CAT vectors were
made by introducing double-stranded oligos coding for RTALGDIGNK
into BssHII (28), BstEII (54), NgoMIV (78), NotI (99) and XbaI (115)
sites of fzy-CAT in which KEN was mutated to AAA.

Cell culture, transfections and synchronization
All experiments were performed with NIH 3T3 cells. Cells were
maintained in Dulbecco's modi®ed Eagle's medium (DMEM) supple-
mented with glutamine, penicillin/streptomycin and 10% fetal calf serum
(FCS; Biological Industries, Beit Haemek) and transfected by the CaPO4

co-precipitation method (Ausubel et al., 1994). The various CAT and
GFP fusion expression vectors were co-transfected with a G418
resistance vector, and resistant colonies were pooled. Prometaphase-

arrested cells were obtained by shake-off of cells that were treated with
nocodazole for ~16 h. G1 cells were obtained by shaking off nocodazole-
arrested cells, washing them, and growing them in fresh medium for 4 h,
or as indicated. The following drugs were dissolved in DMSO and used at
the indicated ®nal concentrations: 2 mM nocodazole (Sigma), 28 mM
roscovitin (Biomol) and 30 mM purvalanol A (Alexis).

Antibodies
The following antibodies were used: mouse monoclonal antibodies
against cdc27 (AF3), fzr (AR38) and cyclin B1 (152), as well as rabbit
anti-GFP, were a gift from J.Gannon and T.Hunt, and goat p55cdc (fzy)
and actin were purchased from SCB. Cdc27 antibodies were covalently
coupled to protein A±af®prep beads (Bio-Rad) as described previously
(Harlow and Lane, 1987). Immunoblots and immunoprecipitation were
performed by standard procedures (Harlow and Lane, 1987). CAT assays
were performed by standard methods using [14C]chloramphenicol
(Amersham) and acetyl CoA (Roche). CAT activity was calculated as
the proportion of the mono- and diacetylated chloramphenicol from the
total counts of [14C]chloramphenicol.

In vitro ubiquitylation assays
The in vitro ubiquitylation assays were performed as described previously
(Yudkovsky et al., 2000). Substrates for ubiquitylation were prepared by
in vitro transcription and translation in a coupled reticulocyte lysate
system (Promega) in the presence of [35S]methionine. Each reaction
contained partially puri®ed APC/C, E1, E2-C, an energy regenerating
system, and fzy or fzr. Mitotic APC/C was puri®ed from nocodazole-
arrested cells, and interphase APC/C from cells arrested with thymidine,
and released for 2 h into S phase.

Time-lapse photography
NIH 3T3 cells stably expressing the various GFP fusion proteins were
grown in 60 mm glass-bottom culture dishes (Mattek) in DMEM
supplemented with 10% FCS, glutamine and antibiotics. Growth medium
was replaced with CO2-independent MEM medium without Phenol Red
(Biological Industries) with the same supplements and transferred to a
heated stage at 37°C. Cells were photographed at a magni®cation of 3200
with an Olympus IX70 inverted microscope ®tted with a uniblitz shutter
(Vincent), to protect the cells from photo damage, and a Magna®re cooled
CCD camera (Optronics). This set-up was controlled by Image-Pro 4.5
and Scope-Pro 4.0 (media cybernetics) software. Cells were exposed for
1 s every 3 min. The time series of the region of interest (ROI) with the
dividing cell was subtracted with a time series of an adjacent background
ROI of identical size. Absolute levels of ¯uorescence were then
normalized and plotted as a function of time using the Time series
macro of Image-Pro.
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