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REVIEW

The anaphase-promoting complex:
it’s not just tor mitosis any more
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The ability of cells to make exact replicas of themselves
is central to the life and development of complex organ-
isms. Initial insights into the question of how cells di-
vide came during the latter half of the 19th century when
Walther Flemming visualized structures he called
threads (which we now call chromosomes) and described
how these threads change during cell multiplication, a
process he called mitosis. Now, more than a century
later, we have a molecular understanding of many of the
cellular processes that Flemming observed. Indeed, ma-
jor cytological events occurring during mitosis are
known to constitute cell cycle transitions and are regu-
lated by complex signal transduction pathways whose
major components have been identified during the past
decade. In this review, we describe recent efforts to un-
derstand how central components of this regulatory ap-
paratus—cyclin-dependent kinases and the anaphase-
promoting complex/cyclosome (APC/C)—control pro-
gression through the cell division cycle and how
regulatory mechanisms impinge on the APC/C. The
APC/C is the multisubunit ubiquitin ligase whose activ-
ity is precisely regulated to ensure the timely degrada-
tion of cyclins and other key cell cycle regulators in un-
perturbed cells and to respond to mitotic checkpoints
that prevent their degradation. We pay particular atten-
tion to recent developments as excellent reviews are
available from a few years ago (Morgan 1999; Zachariae
and Nasmyth 1999).

Cell cycle transitions: interplay between
cyclin-dependent kinases and
ubiquitin-mediated proteolysis

The primary task of the cell division cycle is to duplicate
genetic information precisely through the process of
DNA replication (S phase) and then to allocate this in-
formation equally to two daughter cells through mitosis.
Inaccuracies in this process can be problematic. For ex-
ample, cells that attempt to separate chromosomes that
are incorrectly or incompletely duplicated are much
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more likely to incur fatal or irreparable damage as a re-
sult of either loss or gain of genetic information. Thus, a
large number of signaling pathways collaborate to en-
force order on cell division events.

Cell cycle transitions are the primary mechanism used
by the cell to establish the order and timing of cell cycle
events. Such transitions occur when there is a change in
the biochemical status of the cell division machinery.
Early cell-fusion experiments showed that major cell
cycle phases can be incompatible with one another. For
example, when a G, cell is fused with an S-phase cell,
the G, nucleus waits until the S-phase nucleus has com-
pleted replication before both nuclei enter mitosis syn-
chronously (Rao and Johnson 1970). Thus, progression
through G, into mitosis is incompatible with ongoing
DNA synthesis. Through subsequent genetic and bio-
chemical analysis, we now understand in general terms
how these cell cycle dependencies are generated and con-
trolled. Moreover, molecules that play key roles in de-
fining particular cell cycle stages have been uncovered.
One frequently used paradigm involves an inhibitor-ac-
tivator module; a protein complex in which an activator
of a particular transition is held in an inactive form by an
inhibitory factor (Fig. 1A). The definition of a specific
component as an inhibitor or activator is frequently
complicated by the fact that a given protein may perform
both roles; an activator of a particular transition may
become an inhibitor of a subsequent transition. A case in
point is the Cdk inhibitor Sicl in budding yeast. Sicl
promotes mitotic exit by inhibiting the activity of mi-
totic cyclin/Cdk complexes (Clb2/Cdc28) but blocks S-
phase entry by inhibiting a closely related pair of S-phase
Cdk complexes (Clb5-6/Cdc28). As described in more de-
tail below, the mitotic inhibitor Pdsl and B-type cyclins
display similar dual functions. Thus, molecules that
function as both inhibitors and activators of cell prolif-
eration are frequently nodes of regulation and are used as
focal points for the integration of multiple signaling
pathways that monitor ongoing and completed cellular
events and that link these with transitions.

Ubiquitin-mediated degradation of inhibitory factors
is a primary mechanism by which a change in cell cycle
state is achieved. This process involves the covalent at-
tachment of ubiquitin chains to lysine residues in a tar-
get protein, leading to its recognition and degradation by
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Figure 1. (A) Schematic representation of a common mecha-
nism used to control cell cycle transitions. When an activating
component A is associated with an inhibitory component I, the
cell cycle transition is blocked. In response to appropriate sig-
nals, association of A with Iis abolished (in some cases through
proteolytic destruction of I) and A can activate the transition. In
some cases, I has served a positive role in a previous step in the
cell cycle. (B) Degradation of protein substrates through the
ubiquitin-proteasome pathway involves three components, El,
E2, and E3. E1 uses ATP to form a high-energy thiol ester with
the C-terminal glycine of ubiquitin. This ubiquitin is then
transferred to a cysteine residue in one of several E2s. Specific
E2s assemble with appropriate E3s to initiate transfer of ubiq-
uitin to an associated substrate. Multiple rounds of ubiquitina-
tion of the initial ubiquitin conjugate lead to the formation of
polyubiquitin chains, which are then recognized by the protea-
some, which degrades the ubiquitinated protein. (C,D) Regula-
tion of ubiquitination can occur through multiple mechanisms.
Some ubiquitination reactions (C), such as those involving
known SCF-mediated pathways, require that the substrate be
phosphorylated to be recognized by the E3. In other cases such
as the APC (D), the E3 is the target of regulation by phosphory-
lation, and substrate recognition does not require that the sub-
strate be phosphorylated. With the APC (D), phosphorylation
can either act to positively (pathway a) or negatively (pathway b)
regulate activity, depending on the context.

the proteasome. The specificity of ubiquitin-mediated
proteolysis is exquisite, allowing a single protein within
a larger complex to be modified and destroyed. More-
over, the fact that ubiquitin-mediated proteolysis is both
rapid and irreversible means that the change in cell cycle
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state can occur in a unidirectional switch-like fashion.
Ubiquitination involves three major steps (Fig. 1B;
Hershko and Ciechanover 1998). First, the ubiquitin-ac-
tivating enzyme E1 uses ATP to generate a thiol ester
between its active-site cysteine and the C-terminal gly-
cine residue of ubiquitin. Second, the ubiquitin is trans-
ferred to the active-site cysteine of an E2 (ubiquitin-con-
jugating enzyme). Third, the E2 assembles with an E3
(ubiquitin ligase) and then transfers ubiquitin to one or
more lysine residues of a substrate protein to generate a
stable isopeptide linkage. Multiple rounds of ubiquitin
transfer to the initial ubiquitin conjugate lead to the for-
mation of polyubiquitin chains, which are then recog-
nized by the regulatory cap of the proteasome. E3s are
key components of ubiquitination pathways because
they determine the substrate specificity of ubiquitina-
tion reactions, they recruit the appropriate E2, and they
may also contribute to E2 activity.

Because the degradation of key cell cycle regulators
typically occurs in response to the fulfillment of mul-
tiple criteria, it is not surprising that complex signaling
systems impinge on key ubiquitination reactions. Many
of these signaling systems involve input from a protein
kinase pathway and can act either positively or nega-
tively. In some cases, the substrate itself is the recipient
of regulatory information, and its phosphorylation sets
up the timing of its ubiquitination. For example, many
substrates of the SCF (Skp1/Cull/F-box protein) ubiqui-
tin ligase need to be phosphorylated prior to binding to
the SCF, which can be constitutively active (for review,
see Deshaies 1999; Koepp et al. 1999). In other cases,
such as the APC/C, protein kinases affect primarily the
activity status of the E3 in either positive or negative
ways (for review, see Morgan 1999; Zachariae and Nas-
myth 1999). Of course, variations on these themes exist,
including the use of coactivators and inhibitory sub-
units.

Cycling into destruction: discovery of the APC/C

The APC/C and SCF ubiquitin ligases have emerged
from studies aimed at understanding how key compo-
nents of the cell cycle—cyclins and cyclin-dependent ki-
nase inhibitors—are regulated. An unexpected surprise
was that the discovery of these ligases provided not only
the key to understanding how Cdk activity is regulated
but also insights into how other basic processes such as
sister-chromatid separation are controlled, and how nu-
merous phosphorylation-driven signaling pathways are
regulated.

Initial insight into the problem of regulated proteoly-
sis of cell cycle molecules came from an attempt to un-
derstand how mitotic cyclins are degraded as cells pass
through mitosis (for review, see Zachariae and Nasmyth
1999). Multiple systems contributed to developments in
this area, but experiments in clam, sea urchin, and Xeno-
pus egg extracts were crucial in framing the problem.
Cyclins A and B were identified in marine invertebrates
as proteins that are translated in response to fertilization
but rapidly degraded at each cleavage of the early em-
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bryo, suggesting that this disappearance was cell cycle
regulated (Evans et al. 1983). Efforts to link A- and B-type
cyclins with maturation promoting factor, an activity
required for the interphase-to-metaphase transition, and
with the Cdc2 protein kinase simultaneously led to the
finding that cyclin B alone is sufficient to induce mitosis
in interphase egg extracts and that cyclin B degradation
occurs precisely as cells exit mitosis (Luca and Ruder-
man 1989; Murray and Kirschner 1989; Murray et al.
1989). These early experiments also revealed that cyclin
B degradation could be triggered in interphase by addi-
tion of active Cdc2 (foreshadowing the role of Cdk-me-
diated APC/C phosphorylation in its activation) and that
cyclin B degradation required elements in its N terminus
(foreshadowing the elucidation of a motif, the “destruc-
tion box,” that serves as a recognition element for the
APC/C; Murray et al. 1989; Félix et al. 1990). In fact, the
first suggestion that cyclin B degradation was required
for exit from mitosis came from the finding that sea ur-
chin cyclin BA9O (lacking its N-terminal 90 amino acids)
could activate Cdc2 and induce mitotic entry but that it
was stable and prevented mitotic exit (Murray et al. 1989).

Efforts to elucidate the mechanism underlying cyclin
B degradation led to the finding that cyclin B undergoes
covalent modification to form a ladder of proteins with
reduced electrophoretic mobility in mitotic extracts but
not in interphase extracts (Glotzer et al. 1991). The spac-
ing between these modified forms (~7 kD) suggested that
ubiquitin might be involved. At the time, E1 and E2
components had begun to be defined, but a major gap in
the ubiquitination field concerned the nature and iden-
tity of E3s. Moreover, actual in vivo substrates of the
ubiquitin—proteasome system were poorly defined.
Thus, cyclin B became an important model system for
defining E3s and for understanding how ubiquitin-medi-
ated proteolysis controlled cell cycle transitions, ulti-
mately revealing that the E3 activity required for cyclin
B degradation is also used to destroy other important
mitotic regulators.

Initial insight into the cyclin B ubiquitin ligase came
from its partial purification from marine invertebrates
and Xenopus. Reconstitution of cyclin B ubiquitination
activity from fractionated extracts required El, an E2
activity, and an E3 activity that had the properties of a
large complex, with an estimated size of 1500 kD (20S;
Hershko et al. 1994; King et al. 1995; Sudakin et al.
1995). The identification of components of the E3 was
advanced by the observation that B-type cyclins are not
only unstable during mitotic exit but also for an ex-
tended period in G, in budding yeast (Amon et al. 1994).
This instability during G, facilitated the development of
a genetic screen that allowed the identification of several
genes, including CDC16 and CDC23, which, when mu-
tated, blocked mitotic cyclin degradation during G, (Ir-
niger et al. 1995). Cdcl6 and Cdc23 contain a repetitive
protein—protein interaction domain, the TPR motif, but
this provided few clues as to how these proteins pro-
moted B-type cyclin degradation. Furthermore, extracts
from cdc16 and cdc23 cells (as well as two additional
mitotic-arrest mutants, cdc26 and cdc27) were defective
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in cyclin ubiquitination, as expected if these proteins
were part of an E3 (Zachariae and Nasmyth 1996). Im-
portantly, cdc16 and cdc23 mutants are not only defec-
tive in exit from mitosis but are also defective for sepa-
ration of sister chromatids at the metaphase-to-anaphase
transition. These findings provided genetic evidence that
the machinery used for cyclin degradation is also in-
volved in other aspects of mitosis (Irniger et al. 1995; for
review, see Nasmyth 1999), an idea that was previously
proposed based on the finding that the proteasome, but
not cyclin B destruction, is required for anaphase in
Xenopus extracts (Holloway et al. 1993). The availability
of antibodies to human Cdcl16 and Cdc27 made it pos-
sible to show directly that these proteins are present in
purified APC/C complexes from human cells and Xeno-
pus egg extracts, and also made it possible to show that
anti-Cdc27 immune complexes contain cyclin-B E3 ac-
tivity (King et al. 1995). The identification of essential
APC/C components not only provided the building
blocks with which to define the complex in greater detail
(see below) but also, together with the identification of
APC/C-targeting sequences, the Destruction and KEN
boxes, facilitated the identification of APC/C substrates
other than mitotic cyclins.

APC/C composition and structure: relationship
with the SCF ubiquitin ligase

The large size of the purified cyclin-B E3 suggested that
components in addition to Cdcl6 and Cdc23 would be
present. These components were identified biochemi-
cally from both yeast and Xenopus, and the correspond-
ing human cDNAs were identified (Table 1; Peters et al.
1996; Zachariae et al. 1996, 1998b; Yu et al. 1998). Sev-
eral APC/C components were also identified in a collec-
tion of cut mutants in Schizosaccharomyces pombe (Ya-
mashita et al. 1999; Tatebe and Yanagida 2000). Budding
yeast APC/C contains 11 core subunits that remain
tightly associated throughout purification and are all re-
quired for timely mitosis. Like the TPR-repeat-contain-
ing subunits, temperature-sensitive mutations in APC1,
APC2, and APC11 arrest in metaphase at the nonpermis-
sive temperature because of an inability to induce loss of
sister-chromatid cohesion (Zachariae et al. 1996, 1998D;
K.M. Kramer et al. 1998). These mutants are also defec-
tive in B-type cyclin degradation in vivo and cyclin B
ubiquitination in extracts (Zachariae et al. 1998b). Apc9,
although not essential for viability, is nevertheless re-
quired for efficient entry into anaphase. Docl was origi-
nally identified in budding yeast (Hwang and Murray
1997) and later found as a component of the human and
S. pombe APC/C, referred to as APC10 (Kominami et al.
1998; Grossberger et al. 1999; Kurasawa and Todokoro
1999). Docl is required for Clb2 degradation during mi-
totic exit in budding yeast. Although a role for Docl in
early mitotic events has not been reported, a radiation-
induced mouse mutant called oligosyndactylism dis-
plays defects in the metaphase-to-anaphase transition.
This mutation appears to inactivate the APC10/Docl
gene (Pravtcheva and Wise 2001). Detailed analyses of
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Table 1. APC subunits
Saccharomyces Schizosaccharomyces Drosophila
ceravisiae pombe Homo sapien melanogaster Caenorhabditis elegans Function Motifs
Apcl Cut4 tsg24/Apcl CG9198 mat-2, pod-3, W10C6.1 Rpnl/2
Apc2 SPBP23A10.04 Apc2 CG3060 KO6H7.6 Scaffold, binds Apc2  Cullin homology
and Ubcs domain
Cdc27 Nuc2 Cdc27/Apc3  cdc27 mat-1, pod-5, CE23241 TPR repeats, Cdk
phospharylation
Apcé Cut20, Lidl Apcé CG4350
Apc5 Apc5, spac959, 09C Apc5 CG10850/ida M163.4
Cdcl6 Cut9 Cdcl6/Apc6  cdcl6 pod-6, emb-27, F10B5.6 TPR repeats, Cdk
phosphorylation
Cdc26 Henl Cdc26
Cdc23 Cut23 Cdc23/Apc8  CG2508 mat-3, F10C5.1 TPR repeats, Cdk
phosphorylation
Apc9 Nonessential for
viability but
required for timely
anaphase entry
Docl ApclO ApclO CG11419 F15H10.3 Doc domain
Apcll Apcll, SPAC343.03  Apcll Img (lemming) F35G12.9 Recognition of Ubcs  Ring-H2 finger
Cdc20 Slpl Cdc20 fzy cdc20, ZK177.6 APC activator/ WD40 repeats
specificity factor
Cdhl1/Hetl Ste9 Cdhl fzt, rap fzr, ZK1307.6 APC activator/ WD40 repeats, Cdk
specificity factor phosphorylation sites
Amal Mifrl Meiosis specific APC ~ WD40 repeats
activator
Apc7 CGl14444 B0464.2 TPR repeats

Apc4 and Apc5 mutants have not been reported in bud-
ding yeast. However, APC5/ida mutants in Drosophila
and APC4/emb-30 mutants in Caenorhabditis elegans
produce metaphase arrests (Furuta et al. 2000; Bentley et
al. 2002). At present, Apc9 appears to be unique to the
budding yeast APC/C (Zachariae et al. 1998b), whereas
Apc7 has only been found in metazoans (Table 1; Yu et
al. 1998). It is possible that additional APC/C subunits
exist, as a small number of proteins in APC/C immune
complexes from yeast have not yet been identified
(Zachariae et al. 1998b).

The SCF ubiquitin ligase and its role
in Cdk regulation

The majority of APC/C subunits have, as yet, unknown
functions and in many cases lack conserved domains
that would suggest a function. Major exceptions to this
generalization are the Apc2 and Apcll subunits, which
display sequence identity with core components of the
SCF ubiquitin ligase (Fig. 2A; Yu et al. 1998; Zachariae et
al. 1998Db). SCF complexes are modular E3s that contain
a core ubiquitin ligase composed of Cull/Cdc53, Skpl,
the ring finger protein Rbx1/Rocl/Hrtl, and a member of
the F-box family of proteins, which serves as the sub-
strate receptor (Fig. 2A; Bai et al. 1996; Feldman et al.
1997; Skowyra et al. 1997). The SCF ubiquitin ligase was
discovered during efforts to identify the mechanism of
degradation of the Sicl Cdk inhibitor and G, cyclins in
budding yeast, but it is now recognized as one of the
largest families of ubiquitin ligases in eukaryotes (for
review, see Patton et al. 1998; Deshaies 1999; Koepp et
al. 1999). Initial insight into Sicl turnover came from an
analysis of temperature-sensitive yeast mutants that
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blocked DNA replication but not budding or spindle-
pole-body duplication. At the nonpermissive tempera-
ture, cdc53, cdcd, skpl, and cdc34 strains arrest in G,
with elevated levels of Sicl and reduced Clb5/Cdc28 ac-
tivity, whereas analogous mutant cells also lacking Sicl
proceed through S phase and arrest in mitosis (Schwob et
al. 1994; Bai et al. 1996). This suggests a role for SCFC4*
in mitosis, but the nature of this role and the substrates
of this E3 during mitosis have yet to be identified.
Although the fact that CDC34 encodes a ubiquitin-
conjugating enzyme suggested a role for ubiquitin-medi-
ated proteolysis in Sicl regulation (Schwob et al. 1994), it
was unclear how these genetically defined components
cooperated to regulate Sicl turnover. The finding that
CDC34 and CDC53 were also genetically required for
degradation of G, cyclins (Tyers et al. 1992; Deshaies et
al. 1995; Lanker et al. 1996; Mathias et al. 1996; Willems
et al. 1996) suggested that these components functioned
in multiple proteolysis pathways, but it was not clear
how different substrates would be targeted or recognized.
The identification of Skpl as a high-copy suppressor of
cdcd mutants (Bai et al. 1996) provided an answer to this
question. Like cdc53 and cdc34 mutants, skpl mutants
display defects in both Sicl and G, cyclin turnover.
Moreover, Skpl was found to interact with a 40-amino-
acid domain in Cdc4 called the F-box, which was also
found in a number of other proteins (Bai et al. 1996). One
of these proteins, Grrl, had been implicated in turnover
of G, cyclins (Barral et al. 1995). This, together with
genetic interactions among SKP1, CDC53, and CDC34,
led to the idea that these proteins function together with
different F-box proteins to direct the ubiquitination of
different targets (Bai et al. 1996). This prediction proved
correct as reconstituted SCFC* complexes can direct
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Figure 2. (A)Domain structures of SCF, CBC, and APC/C complexes. All three types of E3s contain a core ubiquitin ligase composed
of a cullin-homology domain (CHD) containing protein (yellow), a RING-H2 protein (red/orange), and an adapter such as Skpl (purple;
unknown in the case of the APC/C) to facilitate interaction with substrate receptors (F-box proteins, BC-box proteins, and Cdc20/Cdh1
proteins). The RING-H2 finger assembles with the E2. The contacts made between various APC/C subunits are not known. (B)
Schematic representation of the CHD of the SCF complex emphasizing the subdomains that form the cavity where the RING-H2
protein Rbx1 binds (red; see text for details). (C) Conservation between Apcl1 and Rbx1. The structure of an Rbx1/Cull(CHD)/Ubc7
complex was used to display the conservation between Apcll and Rbx1. The CHD is shown in yellow, Rbx1 in red, and Ubc7 in
magenta. Residues conserved in APC11 and Rbx1 are shown in red spacefill. Residues in spacefill blue correspond to those that are
conserved in Apcll and Rbx1 and that are thought to interact with the E2 (Trp 87, Pro 95, Leu 96 in Rbx1). Residues in Ubc7 that are
thought to contact the ring domain of Rbx1 are shown in magenta spacefill (Pro 62, Phe 63, Pro 97). The active-site cysteine of Ubc7

is shown in cyan.

the ubiquitination of Sicl, which interacts with the
WD40 repeats in the C terminus of Cdc4 in a phosphory-
lation-dependent manner (Feldman et al. 1997; Skowyra
et al. 1997), whereas SCF<"*! complexes can promote the
ubiquitination of G, cyclins (Seol et al. 1999; Skowyra et
al. 1999), which bind to leucine-rich repeats in Grrl in a
phosphorylation-dependent manner (Skowyra et al.
1997; Hsiung et al. 2001).

SCF-mediated ubiquitination is used to control the
flux through multiple signaling pathways, including
transcriptional control pathways, developmental path-
ways, and hormone signaling pathways in plants. In all
the cases analyzed thus far, protein turnover through the
SCF pathways depends on phosphorylation of the sub-
strate, allowing it to interact with the appropriate F-box
protein (Deshaies 1999; Koepp et al. 1999). Recent data
indicate that turnover of Sicl is ultrasensitive to Cln/
Cdc28 concentrations (Nash et al. 2001), providing a
mechanism to link the timing of Clb/Cdc28 activation

with G, cyclin levels and nutrients. An ultrasensitive
response occurs when a system responds to a graded in-
put with an output that is switch-like or “all-or-none.”
Ultrasensitivity in the case of Sicl destruction arises be-
cause multiple phosphorylation events are required to
allow it to engage SCFC9*, Sicl contains nine Cdk phos-
phorylation sites, and at least six of these need to be
phosphorylated for efficient recognition by SCFCdc*
(Verma et al. 1997; Nash et al. 2001). Assuming that
Cdc28-mediated phosphorylation of Sicl occurs via a
dissociative mechanism, this is expected to generate an
ultrasensitive response with a Hill coefficient >6 (Nash
et al. 2001). The Hill coefficient could actually be much
larger owing to positive feedback via Clb5/Cdc28 activ-
ity upon Sicl destruction (for review, see Deshaies and
Ferrell 2001; Harper 2002). Interestingly, none of the in-
dividual phosphorylation sites in Sicl conform to the
optimal phospho-peptide recognition motif for Cdc4, but
replacing a single phosphorylation site with an optimal
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Cdc4 recognition sequence in an otherwise nonphos-
phorylatable Sicl protein makes the modified Sicl more
unstable than wild-type Sicl (Nash et al. 2001). This
change leads to defects in G,/S control in vivo and sug-
gests that the use of suboptimal sites and the resulting
ultrasensitivity provide a mechanism to tightly link Sicl
turnover to the level of Cln/Cdc28 activity. Other phos-
phorylation-driven ubiquitination reactions may also be
ultrasensitive.

Core components of the SCF and APC/C are
structurally related

There are notable structural similarities between SCF
and APC/C subunits (Fig. 2A). The identification of Apc2
revealed that it is related to Cdc53 in that they both
share a 180-residue domain referred to as the cullin ho-
mology domain (CHD; Zachariae et al. 1998b; Wirbe-
lauer et al. 2000). This domain is found in six closely
related cullin family members in multicellular eukary-
otes, in Apc2, and in several other more distantly related
proteins. Because Cull had been implicated in binding to
the E2 Cdc34 (Feldman et al. 1997; Skowyra et al. 1997,
this suggested that Apc2 might also recruit an E2.

A more complete understanding of the relationship be-
tween SCF complexes and the APC/C came with the
identification of the RING-H2 protein Rbx1/Rocl/Hrtl
as a subunit of the SCFs in both yeast and human cells
(Kamura et al. 1999; Ohta et al. 1999; Seol et al. 1999;
Skowyra et al. 1999). When the RING-H2 protein Apcll
was initially identified as a component of the APC/C, it
was shown to be required for APC/C activity (Zachariae
et al. 1998Db), but its role in ubiquitination was unknown.
The identification of a highly related protein in the SCF
immediately suggested that the APC/C and SCF shared
mechanistic similarities. Like Apc11, Rbx1 is an essen-
tial gene in budding yeast, and extracts from cells con-
taining temperature-sensitive mutations in Rbx1 display
defects in ubiquitination of Clnl and Sicl. Importantly,
Rbx1 interacts directly with Cdc53, and this interaction
strongly stimulates the association of Cdc34 with
Cdc53. Moreover, Rbx1 interacts with Cdc34 by itself,
although this binding is stimulated by Cdc53 (Seol et al.
1999; Skowyra et al. 1999). The consequence of this in-
teraction is the activation of ubiquitin-conjugating en-
zyme activity. Cdc34 displays weak autoubiquitination
activity in vitro, but addition of Cdc53/Rbx1 complexes
stimulates this activity (Seol et al. 1999; Skowyra et al.
1999). Similarly, human Rbx1/Rocl can greatly stimu-
late formation of ubiquitin chains in vitro (Ohta et al.
1999). These findings suggested that RING-H2 domains
such as those contained in Rbx1 function to both recruit
and activate E2s. Subsequent studies have shown that
Apc2 and Apcll form a ubiquitin ligase core analogous
to the Cull/Rbx1 module (Fig. 2A) and that this complex
has the ability both to bind E2s and to stimulate non-
specific ubiquitination activity (Gmachl et al. 2000; Le-
verson et al. 2000; Tang et al. 2001a). Mutation of the
conserved ring-finger domain within Apcll abolishes
this activity.
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The cullin/RING-H2 ubiquitin ligase core

Structural studies of SCF complexes and another RING-
H2 ubiquitin ligase, Cbl, have helped define how the
cullin/RING-H2 modules function in ubiquitination re-
actions (Zheng et al. 2000, 2002). Cull is a highly elon-
gated protein composed of an N-terminal domain of
three repetitive a-helical bundles. The extreme N-termi-
nal bundle interacts with Skpl. The C-terminal region
contains the CHD and additional sequences that interact
with Rbx1 to form a globular structure composed of a
5-strand B-sheet and three independently folded helical
bundles (Fig. 2B; Zheng et al. 2002). The previously de-
fined cullin homology domain is composed of a 4-helix
bundle linked to an «/B-domain in which the second
strand of the B-sheet is provided by an extended N ter-
minus of Rbx1 (residues 20-35). This B-sheet interaction
constitutes all of the interactions between Rbx1 and the
previously defined CHD and explains the sequence con-
servation in this domain. One unexpected outcome of
this structural analysis is the expansion of the CHD. The
C-terminal 180 residues of the CHD contain two
winged-helix (WH) domains. The second WH domain
(WH-B) is highly conserved in cullin family members; it
forms a cradle that interacts with the RING-H2 domain
of Rbx1 and also contains the conserved lysine residue
that is the site of modification by Nedd8 (Fig. 2B), a small
76-residue protein with sequence similarity to ubiquitin.
Nedd8’s molecular function is unknown, and members
of the cullin family of proteins are the only known re-
cipients of Nedd8 conjugation (Tanaka et al. 1998), al-
though more are likely to be found in the future. Linkage
of Nedd8 to Cull is required for full catalytic activity of
SCF complexes (for review, see Deshaies 1999), and the
juxtaposition of the Nedd8 modification site with the
site of Rbx1 binding is presumably of functional impor-
tance. Apc2 is not neddylated and displays little se-
quence identity with cullins in this C-terminal region.
Nevertheless, crystallographic analysis has revealed that
the C terminus of Apc2 also forms a WH domain very
similar to that found in Cull (Zheng et al. 2002). Overall,
these results indicate that the boundaries previously
used to define the cullin homology domain should be
expanded to include the extreme C termini of cullin and
Apc2 family members. Based on the Rbx1/Cull struc-
ture, it is expected that Apcll will interact with the
C-terminal WH domain of Apc2, and one could speculate
that other APC/C subunits might play a role analogous
to that played by Nedd8 in cullin complexes.

A major question concerns how E2s are recruited to
and recognized by the APC/C. Previous studies have
shown that the APC/C can use multiple E2 family mem-
bers, including human UbcH10 and its close homologs
UbcX and E2-C (Aristarkhov et al. 1996; Yu et al. 1996;
Osaka et al. 1997; Townsley et al. 1997), as well as Ubc4
from yeast (Charles et al. 1998). However, the APC/C is
apparently unable to use Ubc3/Cdc34, a major SCF E2.
Structural information relevant to E2 selection by
RING-H2-based E3s has come from the analysis of Cbl, a
ring-finger protein involved in receptor tyrosine kinase
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turnover, in complexes with UbcH7 (Zheng et al. 2000).
Highly conserved Phe and Pro residues in UbcH7 inter-
act with a hydrophobic surface in the Cbl ring-finger
domain, which is formed primarily by the canonical
RING-H2 domain. Key residues in Cbl involved in inter-
action with UbcH7 (Trp 87, Pro 95, Leu 96) are all con-
served in Rbx1, suggesting that Rbx1 will interact in a
similar way with Ubc3/Cdc34. Consistent with the in-
volvement of these residues, mutation of Trp 87 in Rbx1
leads to a nonfunctional protein (Zheng et al. 2002). In-
terestingly, Apcll and Rbx1 are quite similar in this re-
gion (Fig. 2C). Although structural studies are necessary
to determine precisely how E2s interact with Rbx1/Cull
and Apcl1/Apc2 complexes, the available data suggest a
generally conserved mechanism for interactions be-
tween E2s and distantly related RING-H2 domains.
However, it is unclear at present what dictates the speci-
ficity of interaction of E2s with various RING-H2 pro-
teins. In addition, Ubc4 interacts with Apcll and most
likely the Apcl1/Apc2 complex, whereas UbcH10 does
not require coexpressed Apcll to interact with Apc2
(Tang et al. 2001a). Precisely how the Apc2/UbcHI10 in-
teraction occurs and whether it contributes to ubiquiti-
nation is unclear.

Structural analysis of the APC/C

Although we are now beginning to understand how the
cullin-RING-H2 modules of the APC/C function in
ubiquitination, we have little mechanistic information
concerning other APC/C subunits. In principle, these
subunits could be involved in binding to the APC/C ac-
tivators Cdc20 and Cdhl or in localizing the APC/C to
particular structures in the cell. Alternatively, some of
these subunits, such as Cdc16, Cdc23, and Cdc27, which
are phosphorylated (see below), could be used as recipi-
ents of regulatory information. A complete understand-
ing of APC/C function will require structural analysis,
but this goal will be a challenge because of the APC/C’s
complex composition. Recent work has led to a low-
resolution (24-A) structure of human APC/C determined
by cryo-electron microscopy and image reconstruction
(Gieffers et al. 2001). The structure is dominated by an
outer protein wall containing an inner channel that has
been hypothesized to be the reaction chamber. It is un-
clear where critical subunits are in this structure, and
additional work is needed to establish the quaternary
organization of the individual subunits. One approach
will involve structure determination of APC/C subcom-
plexes and individual subunits, which can then be mod-
eled on low-resolution structures. It has been known for
some time that loss of particular subunits such as the
nonessential subunits Cdc26 and Apc9 leads to rear-
rangement of the APC/C (Zachariae et al. 1998b). For
example, Apc2 immune complexes from cells lacking
Cdc26 contain greatly reduced levels of Cdcl6, Cdc27,
and Apc9, suggesting that these subunits form a subcom-
plex.

The only APC/C subunit to be examined crystallo-
graphically thus far is Docl/Apcl0, which is the found-

The anaphase-promoting complex

ing member of a family of proteins that contain a Docl
domain. Docl domains are not limited to the APC/C. In
fact, several Docl-domain-containing proteins have been
identified that also contain other domains implicated in
ubiquitination, including the CHD, suggesting that
Docl domains play a general role in ubiquitination re-
actions (Grossberger et al. 1999). The Docl domain from
both yeast (Au et al. 2002) and humans (Wendt et al.
2001) forms a twisted B-sandwich jelly-roll structure.
This structure is quite similar to the fold found in sev-
eral proteins involved in biomolecular interactions, in-
cluding galactose oxidase, sialidase, and XRCCl1, al-
though this similarity is not evident at the level of pri-
mary sequence. Interestingly, conserved residues in
Docl domains cluster on a single surface of the protein
that is analogous to the surface used by sialidase to bind
its ligand. Moreover, this patch also contains Ser 148,
which is the site of a temperature-sensitive mutation in
yeast Docl (Hwang and Murray 1997). Taken together,
these data suggest that Docl may interact with APC/C
components or substrates of the reaction through this
conserved domain. Finding proteins that interact with
Docl may help uncover the function of this subunit and
may also aid in understanding the role of Docl domains
in other classes of E3.

APC/C activators: Cdc20 and Cdhl

Most of the substrate selectivity of the APC/C resides in
the so-called activator proteins Cdc20 (also called
p55°P€ and fizzy, fzy) and Cdhl (also called Hctl and
fizzy-related, fzr). The initial characterization of cell
cycle mutants in budding yeast showed that cells mu-
tant for CDC20 had a similar arrest phenotype as cells
mutant for what subsequently became known as genes
for APC/C subunits such as CDC23, CDC26, and
CDC27. The first direct connection to cell cycle prote-
olysis came from Drosophila, where fizzy mutants failed
to degrade mitotic cyclins (Dawson et al. 1993; Sigrist et
al. 1995). Cdc20 is required for APC/C function in mi-
tosis (see below). Cdh1l/Hctl (Cdc20 homolog/Homolog
of Cdc twenty) was first identified in budding yeast and
found to be necessary for the activity of the APC/C in
late mitosis and in G, (Schwab et al. 1997; Visintin et al.
1997). Similarly, Drosophila fzr was found to be required
for maintaining low mitotic cyclin levels in G, (Sigrist
and Lehner 1997). Cdc20 and Cdhl are members of a
multigene family. For example, a meiosis-specific form,
called Amal, has been found in Saccharomyces cerevi-
siae (Cooper et al. 2000), and multiple Cdhl homologs
have been found in chickens (Wan and Kirschner 2001;
see below). As described below, the use of multiple APC/
C-activating proteins allows flexibility in APC/C func-
tion.

Complementing the genetic evidence that Cdc20 and
Cdhl are required for APC/C function in vivo, biochemi-
cal experiments showed that they were necessary for
APC/C activity in vitro (Fang et al. 1998a; E.R. Kramer et
al. 1998; Jaspersen et al. 1999). Added Cdhl was neces-
sary for the activity of the APC/C immunoprecipitated
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from yeast cell extracts (Jaspersen et al. 1999). Similarly,
added Cdhl and Cdc20 were each able to activate im-
munopurified Xenopus and human APC/C (Fang et al.
1998a; E.R. Kramer et al. 1998). Interestingly, addition of
Cdc20 and Cdhl conferred distinct substrate selectivi-
ties on the APC/C. This specificity is reflected in the
general tendency of Cdc20 to target the APC/C to sub-
strates containing a degradation signal called the de-
struction box and for Cdhl to target the APC/C to sub-
strates containing a distinct signal termed the KEN box
(see below). Although the simplest explanation for the
distinct substrate specificities of APC©920 and APCCdh!
would be that Cdc20 and Cdhl recruited substrates to
the APC/C, there was no evidence for this until recently.
Hence, for some years Cdc20 and Cdh1 were known sim-
ply as “APC/C activators” to indicate simultaneously
their requirement for APC/C function and our ignorance
about their biochemical roles. Because they bind to the
APC/C and confer substrate specificity upon it, Cdc20
and Cdhl play the role that F-box proteins play in SCF
complexes. However, Cdc20 and Cdhl only associate
with the APC/C transiently, essentially making them
alternative substoichiometric APC/C subunits. How
these two proteins coordinate distinct cell cycle transi-
tions is discussed below.

Integration of APC/C activity with cell
cycle transitions

Research during the last decade has revealed that the
chromosome cycle is inextricably linked with the Cdk
cycle. There are two major states of Cdk activity during
the cell cycle; a state where Cdk activity is high and a
state where Cdk activity is low (Fig. 3A; Amon 1997;
Irniger and Nasmyth 1997). This periodicity underlies
temporal control of DNA replication and links it to the
process of mitosis. Initiation of DNA replication re-
quires the integration of two central processes: (1) for-
mation of a prereplication complex and (2) activation of
DNA-unwinding and polymerase functions. The former
can occur only when Cdk activity is low, whereas the
latter is promoted by high Cdk activity (Dahmann et al.
1995; Diffley 1996, 2001; Piatti et al. 1996; Noton and
Diffley 2000). Thus, the switch from low Cdk activity to
high Cdk activity is critical to proper control of DNA
replication. Moreover, because Cdks are inhibitory to
the formation of prereplication complexes, reinitiation
cannot occur until cells reduce their Cdk activity by
passing through mitosis, thereby ensuring the temporal
order of S- and M-phases.

Efforts to understand how this periodicity in Cdk ac-
tivity is achieved have led to a greater understanding of
both the positive and negative roles played by the APC/C
in cell cycle control. The APC/C is required to reduce
B-type cyclin levels as cells pass through anaphase and
telophase, but the APC/C also restrains the accumula-
tion of B-type cyclins during G, and its inactivation is
required for timely S-phase entry (Irniger and Nasmyth
1997). Moreover, the APC/C is required to coordinate
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Figure 3. Temporal control and substrates of the APC/C. (A)
Periodic activities of APC®92°, cyclin B/Cdc2, and APC/CCdbt,
Cdk kinase activity is high in S phase and persists to the meta-
phase-anaphase transition. APC42C is activated as cells ap-
proach metaphase, and this activity is enforced by high Cdc28
activity. APCS! is activated during exit from mitosis and per-
sists until the G,/S transition. (B) Cell cycle targets of the
APC/C and the SCF in budding yeast and human cells.

chromosome separation at the metaphase-to-anaphase
transition in a process that requires Cdk activity.

The necessity that the APC/C be active under condi-
tions of both high and low Cdk activity is reflected in the
use of the two activators, Cdc20 and Cdhl, which dis-
play differential sensitivity to Cdk activity. APC<dc2°
functions in the presence of high Cdk activity, and, in-
deed, this form of the APC/C appears to require Cdk
function for activation (but see below for caveats to this
generalization). In contrast, Cdhl is directly inhibited by
Cdks (Zachariae et al. 1998a; Jaspersen et al. 1999; So-
rensen et al. 2000, 2001). Thus, the ability of the APC/C
to shuffle through states of activation by Cdc20 and
Cdhl is central to its ability to control Cdk activity
through cyclin degradation and the degradation of other
substrates. Layered on this control is the activity of G,
cyclin/Cdk complexes. Unlike B-type cyclins, G, cyclins
are immune to the action of the APC/C and therefore
can accumulate when APCCI! activity is high. This
property is important because Cln/Cdc28 activity in
budding yeast is required to activate degradation of the
B-type cyclin/Cdk inhibitor Sicl and initiate DNA syn-
thesis (Schwob et al. 1994; Tyers 1996).

Switching off Clb5-dependent Cdk activity and
destroying the mitotic inhibitor Pds1 are the sole
essential functions of Cdc20 in budding yeast

APCC920 plays two essential roles in the early stages of
mitosis: (1) degradation of a regulator of sister-chromatid
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cohesion and (2) degradation of Clb5, an S-phase cyclin
that potently antagonizes APCC"! activity. APCCP! s,
in turn, required to destroy the bulk of B-type cyclins to
allow exit from mitosis (Fig. 3B). The defining event in
mitosis is separation of sister chromatids (for review, see
Nasmyth 1999; Nasmyth et al. 2000). The bonds that
hold sister chromatids together are set up during DNA
synthesis through the process of cohesion and are main-
tained until cells undergo the metaphase-anaphase tran-
sition (Fig. 4; Uhlmann and Nasmyth 1998; Tomonaga et
al. 2000). The temporal linkage of cohesion with DNA
replication provides a means by which to ensure that
sister chromosomes are tethered until metaphase and
explains why cohesion cannot be established during G,.
Sister-chromatid cohesion occurs via a multiprotein
complex containing Sccl/Mcdl/Rad21, Sce3, Smcl, and
Smc3 (Guacci et al. 1997; Michaelis et al. 1997; Furuya et
al. 1998; Ciosk et al. 2000). In yeast, cohesion is main-
tained along the length of the chromosome until meta-
phase (Tanaka et al. 1999), but in mammalian cells, loss
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Figure 4. The role of the APC/C in loss of sister-chromatid
cohesion at the metaphase-to-anaphase transition. Cohesion is
established during S phase and is lost at the metaphase-ana-
phase transition through the action of a protease, separase, that
cuts Sccl, thereby breaking the bonds that hold sister chroma-
tids together. Separase is initially cytoplasmic and, in budding
yeast, is localized to the nucleus in a pathway that is dependent
on Cdc28-mediated phosphorylation of Pdsl. When conditions
for anaphase are met, securin is ubiquitinated by APC®2°, and
separase is released in an active form to cleave Sccl. In budding
yeast, Sccl cleavage is facilitated by Cdc5-mediated phosphory-
lation (Alexandru et al. 2001). Separase is also required to acti-
vate transient release of Cdcl4 from the nucleolus through the
Cdc-FEAR (fourteen early anaphase release) pathway. In human
cells, loss of cohesion occurs through a polo-kinase (Plk1)-me-
diated step without cleavage of Sccl in prophase, followed by a
separase-dependent step at the metaphase—-anaphase transition.

The anaphase-promoting complex

of cohesion is more complex. In an initial step, most
cohesin complexes are released from chromosome arms,
with a small fraction remaining bound in centromeric
regions (Fig. 4; Waizenegger et al. 2000). This initial loss
of arm cohesion depends on the Polo protein kinase
(Sumara et al. 2002). Complete loss of cohesion occurs
upon cleavage of Sccl by an endoprotease called separase
(Espl in budding yeast and Cutl in fission yeast; Uhl-
mann et al. 1999, 2000; Yanagida 2000; Hauf et al. 2001).
Regulation of separase is critical. Inappropriate separase
activity can lead to precocious dissociation of sister
chromatids. The timing of separase activity is controlled
through the activity of a protein generically referred to as
securin (Pdsl in budding yeast, Cut2 in fission yeast, and
PTTG in mammals). Securin plays a negative role in mi-
tosis by binding to separase and inhibiting its protease
activity. Thus, activation of anaphase depends on proper
degradation of securin by APCS4°20 (Cohen-Fix et al.
1996; Funabiki et al. 1996; Yamamoto et al. 1996; Vi-
sintin et al. 1997; Lim et al. 1998; Schott and Hoyt 1998;
Tinker-Kulberg and Morgan 1999; Zou et al. 1999; Salah
and Nasmyth 2000). Degradation of Pdsl liberates active
separase, which then cleaves Sccl to promote loss of
cohesion (Fig. 4; Ciosk et al. 1998; Uhlmann et al. 1999,
2000).

Cdks play a major role in regulating sister-chromatid
separation in yeast (as well as other organisms). First,
Cdks phosphorylate core subunits of the APC/C (Cdc16,
Cdc23, and Cdc27), which promotes APC©920 activa-
tion (see below). Second, Cdks play a critical role in a
positive function of securin (Fig. 4; Agarwal and Cohen-
Fix 2002). In budding yeast, accumulation of Espl in the
nucleus depends on the presence of securin/Pdsl (Jensen
et al. 2001). Similarly, in S. pombe, localization of sepa-
rase/Cutl on spindle poles requires securin/Cut2 (Ku-
mada et al. 1998). Recent studies (Agarwal and Cohen-
Fix 2002) have revealed that Cdc28 directly phosphory-
lates Pdsl, thereby enhancing its ability to bind to Espl
and promoting Espl nuclear localization. However, Cdk-
mediated Pdsl phosphorylation does not appear to be
required for Pdsl to function as a mitotic inhibitor as
cells expressing Pdsl that lack critical Cdk phosphory-
lation sites are resistant to the microtubule-depolymer-
izing drug benomyl, unlike pdsiA cells. Third, in verte-
brate cells, separase is phosphorylated, and this appears
to negatively regulate its ability to induce sister-chroma-
tid separation (Stemmann et al. 2001). The kinase re-
sponsible has not yet been identified, but Cdc2 is capable
of inducing a blockade to sister-chromatid separation
even though securin is destroyed. Thus, phosphorylation
of separase may provide an additional mechanism for
controlling the timing of loss of cohesion.

Once cells have initiated anaphase, they begin to
switch off mitotic cyclin activity (Fig. 3A). This process
occurs in two phases. First, APCC92° eliminates the
bulk of cyclins present during mitosis, including Clb3
and Clb5 (Shirayama et al. 1999; Baumer et al. 2000;
Yeong et al. 2000). CIb5 degradation is particularly im-
portant, and, in fact, Pdsl and Clb5 are the only essential
substrates of APCS92° in budding yeast as deletion of
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CLB5 and PDS1 suppresses the lethality of cdc20A cells
(Shirayama et al. 1999). As described in detail below,
activation of APCC! requires collaboration between
a protein phosphatase Cdcl4 and the Cdk inhibitor
Sicl, which extinguish Cdhl phosphorylation and pro-
mote assembly of an active APC®! complex (Visintin
et al. 1998; Jaspersen et al. 1999). One possible interpre-
tation of the data is that, among B-type cyclin com-
plexes, Clb5/Cdk is most active toward Sicl and Cdhl
during this phase of the cell cycle, and this activity can-
not normally be overcome by Cdcl4. In the absence of
Clb5, normal levels of Cdcl4 are sufficient to maintain
Sicl and Cdhl in their unphosphorylated forms despite
the presence of other B-type cyclin/Cdk complexes.
The second phase of the switch from high to low B-
cyclin/Cdk activity comes with the full activation of
APCC! which is capable of efficiently destroying Clb2
(Schwab et al. 1997; Visintin et al. 1997). Complete deg-
radation of Clb2 is required for exit from mitosis. Inte-
grating degradation of Pdsl and Clb5 with activation of
APCC! together with the fact that degradation of Pdsl
is required for release of Cdcl4 from the nucleolus (Shi-
rayama et al. 1999; Tinker-Kulberg and Morgan 1999),
provide an effective mechanism for ensuring that cells
exit mitosis only after they have separated their chromo-
somes.

Spatial control of cyclin degradation

A major question in the ubiquitination field concerns
the spatial and temporal control of ubiquitination,
which is largely an unexplored area. In many cases, sub-
strates are thought to be destroyed essentially in an all-
or-none fashion. However, analysis of B-type cyclin deg-
radation indicates that temporal control of degradation
may go hand-in-hand with spatial control. In budding
yeast, Clb2 degradation occurs in two waves, a Cdc20-
dependent pathway that destroys a substantial fraction
of CIb2 during anaphase and a second wave of degrada-
tion that occurs via APCS! during mitotic exit (Lim et
al. 1998; Baumer et al. 2000; Yeong et al. 2000). The basis
of this differential selectivity is unknown but could po-
tentially reflect localized activation of Cdhl during mi-
tosis. Perhaps the best example of spatial control in ubiq-
uitination by the APC/C comes from an analysis of hu-
man cyclin B-GFP degradation in real time in vivo (Clute
and Pines 1999). Cyclin B is localized to chromosomes
and spindle poles during prophase and is also diffusely
localized in the nucleus. Once the last chromosome is
aligned at the metaphase plate, cyclin B-GFP is immedi-
ately eliminated from the spindle poles and chromo-
somes, but most of the cyclin B-GFP remains, only to be
eliminated as cells proceed into anaphase (Clute and
Pines 1999). Using immunofluorescence, it has also been
found that Drosophila cyclin B is lost from spindle poles
more rapidly than from other nuclear structures (Huang
and Raff 1999). What is not clear is to what extent spatial
degradation is controlled by the activity of the APC/C or
by some event that renders the target susceptible to
ubiquitination. In mammalian cells, some components
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of the APC/C, including APC1, CDC27, and DOCI, are
located on centrosomes (King et al. 1995; Jorgensen et al.
1998), but this localization is insufficient to provide a
mechanism for this level of control. It will be important
to determine to what extent spatial control of cyclin deg-
radation is linked with specific biological activities of
cyclins. On a general note, analysis of spatial distribu-
tion of proteolysis is complicated by the fact that pro-
teins can also undergo non-ubiquitin-dependent alter-
ations in localization. The development of methods that
identify substrate-E3 interactions in living cells may be
required to explore these important questions.

Linking the APC/C with degradation
of diverse proteins

Although securin and mitotic cyclins are perhaps the
best understood APC/C substrates, a large number of
other proteins display cell cycle-regulated degradation
via the APC/C (Fig. 3B). Many of these targets have been
identified through the use of temperature-sensitive mu-
tations in budding yeast APC/C subunits. These include
multiple proteins linked with spindle function, such as
the anaphase spindle-elongation-control protein Asel,
the kinesin-related motor protein Cin8, and Cdc20 itself.
In budding yeast, both Asel and Cin8 degradation are
controlled by APC®4! (Juang et al. 1997; Hildebrandt
and Hoyt 2001). In contrast, degradation of Kipl, a motor
protein that appears to function redundantly with Cin8,
is Cdc20-dependent (Gordon and Roof 2001). Although
these proteins are clearly APC/C substrates and are de-
graded in a cell cycle-dependent manner, cells expressing
nondegradable forms tend to have mild phenotypes, in-
dicating that their degradation is not essential for cell
proliferation. For example, although expression of endog-
enous levels of nondegradable Cin8 causes an increase in
the fraction of cells without spindles, indicating a defect
in assembly or maintenance of the mitotic spindle, the
cells are viable. A balance between spindle motor forces
is important for ensuring proper spindle formation. Be-
cause overexpression of Cin8 can disturb spindle func-
tion and cause premature elongation of spindles, it
seems likely that degradation of Cin8 during G, provides
a mechanism for resetting the motor activity to low lev-
els prior to assembly of the mitotic spindle later in the
cell cycle (Hildebrandt and Hoyt 2001). This would pre-
dict that Kar3 (Hoyt and Geiser 1996), the motor protein
that functions in opposition to Cin8, might also display
cell cycle-regulated abundance.

Aurora-A kinase family members are localized to
spindle-pole bodies and have been implicated in centro-
some duplication and separation and in spindle assem-
bly. In Xenopus and mammalian tissue culture cells,
aurora-A accumulates in G,/M and is absent in G,. Re-
cent work has shown that aurora-A is ubiquitinated by
APCC! (Castro et al. 2002; Taguchi et al. 2002). The
budding yeast homolog of aurora is Ipll. Although the
levels of Ipll also vary in the cell cycle, it has not yet
been shown that Ipll is subject to regulation by the APC/
C. Aurora family members have been linked with cancer
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in humans, and cancers frequently display elevated au-
rora levels, in some cases owing to increased gene dos-
age. High levels of aurora do not alter centrosome dupli-
cation directly but induce cells to undergo an aberrant
mitosis without cytokinesis, producing tetraploid cells
in G, (Meraldi et al. 2002). In the absence of p53, these
cells pass through S phase and enter into an aberrant
mitosis because of the presence of extra centrosomes,
giving rise to aneuploid cells. Thus, the ability of APCC4h!
to keep aurora levels in check would appear to be impor-
tant in maintaining ploidy.

The APC/C has also been linked to the control of
DNA synthesis. In metazoans, Cdc6é and Cdtl collabo-
rate to establish prereplication complexes at the G,/S
transition. Cdc6 and Cdtl assemble at sites of replica-
tion initiation and recruit MCM proteins onto chroma-
tin to establish active replication complexes (for review,
see Lygerou and Nurse 2000; Diffley and Labib 2002).
Both Cdc6 and Cdtl are regulated through control of
their localization, and Cdc6 is additionally regulated
by its abundance. Human Cdc6 protein levels are low in
G,, in part because of the action of APC®Y"! (Petersen et
al. 2000). Cdc6 is ubiquitinated by APC42! in vitro, and
Cdhl is limiting for its accumulation in tissue culture
cells. The ability of Cdc6 to accumulate and assem-
ble into replication complexes will likely depend on in-
activation of Cdhl at the G,/S transition (see below).
The critical role played by Cdtl in MCM loading dic-
tates that its activity be tightly controlled after initia-
tion. This is accomplished through the action of gemi-
nin, a small protein that binds to Cdtl and blocks its
activity (Wohlschlegel et al. 2000). Geminin is cell cycle-
regulated; it is present during S and G, phases, but is
destroyed as cells proceed through the metaphase-
anaphase transition (McGarry and Kirschner 1998;
Nishitani et al. 2001). Maintaining low geminin levels
during G, allows for loading of Cdtl onto origins. Gemi-
nin was initially identified in a screen for substrates
of the Xenopus APC/C (McGarry and Kirschner 1998).
Although the form or forms of the APC/C that are ca-
pable of ubiquitinating geminin have not been deter-
mined, the pattern of geminin expression through the
cell cycle suggests that Cdhl is responsible for its turn-
over.

The APC/C has also been implicated in the turnover of
additional components of the budding yeast replication
pathway (Fig. 3B). The protein kinase Cdc7 is required
for initiation of DNA synthesis and is regulated by Dbf4,
whose protein levels are cell cycle-regulated. Once ini-
tiation is complete, cells inactivate Cdc7 by destroying
Dbf4 via APC®4?0_catalyzed ubiquitination (Cheng et
al. 1999; Oshiro et al. 1999; Ferreira et al. 2000). Muta-
tions in Dbf4 that block efficient ubiquitination do not
induce cell cycle arrest; Dbf4 degradation is therefore not
essential for cell division. Mammalian Dbf4 is also cell
cycle-regulated and may use the APC/C to control its
stability. In contrast to Dbf4, the levels of Cdc6 during S
and G, phases in budding yeast are controlled by SCFCd<4
in conjunction with Cdk-mediated phosphorylation
(Drury et al. 1997, 2000; Perkins et al. 2001).

The anaphase-promoting complex

Vertebrate Cdhl and G,/S control

Although the role of Cdhl in G, control is well charac-
terized in yeast, significantly less is known about Cdhl
function in animal cells. However, recent work has
shown that Cdhl is not required for cell viability and
proliferation in DT40 chicken cells (Sudo et al. 2001). As
might have been expected, these cells displayed in-
creased levels of mitotic cyclins in G;. Thus, these cells
are refractory to inhibition by rapamycin, which induces
the Cdk inhibitor p27. A major complication with inter-
pretation of this work is that the chicken genome has at
least three other Cdhl homologs (Wan and Kirschner
2001; see below), and it is possible that one or more of
these is partially redundant with Cdh1 for important mi-
totic functions in these cells.

Substrate recognition

Destruction boxes and KEN boxes

The first motif found to be necessary for the degradation
of an APC/C substrate was the destruction box. When
Glotzer et al. (1991) first showed that mitotic cyclins
were degraded via the ubiquitin system, they also
showed that an N-terminal 91-amino-acid fragment was
sufficient for ubiquitination and degradation, and that it
could cause the degradation of an unrelated protein
when the two were fused. Inspection of the N termini of
the known cyclins revealed a conserved short motif that
might be important either for substrate recognition or for
ubiquitination. This motif was termed the destruction
box. Mutagenic analysis has identified the degenerate
core destruction-box motif to be RxxLxxxxN (Glotzer et
al. 1991; King et al. 1996), although there are some clear
differences in the destruction boxes of A- and B-type cy-
clins (Glotzer et al. 1991; King et al. 1996; Klotzbucher et
al. 1996; Geley et al. 2001) and some flexibility at the last
position. Of course, such a small motif occurs frequently
and does not, by itself, contain sufficient information to
confer APC/C-dependent ubiquitination on a protein.
Little is understood about other elements located near
the destruction box that are required for its proper rec-
ognition. Clearly, such elements may be highly degener-
ate and only recognizable at the structural level. Even
when a small piece of an APC/C substrate (such as a
27-amino-acid fragment of a mitotic cyclin; King et al.
1996) can confer degradation on an unrelated protein,
one must always be cautious in assuming that all of the
recognition elements are contained in the transferred se-
quence. Degenerate elements, not just including the
ubiquitinated lysines themselves, may be present in the
fusion partner. Destruction boxes are widespread and
have been found in the majority of APC/C substrates.
A second degradation motif, the KEN box, was only
identified in 2000 (Pfleger and Kirschner 2000). It was
suspected that human Cdc20 might contain a novel mo-
tif because it lacked an identifiable destruction box yet
was a substrate for APC®! in Xenopus egg extracts.
Deletion analysis narrowed the motif to the first ~100
amino acids of the protein, and alanine-scanning muta-
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genesis identified four amino acids as essential:
KENxxxN. Given that other Cdc20 homologs contain
aspartic acid in place of the second asparagine, it was
proposed that the minimal KEN box consists of
KENxxx(N/D), although it is plausible that glutamic
acid and possibly other amino acids may also be allowed
in the terminal position. Indeed, the budding yeast Hsl1
protein contains a functional KEN box consisting of
KENxxxE (Burton and Solomon 2001), the KEN box of
the yeast CIb2 protein is KENxxxS (Hendrickson et al.
2001), and the KEN box of human securin is KENxxxG
(Zur and Brandeis 2001). Few KEN boxes have been ex-
amined in any detail, so this consensus may evolve, par-
ticularly if suboptimal KEN boxes retain significant
function. Like the destruction box, the KEN box is por-
table, and a 28-amino-acid section of human Cdc20 con-
taining the KEN box could destabilize an unrelated pro-
tein, though not as well as larger pieces of Cdc20, sug-
gesting that there may be additional determinants for
recognition. So far, only a modest number of APC/C sub-
strates have been found to have KEN boxes, although
this number will grow as more substrates are examined
for their presence and as we fine-tune our understanding
of what sequences constitute functional motifs. Some
substrates require both a destruction box and a KEN box
(Petersen et al. 2000; Burton and Solomon 2001; Hen-
drickson et al. 2001; Jacobs et al. 2001; Zur and Brandeis
2001). In such cases, initial identification of a necessary
destruction box may delay recognition of an essential
KEN box.

The existence of well-characterized Destruction boxes
and KEN boxes does not preclude the possibility of ad-
ditional degradation motifs. For instance, a new motif,
the A box, has just been found to be essential for the
APCC_mediated degradation of Xenopus Aurora-A
(Littlepage and Ruderman 2002).

Direct binding to Cdc20 and Cdhl

When Cdc20 and Cdhl were found to confer substrate
specificity on the APC/C, it was generally assumed that
they would bind substrates directly and recruit them to
the APC/C. This was certainly the simplest explanation.
However, through years of study, there was no evidence
that Cdc20 or Cdhl bound substrates directly, necessi-
tating that other models be considered. For instance, the
distinct but overlapping specificities that Cdc20 and
Cdhl conferred on the APC/C suggested that each acti-
vator might cause a different substrate-binding site on
the APC/C to open. Given the inelegance of this model,
it was a relief when four reports appeared within a two-
week span last year showing various aspects of the direct
recognition of substrates by Cdc20 and Cdhl in diverse
systems.

Schwab et al. (2001) showed by coimmunoprecipita-
tion that budding yeast Cdc20 and Cdh1 were associated
with substrates. The specificity of the associations par-
alleled the degradation requirements. Thus, Cdc20, but
not Cdhl, bound to Pdsl, which requires Cdc20 for its
degradation, and Cdhl, but not Cdc20, bound to Clb2,
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Cl1b3, and Cdc5, all of which require Cdhl for their deg-
radation. Mutation of the destruction boxes in Clb2 or
Cdc5 did not affect the association with Cdhl, suggest-
ing either that there is another degradation motif, or that
degradation motifs are not involved in this interaction. A
KEN box has since been identified in Clb2 (Hendrickson
et al. 2001), although whether it mediates the interaction
with Cdhl has not been tested. Hilioti et al. (2001) also
examined the association of Pdsl with Cdc20. They
found that the destruction box in Pds1 was necessary for
this association and that Pdsl produced in Escherichia
coli could bind to Cdc20 produced by in vitro transla-
tion, strongly suggesting that the interaction was direct.
Importantly, they also showed that the spindle assembly
checkpoint (see below) had no effect on substrate bind-
ing.

Pfleger et al. (2001a) examined substrate recognition in
the Xenopus system. They also found by coimmunopre-
cipitation that substrates could associate with Cdc20
and Cdh1 and that the specificity of the association fol-
lowed the specificity for degradation. In this system,
Cdc20 has a strong preference for destruction-box-con-
taining substrates, whereas Cdh1 has a strong preference
for KEN boxes. Deletion analysis identified the N-termi-
nal 120 amino acids of Cdc20 and 125 amino acids of
Cdhl as the substrate-binding regions. These domains,
expressed in E. coli, could bind to substrates produced by
in vitro translation (followed by gel filtration, to rule out
association with other factors) or by expression in E. coli.
Thus, these interactions were direct. Finally, Burton and
Solomon (2001) examined the binding of the budding
yeast Hsll protein to Cdc20 and Cdhl. Coimmunopre-
cipitation from yeast extracts showed that both the de-
struction-box and KEN-box motifs were important for
the association of full-length Hsl1 with Cdc20 and Cdh1.
In addition, they showed that a fragment of Hsll con-
taining both degradation motifs and expressed in E. coli
bound to Cdc20 and Cdhl expressed in and purified from
baculovirus-infected insect cells. Analogous to the coim-
munoprecipitation experiments from yeast extracts, this
binding was completely eliminated by double mutation
of the destruction box and the KEN box.

Taken together, these results show the direct binding
of APC/C substrates to Cdc20 and Cdhl and the impor-
tance of the destruction box and the KEN box for these
interactions, thus providing biochemical explanations
for the roles of these degradation motifs and of the
“APC/C activators.” So far, no experiments have ad-
dressed whether Cdc20 and Cdhl can activate the
APC/C by means other than substrate recruitment.

Some of the preceding experiments also began to ad-
dress the next step in the process, binding of Cdc20 and
Cdhl to the APC/C. Schwab et al. (2001) identified the
“C-box” (DR(F/Y)IPxR) in the N-terminal regions of all
Cdc20 and Cdhl homologs from the two yeasts, Dro-
sophila, Xenopus, humans, and mouse. Deletion of the
C-box eliminated Cdhl function and its ability to cop-
recipitate with the APC/C. In contrast, Pfleger et al.
(2001a) found that the N-terminal half of Cdc20 and
Cdhl bound substrates, but not the APC/C. They sug-
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gested that the APC/C-binding region lies within the
C-terminal WD40 repeats. Such a model parallels the
structure of the SCF in which the F-box is used as the
interchangeable docking module of the substrate-bind-
ing component. There is currently no information re-
garding to which APC/C subunit Cdc20 and Cdhl may
bind.

Do destruction boxes and KEN boxes form bipartite
degradation motifs?

For most of the time since their discoveries, destruction
boxes and KEN boxes have been considered independent
entities. This view was natural given the simple obser-
vations that mutation of the element stabilized the pro-
tein in which it was found and that each element was
portable and could confer degradation on unrelated pro-
teins. In addition, there has been a strong tendency,
particularly in the Xenopus system, for KEN-box-con-
taining substrates to be degraded via Cdhl, not Cdc20,
suggesting independent recognition. Some recent experi-
ments, however, muddy this simple picture and lead to a
more nuanced view of these degradation motifs.

At least five well-studied proteins—human CDC6 and
securin, Drosophila cyclin A, and budding yeast Hsll
and Clb2—require that both a destruction box and a KEN
box be present for their efficient degradation (Petersen et
al. 2000; Burton and Solomon 2001; Hendrickson et al.
2001; Jacobs et al. 2001; Zur and Brandeis 2001), suggest-
ing that these motifs function as a single unit to promote
degradation. The case of Hsll illustrates the important
points (Burton and Solomon 2000, 2001). Hsl1 is stabi-
lized in vivo by mutation of either its destruction box or
its KEN box. Degradation in the presence of APC420 or
of APC®! shows the same requirement for both of
these degradation motifs, indicating in particular that a
KEN box can influence recognition by Cdc20 and that a
destruction box can influence recognition by Cdhl.
These requirements for degradation contrast with those
for binding of Hsll to Cdc20 and Cdhl. For example,
mutation of the KEN box stabilized Hsll but had no
effect on Cdc20-binding, whereas mutation of the de-
struction box stabilized Hsll but had only a minimal
effect on the binding of Hsll to Cdhl. These findings
indicate that binding to Cdc20 or Cdh1l is not sufficient
for efficient degradation. It appears that both Cdc20 and
Cdh1 have two docking sites, one for a destruction box
and one for a KEN box, and that both must be engaged for
efficient degradation of Hsl1. Although one site may pro-
vide tight binding, the second site still plays an impor-
tant role, perhaps in the proper orientation of the sub-
strate for its presentation to the APC/C. These views are
supported by the generally close spacing (in primary se-
quence, presumably also in three dimensions) of these
motifs in proteins found to have two functional motifs,
although their relative order can vary: 53 amino acids
(aa) in Hsl1, 75 aa in Clb2, 25 aa in human CDC6, 33 aa
in Drosophila cyclin A, 52 aa in human securin, and 30
aa in human Nek?2.

These observations suggest some interesting specula-
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tions. Perhaps a number of APC/C substrates, conceiv-
ably even most of them, have sequences compatible with
binding to both the destruction-box and the KEN-box
binding sites on Cdc20 and/or Cdh1l. Clearly, only one of
these degradation motifs has been found in most APC/C
substrates. This canonical motif may provide most of the
energy for the substrate-Cdc20/Cdhl interaction, and a
degenerate motif, not recognizable by a simple analysis
of the primary sequence of the substrate, may plug into
the second motif-binding site of Cdc20/Cdh1 and, via a
weaker interaction, serve to position the substrate for
presentation to the APC/C. The proximity of these mo-
tifs in some substrates, and their potentially degenerate
nature, may explain the general observation that de-
struction boxes and KEN boxes are portable. In addition,
the portable regions have always been much larger than
the basic motifs. Of course, such hypothesized weak mo-
tifs will be difficult to identify and will require structural
analysis to define. Nevertheless, even quite obvious sec-
ond motifs often go undiscovered for a long time. For
instance, budding yeast Clb2 has long been a model de-
struction-box-containing APC/C substrate. Because mu-
tation of the destruction box stabilized the protein, there
was no need to search for additional motifs. Neverthe-
less, it was recently found that Clb2 has a functional
KEN box and that both motifs must be present for deg-
radation of Clb2 (Hendrickson et al. 2001). Indeed, even
some of the substrates that initially helped define the
KEN box (Pfleger and Kirschner 2000), such as Nek2 and
B99, have destruction boxes as well (Hames et al. 2001;
C. Pfleger and M. Kirschner, pers. comm.). So far there
seems to be a general trend for proteins with KEN boxes
to also have clearly identifiable destruction boxes, but
not the converse. Perhaps binding to the destruction box
provides the major positioning of the substrate, thus sub-
strate-Cdc20 interactions can get away without a strong
KEN-box interaction, but substrate-Cdh1 interactions,
which may be centered on the KEN box, still require a
significant interaction via the destruction box.

APC/C regulation

As mentioned above, the SCF ubiquitin ligases are con-
stitutively active; regulation occurs at the level of SCF
substrate recognition, where only phosphorylated SCF
substrates are ubiquitinated. In contrast, as discussed in
the following sections, the APC/C ubiquitin ligase itself
is regulated and its activity oscillates in a cell cycle-
dependent manner (Fig. 3A). One component of this os-
cillatory mechanism is phosphorylation of core APC/C
subunits, which occurs upon entry into mitosis and is
required for optimal APC/C activity. These phosphory-
lation events are thought to be mediated by Cdc2/cyclin
B and Polo protein kinases and have been shown to en-
hance the Cdc20-APC/C interaction. In contrast, de-
phosphorylation of these subunits, possibly by PP1 or
PP2A, decreases APC/C activity and Cdc20-binding. In
addition, PKA-mediated phosphorylation of the core
APC/C subunits inhibits APC/C activity, although the
mechanism of this inhibition is presently unknown.
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APC/C activity is also controlled through the APC/C
activators, Cdc20 and Cdhl. Cdc20 levels fluctuate in a
cell cycle-dependent manner, through transcriptional
and posttranslational mechanisms, thus restricting
APCC20 activity by limiting the amount of Cdc20
available to bind to the APC/C. Finally, Cdhl undergoes
inhibitory phosphorylation by Cdks that prevents
APC/C binding, thus restricting APC®! activity to
points in the cell cycle when Cdk activity is low.

Phosphorylation of core APC/C subunits

Prior to the full molecular characterization of the APC/
C, elegant biochemical experiments in Xenopus and
clam systems had shown that the cyclin ubiquitination
machinery was inactive during interphase and active
during mitosis (Félix et al. 1990; Hershko et al. 1994;
King et al. 1995; Lahav-Baratz et al. 1995; Sudakin et al.
1995). Phosphorylation of the interphase APC/C by mi-
totic Cdks stimulated cyclin ubiquitination (Félix et al.
1990; Hershko et al. 1994; King et al. 1995; Lahav-Baratz
et al. 1995; Sudakin et al. 1995), whereas phosphatase
treatment of the mitotic form resulted in APC/C inacti-
vation (Lahav-Baratz et al. 1995). It is now well estab-
lished that one or more subunits of the APC/C are phos-
phorylated during mitosis in frogs, humans, clams, and
in both fission and budding yeasts (Peters et al. 1996;
Yamada et al. 1997; Patra and Dunphy 1998; Kotani et al.
1998, 1999; Rudner and Murray 2000; Golan et al. 2002).
These subunits include APC1, Cdc27, Cdcl6, and
Cdc23. However, the responsible kinase(s) and how
phosphorylation stimulates APC/C activity have been
the subject of debate. Only recently have the functions of
APC/C phosphorylation become clearer.

Work in clam and Xenopus systems mentioned above
implicated Cdc2/cyclin B as the protein kinase respon-
sible for stimulating APC/C activity (Félix et al. 1990;
Hershko et al. 1994; King et al. 1995; Lahav-Baratz et al.
1995; Sudakin et al. 1995; Shteinberg et al. 1999). In ad-
dition, Xe-9/Cksl/Sucl, known to bind to Cdc2, en-
hanced phosphorylation of the Cdc27 subunit and fur-
ther stimulated APC/C activity (Patra and Dunphy 1998;
Shteinberg et al. 1999). However, data obtained from sev-
eral different experimental systems have also suggested a
role for the Polo-like protein kinase (Plk/Cdc5/Plol) in
APC/C activation. In Xenopus egg extracts, immuno-
depletion of Plk prevented mitotic cyclin degradation
and mitotic exit in cytostatic factor (CSF)-arrested ex-
tracts treated with calcium (Descombes and Nigg 1998).
Moreover, an inactive version of Plk blocked cyclin deg-
radation as well as the degradation of exogenously added
APC/C substrates upon Ca** addition (Descombes and
Nigg 1998). Experiments using animal cells showed that
Plk could phosphorylate APC1, Cdc27, and Cdcl6 in
vitro, and Plk could coimmunoprecipitate with the
APC/C in extracts from these cells (Kotani et al. 1998,
1999). Similarly, in S. pombe, Plol (Plk/Cdc5) was found
by several criteria to interact directly with Cdc23/Cut23,
and disruption of this interaction resulted in a meta-
phase arrest with stable securin/Cut2 and cyclin pro-
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teins (May et al. 2002). As often happens, the resolution
to this debate may be that both stories are true: Core
APC/C subunits from highly purified preparations in
clams were found to be differentially phosphorylated by
Cdc2 and Plk, and phosphorylation by both kinases was
necessary for full cyclin ubiquitination activity (Golan et
al. 2002).

Recently, the in vivo sites of phosphorylation on the
APC/C subunits Cdc27 (APC3), Cdcl6 (APC6), and
Cdc23 (APC8) in S. cerevisiae were determined by a mu-
tagenesis approach and found to correspond directly to
the sites phosphorylated by Cdc28 in vitro (Rudner and
Murray 2000). In contrast to Cdc28, Cdc5 (Plk) was still
able to phosphorylate the mutant forms of the Cdc16 and
Cdc27 subunits in vitro, even though phosphorylation of
these subunits was no longer detected in vivo (Rudner
and Murray 2000). These findings implicate Cdc28 as the
primary kinase responsible for phosphorylation of these
APC/C subunits in budding yeast. Interestingly, muta-
tion of these APC/C phosphorylation sites was not le-
thal, leaving open the possibility that Cdc5/Plk may also
influence APC/C activity by phosphorylating other
APC/C subunits, analogous to the findings in clam (Rud-
ner and Murray 2000; Golan et al. 2002). It is also con-
ceivable that mitotic phosphorylation of the APC/C is
not absolutely required for some basal level of activity in
cells. Taken together, these studies implicate a role for
both Cdc2/cyclin B and Plk in APC/C core subunit phos-
phorylation and activation.

The role of APC/C phosphorylation

Data from several laboratories suggest that at least one
mechanism by which phosphorylation stimulates the
APC/C is through increased binding of Cdc20. In human
cells, mitotic, phosphorylated APC/C was shown to bind
more avidly to hCDC20 than APC/C isolated from other
cell cycle stages, and only the mitotic form could stimu-
late cyclin ubiquitination in vitro (Fang et al. 1998a; E.R.
Kramer et al. 1998). In contrast, phosphatase treatment
of mitotic APC/C resulted in reduced hCdc20 binding
and weaker APC/C activation (Kramer et al. 2000). Simi-
lar results have been reported in clams, where Cdc20 was
only found to stimulate ubiquitination of APC/C sub-
strates using the mitotic, phosphorylated form of the
APC/C (Shteinberg et al. 1999). In budding yeast, cdc28
mutant strains have reduced levels of Cdc20 bound to
the APC/C resulting in lowered APCS920 activity and a
mitotic delay (Rudner et al. 2000). In addition, mutation
of the potential Cdc28 phosphorylation sites within
Cdc27, Cdcl6, and Cdc23 in budding yeast were found to
drastically reduce (but not eliminate) Cdc20 binding to
the APC/C in vivo, whereas APCS"! activity was unaf-
fected (Rudner and Murray 2000). It will be of interest to
determine if increasing the level of Cdc20 in these
APC/C phosphorylation mutants might suppress the mi-
totic delay by enhancing the Cdc20-APC/C interaction.
It is also not clear at present whether removal of phos-
phates from core APC/C subunits occurs as yeast cells
exit mitosis and assemble APCS"! complexes. In prin-


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press

ciple, mitotic exit could be coupled to APC/C dephos-
phorylation via the Cdc14 phosphatase (see below).

In addition to these positive-acting phosphorylations,
the APC/C also appears to be negatively regulated by
phosphorylation of core subunits. For instance, protein
kinase A (PKA) can inhibit APC/C activity in both fis-
sion and budding yeast in vivo, and deletion of pkal in
fission yeast can suppress mutations in the APC/C (Ya-
mashita et al. 1996; Yamada et al. 1997; Anghileri et al.
1999). In human and mouse cell lines, PKA can phos-
phorylate both APC1 and Cdc23 and inhibit cyclin ubig-
uitination by the APC/C in vitro (Kotani et al. 1998,
1999). In synchronized HeLa cells, PKA activity rapidly
increased as cells entered mitosis and fell sharply as cells
reached metaphase, consistent with a role as an APC/C
inhibitor (Kotani et al. 1998). Precisely how these nega-
tive phosphorylation events affect APC/C activity re-
mains to be elucidated.

In addition to phosphorylating core APC/C subunits,
Cdc2 can also phosphorylate Cdc20 in higher eukaryotes
(Weinstein 1997; Lorca et al. 1998; Kramer et al. 2000;
Ohtoshi et al. 2000). However, the role of this phos-
phorylation is unclear. Kotani et al. (1999) found that
Cdc20 phosphorylation is not necessary for its binding to
the APC/C, but that it is essential for Cdc20 to promote
ubiquitination in vitro. In contrast, Kramer et al. (2000)
found that phosphorylation of Cdc20 affects neither its
ability to bind to nor to activate the APC/C in vitro.
Finally, Yudkovsky et al. (2000) found that Cdc20 is
phosphorylated and unable to activate the APC/C in
checkpoint-arrested cells. Clearly, additional work will
be required to reconcile these differences and to deter-
mine if and how phosphorylation of Cdc20 functions in
the mitotic checkpoint response. In contrast, negative
regulation of Cdhl by Cdk phosphorylation has been
well documented (see below).

Degradation of Cdc20

In yeast and somatic cells, Cdc20 protein levels oscillate
during the cell cycle through a combination of transcrip-
tional and posttranslational mechanisms. The transcrip-
tion and protein expression profile for CDC20 is much
like that of mitotic cyclins, and it is therefore thought
that mitotic kinase activity may regulate CDC20 expres-
sion (Prinz et al. 1998). Consistent with this interpreta-
tion is the observation that Cdc20 is only present in
proliferating cells (Gieffers et al. 1999). Cdc20 is unde-
tectable in G;, begins to accumulate in late S phase,
peaks at the G,/M phase of the cell cycle, and then dis-
appears in late mitosis by an APCS%!.dependent mecha-
nism (Weinstein 1997; Charles et al. 1998; Fang et al.
1998a; Prinz et al. 1998; Shirayama et al. 1998; Pfleger
and Kirschner 2000; Huang et al. 2001). APC4"_medi-
ated Cdc20 destruction helps produce a smooth transi-
tion from APCS4e20 to APCCI! gctivity as cells proceed
from mitosis into G,, ensuring that a single form of the
APC/C predominates at each cell cycle stage.

The mechanism by which Cdc20 degradation is initi-
ated and how cells switch from the APC®42° to the
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APCC! form in late mitosis is not entirely clear. How-
ever, Cdc20, like cyclin, is likely to sow the seeds of its
own destruction by leading to Cdh1 activation. One fac-
tor contributing to this switch has been the finding that
APCC920 jnitiates mitotic cyclin degradation in mitosis
(Lim et al. 1998; Shirayama et al. 1999; Baumer et al.
2000; Yeong et al. 2000), thus enabling the process of
Cdk inactivation, Cdhl dephosphorylation, and binding
of Cdh1 to the APC/C to ensue (see below). In the same
vein, Cdc20-mediated degradation of securin results in
the liberation of separase, which not only promotes sis-
ter-chromatid separation, but is also involved in the re-
lease of the Cdhl phosphatase, Cdcl4, from the nucleo-
lus in early mitosis (Stegmeier et al. 2002). One of the
results of this pathway is the dephosphorylation of
Cdhl, thereby promoting APC/C-Cdhl binding.
Whether these two events are sufficient to induce a
switch from APC®42° to APC®! or if dephosphoryla-
tion of core APC/C subunits also plays a role remains to
be seen.

Phosphorylation of Cdhl

Initial insight into the role of phosphorylation in the
control of Cdhl came from studies in S. cerevisiae. Un-
like Cdc20, Cdhl levels are relatively constant in the
cell cycle (Prinz et al. 1998; Zachariae et al. 1998a; Jas-
persen et al. 1999). However, Cdhl was found to undergo
cell cycle-dependent phosphorylation, being unphos-
phorylated in G, and early S phase, and then phosphory-
lated during late S phase, G,, and mitosis (Zachariae et
al. 1998a; Jaspersen et al. 1999). Phosphorylation of Cdh1l
inhibits APC/C activation by preventing Cdhl binding
to the APC/C (Zachariae et al. 1998a; Jaspersen et al.
1999). Interestingly, when all Cdk phosphorylation con-
sensus sites within budding yeast Cdhl were mutated,
Cdh1 bound to the APC/C constitutively, resulting in an
inability to accumulate mitotic cyclins and to progress
through mitosis (Zachariae et al. 1998a). Thus, Cdhl is
active and binds avidly to the APC/C in G, and late
mitosis, when Cdc28 activity is low, but is rendered in-
ert during the rest of the cell cycle, when Cdc28 activity
is high. The combined regulation of Cdc20 and Cdhl
ensure that only one form of the APC/C is active at any
time (Fig. 3A).

Inactivation of APC®™ by Cdc28-mediated phos-
phorylation during the G,/S-phase transition is a gradual
process requiring both G;-phase and S-phase cyclins
(Zachariae et al. 1998a; Huang et al. 2001; Yeong et al.
2001). In agreement with this observation, a genetic
screen for APC/C inhibitors that prevent Clb2 degrada-
tion identified G;-phase, S-phase, and mitotic cyclins
(Bolte et al. 2002). It therefore seems likely that multiple
cyclin-Cdc28 complexes can mediate Cdhl phosphory-
lation and inactivation. Interestingly, this screen also
identified Imel, a meiosis-specific kinase related to
Cdc28 that could phosphorylate Cdhl and prevent APC/
C-binding, suggesting that this mechanism of inhibition
might also be used during meiosis (Bolte et al. 2002).
Cdhl orthologs in fission yeast and higher eukaryotes
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undergo similar regulation in the cell cycle via Cdk
phosphorylation (Lukas et al. 1999; Blanco et al. 2000;
Kramer et al. 2000; Listovsky et al. 2000; Sorensen et al.
2000; Bembenek and Yu 2001).

In budding yeast, Cdhl is dephosphorylated late in mi-
tosis by the dual-specificity phosphatase Cdcl4, a pro-
tein representing the downstream effector of the mitotic
exit network (MEN; Visintin et al. 1998; Jaspersen et al.
1999; Shou et al. 1999; Bardin and Amon 2001). The
nucleolar protein Netl/Cfil sequesters Cdcl4 in the
nucleolus during G;, S-phase, and early mitosis (Shou et
al. 1999; Straight et al. 1999; Visintin et al. 1999). Cdcl14
release and Cdhl dephosphorylation occur following
nuclear division that is dependent on the MEN pathway
(Visintin et al. 1998; Shou et al. 1999; Bardin et al. 2000).
The top of the MEN signaling network consists of the
Ras-like GTP-binding protein Teml, the putative ex-
change factor Ltel, and the putative GAP complex Bfal-
Bub2. The exchange of GDP for GTP on Teml by Ltel
(which is restricted to the bud cortex) is presumed to
occur following entry of the spindle pole body (yeast cen-
trosome, where Tem1 is localized) into the bud (Bardin
et al. 2000; Pereira et al. 2000). These events initiate a
protein kinase signaling cascade involving Cdc5, Cdcl5,
Dbf2, Dbf20, and an associated protein called Mobl, cul-
minating in the release of Cdcl4 from Netl/Cfil in the
nucleolus (for review, see Morgan 1999; Bardin and
Amon 2001; McCollum and Gould 2001). Cdh1 is then
dephosphorylated by Cdcl4, enabling Cdhl to bind to
the APC/C and promote mitotic cyclin degradation and
consequent Cdc28 inactivation and mitotic exit (Visin-
tin et al. 1998; Zachariae et al. 1998a; Jaspersen et al.
1999; Shou et al. 1999). Cdcl4 further reduces Cdc28
activity in late mitosis by dephosphorylating the Sicl
transcription factor Swi5 and Sicl itself, resulting in in-
creased transcription and enhanced stability of Sicl (Vis-
intin et al. 1998).

Homologs of Cdcl4 and other members of the MEN
have been identified in diverse organisms (for reviews,
see Balasubramanian et al. 2000; Bardin and Amon 2001;
McCollum and Gould 2001; Pereira and Schiebel 2001).
In S. pombe, a pathway known as SIN (septation initia-
tion network) shares many components with the MEN
(McCollum and Gould 2001; Oliferenko and Balasubra-
manian 2001). However, in contrast to S. cerevisiae, mu-
tations in the SIN genes do not result in mitotic arrest
with high Cdc2 activity, but instead cause cytokinesis
and septation defects. In addition, the Clpl/Flpl phos-
phatase, the apparent S. pombe Cdcl4 ortholog, appears
to inhibit Cdc2 activity by antagonizing the removal of
inhibitory phosphates on Cdc2 rather than by promoting
cyclin degradation (Cueille et al. 2001; Trautmann et al.
2001). In contrast, human cells possess two Cdcl4 or-
thologs (Cdcl4A and Cdcl4B). Cdcl4A can dephos-
phorylate Cdhl in vitro and stimulate activation of
APCC! (Listovsky et al. 2000; Bembenek and Yu 2001),
although it is not yet clear whether it performs this func-
tion in intact cells. Cdcl4A has recently been linked
with spindle function as well (Kaiser et al. 2002; Mailand
et al. 2002). Overexpression of CDC14A leads to prema-
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ture centrosome splitting and formation of supernumer-
ary mitotic spindles. Inactivation of Cdc14A by siRNA
leads to failure of centrosomes to split and to defects in
cytokinesis. Thus, although some differences exist be-
tween organisms, it appears that the basic mechanism of
coupling nuclear division and cytokinesis via Cdc2 in-
activation is conserved.

Phosphorylation-independent regulation of APCCh1

The accumulation of A- and B-type cyclins at the G,/S
transition requires that APCS9"! be inactivated. This is
accomplished not only by Cdhl phosphorylation, as de-
scribed above, but also by direct inhibition of APC/C
function through a protein called Emil (early mitotic
inhibitor) in vertebrate cells and Recal (regulator of cyclin
A) in Drosophila. Xenopus Emil was identified in a two-
hybrid screen with Skpl and was found to contain an
F-box motif and a putative zinc-binding domain at its C
terminus (Reimann et al. 2001a,b). Drosophila Rcal was
identified in a screen for mutants that affect the estab-
lishment of a G, cell cycle stage during embryogenesis
(Dong et al. 1997). Embryos lacking Rcal arrest in G, of
cycle 16 with low levels of cyclin A. Conversely, ectopic
expression of Rcal in G, leads to unusually high levels of
cyclin A protein and increased cyclin A/Cdk2 activity.

Emil levels vary during early embryonic cell cycles
and also in human somatic cells (Reimann et al. 2001a;
Hsu et al. 2002). Its level is high during S phase and low
during mitosis. In mitotic (but not interphase) Xenopus
egg extracts, Emil is destroyed in a proteasome-depen-
dent, but APC-independent, manner (Reimann et al.
2001a). It is possible that this degradation involves the
ability of Emil to interact with Skpl. Although assem-
bly of Emil into a functional SCF complex has not been
shown, it is conceivable that its incorporation into such
a complex could allow its ubiquitination, as has been
shown for the F-box protein Skp2 (Wirbelauer et al.
2000). Emil also contains a number of cyclin B/Cdc2
phosphorylation sites, and its phosphorylation during
mitosis could potentially trigger its degradation.

The pattern of Emil expression, together with the fact
that Rcal mutant embryos arrest in G,, suggested a role
for Emil/Rcal in controlling mitotic entry during em-
bryonic cell cycles. Recent experiments indeed suggest
that Emil functions as a critical buffer of APC/C activ-
ity, allowing mitotic cyclins to accumulate during the
G, /S-phase transition and stay elevated until cells begin
mitosis. Two experiments indicated that Emil is central
to controlling APC/C activity during mitosis (Reimann
et al. 2001a). First, depletion of Emil blocks the ability of
Xenopus egg extracts to enter mitosis. Second, overex-
pression of Emil can block mitotic entry in Xenopus
tissue culture cells. These results suggest that Emil can
function in both a positive and a negative manner to
control mitosis. The first indication that Emil might
function directly through the APC/C came with the dis-
covery that Emil can interact with Cdc20 in a two-hy-
brid assay and that Emil can associate with APC<d¢2¢
and inhibit its activity toward cyclin B in Xenopus ex-


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press

tracts. This inhibition does not require the F-box motif
but does require the putative zinc-binding domain. The
timing of Emil expression, together with that of cyclin B
accumulation and degradation, suggested that Emil
plays a role in buffering APC/C activity during this criti-
cal window of time. Thus, Emil allows mitotic cyclin
levels to remain elevated when the APC/C is being con-
verted to an activated state via phosphorylation and as-
sembly with Cdc20. Unlike Mad2 (see below), Emil
functions by binding directly to the substrate-binding
region in the N-terminal half of Cdc20, presumably
blocking the Cdc20-substrate interaction. The ability of
Emil to block APCS420 jctivity has recently been
linked to cytostatic factor arrest in Xenopus egg extracts
(Reimann and Jackson 2002). Arrest of unfertilized eggs
at meiosis II required Emil, and extracts depleted of
Emil destroyed cyclin B and entered mitosis in the ab-
sence of fertilization, mimicking the effects of calcium
addition.

Although the initial experiments pinpointed the role
of Emil in controlling APC©4°20 activity, it is now clear
that it also controls APCS! activity, and this feature
allows Emil to control cyclin accumulation both at the
G, /S boundary and during the onset of mitosis (Fig. 5). In
vitro, Emil can inhibit APC! activity through direct
association with this complex (Reimann et al. 2001b). At
present, it is unclear whether Emil recognizes APC4c20
and APCS! complexes in mechanistically similar
ways, although it seems likely that Emil will also block
substrate binding to Cdhl. Genetic evidence of its
involvement in controlling Cdhl activity came from
analysis of Rcal mutant Drosophila embryos (Gross-
kortenhaus and Sprenger 2002). Loss of Rcal caused a
defect in the accumulation of cyclin A during G, of cycle
16, leading to a mitotic block. This failure to accumulate
cyclin A is dependent on Cdhl/fzr and is mimicked by
overexpression of Cdhl/fzr.

APC
inactive  Cdh1
A cyclin A/
d Cdk2
G1 Cdks
Achdh1 J-

_I_ \ Rb
mitotic Emi l
cyclins \

E2F —® cyclinA

(m] G1 | s

Figure 5. Two mechanisms contribute to inactivation of
APCCI! at the G,/S transition. During G,, low mitotic cyclin
levels are maintained by APC®!. At the G,/S transition, G,
Cdks, which are immune to APC©?! function to inactivate the
retinoblastoma protein (Rb), leading to activation of E2F. There
are two outcomes. One is the transcriptional induction of the
Cdhl-inhibitor Emil. This leads to partial down-regulation of
preformed APC®4h!, Activation of E2F also leads to expression
of cyclin A, which activates Cdk2 and inactivates Cdhl by
phosphorylation.
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Evidence suggests that human Emil is also able to
inhibit APC®4"!, Human Emil accumulates during the
G, /S transition in synchronized HeLa cells in a manner
that parallels cyclin A, and like cyclin A, its accumula-
tion is E2F-dependent (Fig. 5). Moreover, Emil is re-
quired to accumulate normal levels of cyclin A and can
overcome a Cdhl-induced G, arrest when overexpressed
(Hsu et al. 2002). The available data indicate that Emil
serves as a first line of defense against cyclin A degrada-
tion during the G, /S transition. As cyclin A and Emil are
transcriptionally induced, Emil can block the rapid deg-
radation of cyclin A by preformed APC®! complexes.
This then allows the accumulation of cyclin A/Cdk2 ac-
tivity, which can then function in a positive feedback
loop to phosphorylate Cdhl, thereby dissociating it from
the APC/C (Fig. 5). In the absence of Cdhl dephosphory-
lation (which normally occurs later in the cell cycle; see
above), cyclins A and B can be maintained at elevated
levels throughout interphase.

Several questions concerning Emil function need to be
addressed. First, what is the fate of Emil after Cdhl
phosphorylation during S phase? Emil is stable during
this period, but does it remain associated with Cdhl free
of the APC/C? The gel filtration profile of Emil is quite
different from that of APC/C complexes, suggesting that
it might exist in multiple complexes. Can Emil inhibit
the various Cdhl homologs that have been identified
(see below)? In addition to preventing substrate binding,
does Emil also facilitate inhibitory phosphorylation of
Cdhl by cyclin A/Cdk2? Finally, it is crucial to under-
stand the mechanism by which Emil is destroyed during
mitosis, as this represents a critical event for allowing
mitosis to proceed.

Spindle assembly checkpoint

Another mechanism by which the cell inhibits APC/C
activity is through the spindle assembly or mitotic
checkpoint. This checkpoint ensures the fidelity of chro-
mosome segregation by delaying anaphase onset until all
chromosomes are properly attached to the mitotic
spindle. Genetic screens in S. cerevisiae were used to
identify the key proteins essential for metaphase arrest
in the presence of a disrupted mitotic spindle. The
MAD1-3 (mitotic arrest defective) and the BUB1-3 (bud-
ding uninhibited in benzimidazole) gene products are es-
sential for this process (Hoyt et al. 1991; Li and Murray
1991). Subsequently, Madl, Mad2, BubR1 (Mad3), Bubl,
and Bub3 orthologs were identified in vertebrates (Chen
et al. 1996, 1998; Li and Benezra 1996; Taylor and Mc-
Keon 1997; Taylor et al. 1998). These vertebrate proteins
are found on unattached kinetochores in prometaphase
and in the presence of spindle disrupting agents, and are
essential for long-term cell viability (Chen et al. 1996; Li
and Benezra 1996; Taylor and McKeon 1997; Cahill et al.
1998; Chen et al. 1998; Taylor et al. 1998; Dobles et al.
2000; Michel et al. 2001). Although the Mad and Bub
proteins are not essential for viability in budding yeast,
their function is nevertheless required during a normal
cell cycle, as their deletion results in an increased rate of
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chromosome loss (Hoyt et al. 1991; Li and Murray 1991).
Fission yeast checkpoint proteins identified thus far dis-
play phenotypes similar to those in budding yeast and, as
in metazoans, are found on unattached kinetochores (He
et al. 1997; Bernard et al. 1998; Millband and Hardwick
2002). In contrast, budding yeast Bub2 functions inde-
pendently of the other Mad and Bub genes in a check-
point that monitors spindle position (Alexandru et al.
1999; Fesquet et al. 1999; Fraschini et al. 1999; Li 1999;
Wang et al. 2000). Fission yeast also possess a Bub2 ho-
molog that shares properties with S. cerevisiae Bub2, but
whether it monitors spindle position prior to mitotic
exit is unclear (Cerutti and Simanis 2000; McCollum
and Gould 2001). To date, a Bub2 ortholog has not been
identified in vertebrates.

The downstream target of the spindle assembly check-
point is APC®9?° whose inhibition prevents sister-
chromatid separation by blocking degradation of securin
(see above). Much attention has been focused on Mad2'’s
role in the mitotic checkpoint for several reasons. First,
Mad2 interacts specifically with Cdc20 in both fission
and budding yeasts, and mutations that disrupt the in-
teraction result in loss of the checkpoint response
(Hwang et al. 1998; Kim et al. 1998). Second, removal of
vertebrate Mad2 using Mad2 antibodies or disrupting
one or both MAD2 alleles in mice leads to inappropriate
chromosome segregation (Chen et al. 1996; Li and Ben-
ezra 1996; Gorbsky et al. 1998; Dobles et al. 2000;
Michel et al. 2001). Third, Mad2 is found in a ternary
complex containing the APC/C (Li et al. 1997) and
Cdc20 in vertebrate cells (Fang et al. 1998b; Kallio et al.
1998; Wassmann and Benezra 1998). Finally, Mad2
cycles on and off unattached kinetochores every ~20 sec,
consistent with a role as part of a signaling mechanism
to propagate the “wait anaphase signal” until all kineto-
chores are properly attached to the spindle apparatus
(Howell et al. 2000).

The molecular mechanism by which Mad2 inhibits
APCC4e20 activity is unclear. Mounting evidence sug-
gests that a conformational change in Mad2 may be an
important factor for inhibiting APC®92°. Initial evi-
dence came from Fang and coworkers, who found that
recombinant Mad2 protein existed in two states, a mo-
nomeric and a tetrameric form (Fang et al. 1998b). Al-
though both forms could bind to Cdc20, only the te-
trameric form of Mad2 could inhibit APC©4°?° in vitro.
The authors proposed that the different oligomeric states
observed in vitro might reflect different conformational
states of Mad2 that are important for its checkpoint
function within cells (Fang et al. 1998b). Further support
for a Mad2 conformational change came from the solu-
tion structure of Mad2, which showed that the C-termi-
nal flexible region of Mad2 was required for Cdc20-bind-
ing (Luo et al. 2000).

This conformational change in Mad2 may arise from
its association with Madl, which is critical for promot-
ing the Mad2-Cdc20 interaction in vivo. First, Madl and
Mad2 form a tight complex that is constitutively present
in cells (Chen et al. 1998; Jin et al. 1998; Chen et al.
1999). Second, Madl is needed for Mad2 localization to
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unattached kinetochores; the Mad2-Cdc20 interaction
does not occur in the absence of Madl (Chen et al. 1998;
Hwang et al. 1998; Hardwick et al. 2000; Luo et al. 2002).
Third, Madl and Cdc20 bind to a similar region of Mad2,
and this region undergoes a similar conformation change
upon association with either Madl or Cdc20 (Luo et al.
2002). Fourth, Madl and Cdc20 can compete for Mad2-
binding, suggesting that the Madl-Mad2 and Mad2-
Cdc20 complexes are mutually exclusive (Sironi et al.
2001, 2002). Finally, the recent crystal structure of the
Madl-Mad2 complex suggests that the C-terminal do-
main of Mad2 is in a “seatbelt” configuration that must
unfold to release Madl (Sironi et al. 2002). Together
these findings suggest that Madl binding to Mad2 and
subsequent release from Madl induce a conformational
change in Mad2 that enables it to bind to unattached
kinetochores and Cdc20, culminating in the inactivation
of APC<9¢? (Sironi et al. 2001, 2002; Luo et al. 2002).
It is not clear how binding of Mad2 might inactivate
Cdc20. Mad2 does not appear to prevent substrate bind-
ing, as ternary complexes containing Mad2, Cdc20, and
APC/C substrates have been observed (Pfleger et al.
2001b; J.L. Burton and M.J. Solomon, unpubl.), and
checkpoint activation does not disrupt Cdc20-substrate
interactions in cell extracts (Hilioti et al. 2001). In fact,
Mad2 appears to stabilize Cdc20’s interaction with sub-
strates (Pfleger et al. 2001b), leading to the possibility
that Mad2 might inhibit APC©9°2° activity by trapping
bound substrate or even by preventing release of ubiqui-
tinated products. The ability of Mad2 to inhibit Cdc20
is not absolute, because cyclin A is still degraded by
APCC420 jp checkpoint-arrested cells (Geley et al. 2001).
Recently, the role of BubR1/Mad3 in the spindle as-
sembly checkpoint has gained some attention (Sudakin
et al. 2001; Tang et al. 2001b). BubR1/Mad3, like Mad2,
can interact directly with Cdc20 (Hardwick et al. 2000;
Wu et al. 2000; Tang et al. 2001b). In addition to its
localization on unattached kinetochores (Taylor et al.
1998), BubR1 binds to CENP-E, a kinetochore-associated
motor protein whose function is required for chromo-
some congression at the metaphase plate in vertebrates
(Schaar et al. 1997; Wood et al. 1997; Chan et al. 1998;
Yao et al. 2000). Depletion of CENP-E strongly stimu-
lates the checkpoint response (Yao et al. 2000). Thus,
BubR1 is in a prime location for monitoring the link
between microtubule attachment/tension at the kineto-
chore and chromosome movement (Schaar et al. 1997;
Wood et al. 1997; Chan et al. 1998; Yao et al. 2000).
Two recent papers have biochemically verified the im-
portance of BubR1 in the checkpoint response. Sudakin
and colleagues purified an APC<4“2° inhibitory complex
from HeLa cells that they termed MCC for mitotic
checkpoint complex. This complex contained BubRl,
Bub3, Cdc20, and Mad2 in near equal stoichiometry
(Sudakin et al. 2001). Interestingly, the MCC was ~3000-
fold more potent than recombinant Mad2 in APCSdc20
inhibition (Sudakin et al. 2001). Tang et al. (2001b) ob-
tained similar results, showing that a BubR1-containing
complex was more potent than recombinant Mad2 at
APC®20 jnhibition, although their complex only con-
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tained BubR1 and Bub3, but not Cdc20 or Mad2. The
reason for this discrepancy is unclear and may reflect
differences in purification strategies. Fang (2002) has also
shown that Mad2 and BubR1 enhance each other’s bind-
ing to Cdc20, consistent with the existence of a Mad2-
Cdc20-BubR1 complex. Studies in both fission and bud-
ding yeast are also consistent with the possibility of a
Mad2-Cdc20-Mad3(BubR1)-Bub3 complex (Hardwick et
al. 2000; Millband and Hardwick 2002), although it has
not yet been identified biochemically. It is not clear if
what has been learned about the ability of Mad2 to in-
hibit APC®4°20 will also apply to the MCC complex.
Intriguingly, the MCC complex exists in interphase
cells, but neither the interphase nor the mitotic forms of
the MCC can inhibit the interphase form of the APC/C,
raising the possibility that mitotic phosphorylation of
the APC/C may render it susceptible to inhibition by the
MCC (Sudakin et al. 2001).

A protein homologous to Mad2 known variously as
Mad2L2, Mad2B, and Rev7 has been identified in both
Xenopus and humans (Cahill et al. 1999; Chen and Fang
2001; Pfleger et al. 2001b). Mad2L2/Mad2B binds Cdhl
and preferentially inhibits APCS! activity in vitro
(Chen and Fang 2001; Pfleger et al. 2001b). Injection of
Mad21.2/Mad2B into Xenopus embryos resulted in a cell
cycle arrest later in the developmental program at the
onset of somatic cell cycles when Cdhl activity is first
required (Pfleger et al. 2001b). These findings raise the
intriguing possibility that, like APC<42°, APCCh! 4c.
tivity is also under checkpoint regulation. However, un-
like Mad2, Mad2L2/Mad2B was not found on unattached
kinetochores and did not associate with Mad1 (Chen and
Fang 2001), suggesting that it does not function in the
spindle assembly checkpoint. It may play a role in a later
cell cycle checkpoint or perhaps even in regulating the
degradation of proteins in differentiated cells (Chen and
Fang 2001). Future studies will be required to understand
the physiological significance of this APC/C inhibition.

Many questions remain regarding the spindle assem-
bly checkpoint and APC/C inhibition. How does the un-
attached kinetochore (or lack of kinetochore tension) sig-
nal the checkpoint proteins to inhibit APCS4<2° and
how are these checkpoint complexes assembled? What is
the molecular mechanism for APC©?° inhibition by
the checkpoint proteins? How is the checkpoint signal
extinguished once the spindle is properly assembled? Is
APCCh! activity also regulated by a cell cycle check-
point? Answers to these questions (and others) will not
only satisfy our innate curiosity, but also prove useful in
the fight against cancer.

Roles for the APC/C outside the cell cycle

Although it is clear that the APC/C plays major roles in
the cell division cycle, its roles in non-cell-cycle func-
tions are only beginning to be recognized. The first ex-
ample of degradation of a non-cell-cycle control protein
came with the identification of SnoN as an APC/C sub-
strate (Stroschein et al. 2001; Wan et al. 2001). SnoN is a
negative regulator of TGFB signaling. In response to
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TGFB, Smads 2 and 3 translocate to the nucleus and
initiate the degradation of SnoN. SnoN contains a de-
struction box and is ubiquitinated in vitro by APC<h1,
In tissue culture cells, SnoN degradation requires an in-
tact destruction box and the interaction between Smad3
and SnoN (Stroschein et al. 2001). One possible mecha-
nism is that association of Smad3 with SnoN reveals an
otherwise protected destruction box. Regardless of the
mechanism, these data provide a tantalizing first
glimpse into how the APC/C might be involved in the
control of diverse processes.

Multiple Cdh1 homologs in vertebrates

What might be other functions of the APC/C outside the
cell cycle? Clues to this question came from an analysis
of APC/C expression in nondividing tissues. Whereas
Cdc20 is restricted to cycling lineages, Cdhl and core
APC/C subunits are present in postmitotic tissues in-
cluding neurons (Gieffers et al. 1999). Moreover, neuro-
nal APC/C complexes are active, leading to the proposi-
tion that the APC/C catalyzes ubiquitination of as-yet-
unknown targets. Mice that are conditionally mutant for
Cdhl might provide a means to address the function of
Cdhl in the brain. Recent work has also revealed the
existence of multiple Cdhl homologs in vertebrates,
most notably in chickens, which contain four Cdhl ho-
mologs (Wan and Kirschner 2001). These genes display
distinct patterns of expression in vivo and different sub-
strate specificities in vitro. For example, Cdh1-C has a
broad substrate specificity, catalyzing ubiquitination of a
wide array of APC/C substrates. In contrast, Cdh1-A and
Cdh1-B ubiquitinate only Plkl and Nekl, respectively.
The basis of this specificity is not clear. Little is known
about the roles of these Cdhl homologs or how many
additional Cdh1 homologs may be present in vertebrates.

A role for the APC/C in asymmetric cell division

Recent studies implicate the APC/C, Cdc20, and sepa-
rase in controlling the establishment of cell polarity and
asymmetric cell division during C. elegans embryogen-
esis. Polarity is established in the single-cell embryo
through selective localization of polarity (PAR) proteins
at the anterior and posterior poles (Knoblich 2001).
These signals are required for an asymmetric first cell
division and appear to contribute to asymmetric control
in subsequent divisions. The APC/C also contributes to
asymmetry in this system (Rappleye et al. 2002). Unlike
wild-type embryos, pod (polarity and osmotic defective)
mutants undergo a symmetrical first zygotic division
and orient both sets of spindles perpendicular to the an-
terior—posterior axis during a second synchronous zy-
gotic division (Fig. 6). pod function is required between
fertilization and meiosis I. pod mutants display inappro-
priate localization of PAR proteins, indicating a defect in
the pathway that specifies polarity. Five complementa-
tion groups defined by pod-3, pod-4, pod-5, pod-6, and
emb-30 map to APCl, APC8/Cdc23, APC3/Cdc27,
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Figure 6. A role for the APC/C in cell polarity during Cae-
norhabditis elegans embryonic development. C. elegans one-
cell embryos undergo a stereotypic asymmetric cell division to
create a large AB cell and a small P1 cell. This division is fol-
lowed by rotation of the P1 nucleus to generate a longitudinal
mitosis in the second cleavage and a transverse mitosis in the
AB cell second cleavage. These events depend on polarity sig-
nals governed by Par3 and Parl, which localize anteriorly and
posteriorly, respectively. In pod mutants, polarity in the one-
cell embryo is lost, and the spindle is unable to maintain close
association with the posterior cortex, leading to symmetric cell
division. In addition, in the second division, the P1 nucleus is
unable to rotate and undergoes a synchronous transverse mito-
sis with the AB cell. Par3 and Par1 are localized inappropriately
in pod mutants.

ABp P2

APC6/Cdcl16, and APC4. Such pod mutants appear to be
partial loss-of-function alleles as severe mutations of
these genes cause arrest at metaphase of meiosis I
(Golden et al. 2000). One potential role for the APC/C
appears to be in bringing the paternal pronucleus into
close contact with the posterior cortex. In pod-3 mu-
tants, the paternal pronucleus fails to cling to the poste-
rior cortex and meets the maternal pronucleus in the cell
center, resulting in symmetric cleavage. This function
appears to involve both Cdc20 and separase. Partial loss
of ¢dc20 function leads to a symmetric first cleavage and
mislocalization of polarity components. One potential
target of the APC/C in polarity may be separase, because
depletion of separase also leads to polarity defects. How-
ever, the phenotypes of APC/C mutants and of reduction
in separase levels by RNAI are subtly different, suggest-
ing that additional targets may be involved. It will be
important to determine whether the APC/C is involved
in establishing polarity in other settings.

Although the APC/C is clearly involved in cell polar-
ity decisions, other events during the first and second
cell divisions in C. elegans are controlled by SCF-type
ubiquitin ligases. Evidence for this comes from an analy-
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sis of the Nedd8/Cul3 pathway (Kurz et al. 2002). As
mentioned above, all known cullin homologs are acti-
vated by conjugation to the ubiquitin-like protein
Nedd8. In C. elegans, temperature-sensitive mutations
in the Nedd8 activating enzyme (rfl-1) cause multiple
defects in the early embryo, including misorientation of
mitotic spindles, the formation of ectopic cleavage fur-
rows, and persistent displacement of nuclei toward the
cell cortex. Many of these phenotypes are mimicked by
RNAi-mediated ablation of cul-3, suggesting that ned-
dylation of Cul-3 is critical for proper early divisions.
The molecular makeup of cul-3-based ubiquitin ligases
has not yet been defined, and it is presently unclear
whether these defects reflect a single Cul-3-based ubig-
uitin ligase or multiple independent Cul-3 complexes.
The identification of targets of cul-3 will be required to
clarify how these defects in cytokinesis come about.

Conclusion

The last decade has seen substantial strides in our un-
derstanding of cell cycle control and the functions of the
APC/C in this process. We now have a clear view of the
role played by the APC/C in catalyzing distinct cell cycle
transitions, and we have a good understanding of the
components of the APC/C. What does the future hold?
Clearly, a major deficit exists in our understanding of
precisely how the APC/C works and why it needs so
many subunits. To understand these issues, structural
information will need to be integrated with functional
analysis of individual subunits. Also, structural analysis
of motifs involved in substrate recognition may make it
possible not only to understand how substrates are se-
lected but also to identify additional substrates. Further-
more, we have only scratched the surface with respect to
understanding non-cell-cycle roles of the APC/C. Addi-
tional Cdhl homologs have roles either in cell division
or non-cell-cycle functions, and the elucidation of these
functions will likely require reverse genetics in verte-
brate systems. Finally, we have only a rudimentary un-
derstanding of how Cdhl regulation is linked with the
mitotic exit pathway. Genetic and biochemical studies
will be required to elaborate the signaling pathway re-
sponsible for dephosphorylation of Cdhl as animal cells
exit mitosis.
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Note added in proof

We described evidence indicating that Pdsl and Clb5 are the
sole essential substrates of APC®42° required for exit from mi-
tosis. Clb5 is thought to inhibit mitotic exit by phosphorylation
of Cdhl, thereby blocking destruction of mitotic cyclins such as
Clb2. A very recent paper questions the central role of Clb5
destruction in mitotic exit (Wasch and Cross 2002). This paper
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reports that certain aspects of mitotic exit, including spindle
disassembly, require Clb2 degradation, but these processes can
occur in the presence of a nondegradable form of Clb5. These
provocative data reinforce the notion that distinct mitotic
events are differently sensitive to the levels of particular Cdk
family members.
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