Control of APC/C-dependent ubiquitin chain elongation
by reversible phosphorylation
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Most metazoan E3 ligases contain a signature RING domain that
promotes the transfer of ubiquitin from the active site of E2 conjugating enzymes to lysine residues in substrates. Although these
RING-E3s depend on E2 enzymes for catalysis, how they turn on
their E2s at the right time and place remains poorly understood.
Here we report a phosphorylation-dependent mechanism that ensures timely activation of the E2 Ube2S by its RING-E3, the anaphase-promoting complex (APC/C); while phosphorylation of a
specific serine residue in the APC/C coactivator Cdc20 prevents
delivery of Ube2S to the APC/C, removal of this mark by PP2AB56
allows Ube2S to bind the APC/C and catalyze ubiquitin chain elongation. PP2AB56 also stabilizes kinetochore–microtubule attachments to shut off the spindle checkpoint, suggesting that cells
regulate the E2–E3 interplay to coordinate ubiquitination with
critical events during cell division.
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y promoting the ubiquitination and proteasomal degradation
of anaphase inhibitors, the anaphase-promoting complex
(APC/C) triggers sister chromatid separation and mitotic exit
(1–5). The APC/C also targets kinases and microtubule-binding
proteins that ensure accurate assembly of the mitotic spindle.
Misregulation of the APC/C has dramatic consequences for cell
cycle control; whereas APC/C inhibition causes mitotic arrest
and cell death, its untimely activation results in aneuploidy, a
common feature of human cancer cells (6).
As a RING-dependent E3 ligase, the APC/C stimulates the
transfer of ubiquitin from the catalytic cysteine of E2 conjugating
enzymes to lysine residues in substrates. In most cases, the APC/C
initiates chain formation by using a specific E2, Ube2C (7–10).
Once the first ubiquitin molecules have been attached to substrates, another conserved E2, Ube2S, extends K11-linked chains
that are recognized by the proteasome for degradation (11–16).
Ube2S frequently acts on short chains rather than on single
ubiquitin subunits, thereby producing branched conjugates that
impart high affinity for proteasomal receptors (13). Consistent
with an important role in cell division, activation of Ube2S
during mitosis results in a dramatic increase in the abundance of
K11 linkages (17, 18), a chain topology required for APC/Cdependent substrate degradation (19).
As with many key cell cycle regulators, the APC/C and Ube2S
need to be under tight control, and overexpression of Ube2S can
promote tumor growth and metastasis in mice (20). The correct
timing of APC/C activation is ensured by the spindle checkpoint,
a signaling cascade turned on by kinetochores that have not
achieved bipolar attachment to the spindle (4, 21, 22). Spindle
checkpoint signaling leads to formation of the mitotic checkpoint
complex (MCC), composed of Mad2, BubR1, Bub3, and Cdc20.
When bound to the APC/C, the MCC competes for recognition
of substrate KEN boxes and puts the APC/C coactivator Cdc20
in a position where it is unable to engage another degron, the
D box (23–25). In contrast, the MCC does not occupy the binding
sites for APC/C E2s or impede the ability of the APC/C to stimulate
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ubiquitin transfer by Ube2S (12). Thus, although overexpression of
Ube2S has been associated with tumorigenesis, the mechanisms that
restrict its activity during mitosis have remained elusive.
RING-E3s, such as the APC/C, engage their E2 enzymes in a
dynamic manner (26). On binding a charged E2, the RING domain
stabilizes a closed conformation between the E2 and its donor
ubiquitin (14, 27–30). Once this ubiquitin is transferred to a target
lysine, the E2 dissociates from the RING domain to allow for its
recharging by the E1 (31). For most RING-E3s, the cycles of E2
engagement and dissociation are thought to occur constitutively (32),
and only a few examples of controlled E2 activation are known.
Access of Cdc34 to its specific RING-E3, the Skp1-Cul1-F box (SCF)
complex, can be regulated by phosphorylation or competition with
the inhibitory protein glomulin (33, 34). Reminiscent of this situation,
Ube2S interacts with the APC/C in a cell cycle-dependent manner,
and depletion of Cdc20 prevents Ube2S from stably binding to the
APC/C in cells (12, 15). However, as part of the MCC, Cdc20 already
associates with the APC/C during prometaphase, when APC/C activity must be low to allow sufficient time for chromosome alignment.
How the ability of Ube2S to build ubiquitin chains is restricted during
early stages of mitosis to safeguard cells against premature APC/C
activation remains unknown.
In this study, we identified a mechanism that establishes how
the RING-E3 APC/C activates Ube2S at the right time and
place. In early mitosis, phosphorylation of a specific serine residue in the APC/C coactivator Cdc20 prevents the stable association of Ube2S with Cdc20 and the APC/C. Conversely,
removal of the inhibitory mark on Cdc20 by the phosphatase
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PP2AB56 allows Ube2S to engage the APC/C and catalyze ubiquitin
chain elongation. PP2AB56 also stabilizes the kinetochore–microtubule interface to silence the spindle checkpoint (35, 36), suggesting that cells regulate the interplay between RING-E3s and
their E2s to coordinate ubiquitination with important events in
cell division.
Results

Cdc20 Delivers PP2AB56 to the APC/C. Our finding of equivalent
interactions between Cdc20 and Ube2S or PP2AB56 raised the
possibility that Cdc20 might recruit PP2AB56 to the APC/C. To
test this hypothesis, we depleted Cdc20 from HeLa cells using
validated siRNAs (12), synchronized these cells in mitosis by
treating them with STLC and MG-132, and purified the APC/C
using monoclonal αAPC3 antibodies. As reported previously
(12), depletion of Cdc20 prevented the stable APC/C binding of
Ube2S, as well as that of the spindle checkpoint proteins BubR1
and Mad2 (Fig. 1C). In addition, the loss of Cdc20 interfered
with the association of PP2AB56 with the APC/C, indicating that
Cdc20 delivers PP2AB56 to the prometaphase APC/C.

BIOCHEMISTRY

Cdc20 Associates with PP2AB56 During Prometaphase. Based on the
observation that Ube2S is delivered to the APC/C by Cdc20 (12),
we hypothesized that regulators of Ube2S activation might already be recognized by Cdc20 itself. To identify such proteins, we
synchronized HeLa cells expressing FLAGCdc20 in prometaphase
using S-trityl-L-cysteine (STLC), a chemical inhibitor of the mitotic
motor Eg5 that allows the formation of kinetochore–microtubule
attachments but interferes with formation of a bipolar spindle (37).
During the last 2 h of synchronization, we treated these cells with
the proteasome inhibitor MG-132, a condition that stabilizes Cdc20
interactions with Ube2S and the APC/C (12). Finally, we purified
FLAG
Cdc20 and determined high-confidence interactors by
CompPASS mass spectrometry (38), using a database of immunoprecipitation analyses performed with mitotic HeLa cells.
As expected based on previous reports (12, 39–41), Cdc20
bound the APC/C, Ube2S, spindle checkpoint proteins, cyclin
A2-Cdk2 complexes, and CCT chaperone (Fig. 1A). With lower
coverage, we observed an association between Cdc20 and multiple APC/C substrates, including geminin, cyclin B3, Skp2, Tpx2,
Nek2A, Plk1, and Kif14, which was dependent on proteasome
inhibition. In addition, the stabilization of Cdc20 complexes by
MG-132 treatment allowed us to detect an abundant interaction
between Cdc20 and the PP2AB56 phosphatase (composed of catalytic subunit PPP2CA or PPP2CB, regulatory subunit PPP2R1A,
and substrate targeting subunits PPP2R5A–E), as well as the kinetochore anchor of PP2AB56, Knl1. In contrast, PP2AB55, an
isoform of PP2A that is active during mitotic exit (42), was not
registered in these affinity purifications, and PP1, a phosphatase
also recruited to kinetochores by Knl1, was detected only with low
total spectral counts.

We performed several experiments to further test for an interaction between Cdc20 and PP2AB56. By mass spectrometry,
we observed the binding between FLAGCdc20 and all subunits of
PP2AB56 if we impaired mitotic protein degradation by expressing a dominant-negative version of the APC/C-E2 Ube2C,
Ube2CC114S (Fig. S1A). Moreover, we found that FLAGCdc20
bound to endogenous PP2AB56 using Western blot analysis (Fig.
S1B), and obtained similar results in reciprocal experiments
in which we observed endogenous Cdc20 and Ube2S in affinity
purifications of a substrate-targeting factor of PP2AB56, FLAGB56α
(Fig. S1C).
To determine whether Cdc20 and PP2AB56 interact at the endogenous level, we purified Cdc20 from lysates of prometaphase
HeLa cells using a monoclonal αCdc20 antibody. Similar to Ube2S,
PP2AB56 was readily detected in Cdc20 immunoprecipitates when
MG-132 was present (Fig. 1B). PP1 or PP2AB55 was seen much less
readily, if at all, in purifications of endogenous Cdc20.
To evaluate these findings by an orthogonal method, we used
an enzymatic assay to ask whether phosphatase activity copurified
with Cdc20. Consistent with our earlier results, we were able to
measure phosphatase activity in Cdc20 immunoprecipitations in
the presence, but not in the absence, of MG-132 (Fig. S1D). This
activity was inhibited by okadaic acid at an IC50 of ∼5 nM (Fig.
S1E), close to the IC50 of PP2A inhibition (35, 36). Taken together, these experiments demonstrate that Cdc20 interacts with
PP2AB56 in a very similar manner as it binds to Ube2S (12).

Fig. 1. Cdc20 recruits Ube2S and PP2AB56 to the APC/C. (A) Identification of high-confidence interactors of Cdc20 during protemetaphase. FLAGCdc20 was
purified from prometaphase HeLa cells synchronized with STLC and MG-132, and associated proteins were determined by CompPASS mass spectrometry. Only
abundant interactors detected with high TSCs in five independent experiments are shown. (B) Endogenous Cdc20 interacts with PP2AB56. Cdc20 was affinitypurified from STLC-synchronized HeLa cells using monoclonal αCdc20 antibodies, and bound proteins were identified by Western blot analysis. MG-132 was
added as indicated. (C) Cdc20 delivers Ube2S and PP2AB56 to the APC/C. HeLa cells were transfected with siRNAs targeting Cdc20, synchronized in prometaphase using STLC, and subjected to αAPC3 affinity purification. Proteins bound to the APC/C were identified by Western blot analysis using specific
antibodies.
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PP2AB56 Activates Phospho-Inhibited APC/C Toward Ube2S. PP2AB56

has frequently been observed to counteract phosphorylation
events that control protein interactions, including those occurring at kinetochores (35, 36). Based on these findings, we asked
whether phosphorylation impacts the binding of Ube2S to Cdc20
or the APC/C, and whether PP2AB56 could overcome such regulation. As an initial test for this hypothesis, we synchronized
HeLa cells in prometaphase, treated these cells with proteasome
inhibitors to enrich them for Cdc20 complexes, and supplemented cell lysates with okadaic acid to shut off both PP1 and
PP2A phosphatases. We then affinity-purified endogenous Cdc20
and used Western blot analysis to identify proteins that engaged
Cdc20 more or less efficiently when phosphatases were turned
off. Notably, phosphatase inhibition led to a striking decrease in
the binding of Ube2S to Cdc20 (Fig. 2A). Persistent phosphorylation also reduced the interaction of Cdc20 with the checkpoint
protein BubR1, as well as with PP2AB56 itself.
The reduced association of Cdc20 with Ube2S caused by
phosphorylation should interfere with the delivery of Ube2S to
its correct position on the APC/C. To investigate whether this
in fact was the case, we used an established cross-linking assay
built on a single Cys variant of Ube2S (Ube2SC118A) and a bifunctional cysteine-reactive cross-linker, 1,4-bismaleimidobutane
(BMB) (12). We incubated Ube2SC118A and BMB with prometaphase APC/C that was purified in the presence or absence of
phosphatase inhibitors and probed for known cross-links of

Fig. 2. Phosphorylation inhibits Ube2S-activation by the APC/C. (A) Endogenous Cdc20 was purified from lysates of prometaphase cells treated with the
proteasome inhibitor MG-132 or the phosphatase inhibitor okadaic acid, as
indicated. Bound proteins were identified by Western blot analysis using
specific antibodies. (B) Phosphatase inhibition alters the interaction of Ube2S
with the APC/C. APC/C purified from okadaic acid-treated extracts was incubated with Ube2SC118A, a variant of Ube2S that contains the active site Cys95
as the only cysteine. Reactions were supplemented with the bifunctional cysteine reactive BMB and analyzed for cross-links by Western blotting against
Cdc20, Apc2, and Apc11. Green asterisks mark previously validated cross-links
(12). (C) Active Ube2S copurifies with prometaphase APC/C. HeLa cells treated
with control- or Ube2S-siRNAs were synchronized in prometaphase using STLC
and MG-132, as indicated. APC/CCdc20 was purified from these cells using
monoclonal αAPC3-antibodies and incubated with E1, ubiquitin, and ATP.
Formation of K11-linked ubiquitin dimers was monitored by αK11-linkage
specific Western blot analysis. (D) Phosphatase inhibition blocks the ability of
the APC/C to catalyze formation of K11-linkages. APC/CCdc20 was purified from
prometaphase cells treated with MG-132 or okadaic acid, as indicated, before
incubation with E1, ubiquitin, and ATP. Formation of K11-linked dimers was
determined by αK11-linkage specific Western blot analysis.
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Ube2S with Apc2, Apc11, and Cdc20. These experiments revealed that phosphorylation impaired the association of Ube2S
with Cdc20 and Apc11, but had less of an effect on the binding of
Ube2S with Apc2 (Fig. 2B). The reduced interaction of Ube2S
with Cdc20 confirms our results from Cdc20 affinity purifications,
whereas the lower efficiency of cross-linking between Ube2S and
Apc11 suggests that phosphorylation might interfere with Ube2S
activation by the APC/C (27, 43).
Consistent with the cross-linking results, phosphatase inhibition prevented the ubiquitination of endogenous Cdc20 and
geminin, two known Ube2S substrates, in mitotic extracts (Fig.
S2 A and B). Moreover, purification of the APC/C under conditions of phosphatase inhibition diminished its ability to activate
Ube2S toward its model substrate, Ub-cyclin A (Fig. S2C). To
separate the effects of phosphatase inhibition on Ube2S from
those on APC/C substrate binding or chain initiation, we developed an assay that specifically monitored APC/C-dependent
activation of endogenous Ube2S. We purified APC/C from
prometaphase cells that were synchronized in the presence or
absence of MG-132, with the former condition known to stabilize
the association of Ube2S with the APC/C (12, 14). We incubated
this APC/C with E1, ubiquitin, and ATP, but no E2s, and
monitored the formation of K11-linked ubiquitin dimers using
linkage- specific antibodies. Under these conditions, the formation of K11-linked dimers is strictly dependent on E2 enzymes
that copurify with the APC/C. Prometaphase APC/C supported
formation of K11-linked ubiquitin dimers (Fig. 2C), which was
lost on depletion of Ube2S and improved by proteasome inhibition. Thus, this assay monitors the activity of endogenous
Ube2S bound to the APC/C. Importantly, phosphatase inhibition
prevented formation of K11-linked ubiquitin dimers by endogenous APC/C and Ube2S (Fig. 2D), indicating that one or more
phosphorylation events interfere with the APC/C-dependent
activation of Ube2S.
To determine whether PP2AB56 reverts the inhibitory effects of
phosphorylation on Ube2S, we purified PP2AB56 from human
293T cells and added it to APC/C that was immunoprecipitated
under conditions of phosphatase inhibition. In binding assays, we
found that PP2AB56 restored the cross-links between Ube2S and
Apc11 and partially rescued the cross-links between Ube2S and
Cdc20 (Fig. 3A), indicating that PP2AB56 can revert specific, but
not all, phosphorylation events on the APC/CCdc20. To test
whether reinstating the interaction between Apc11/Cdc20 and
Ube2S allows for activation of E2, we tested the ability of purified
PP2AB56 to regulate ubiquitination of Ub-cyclin A. Indeed,
PP2AB56 was able to partially restore the ability of phosphorylated
APC/C to activate Ube2S toward Ub-cyclin A (Fig. 3B). Taken
together, these experiments show that phosphorylation inhibits the
ability of the APC/C to activate Ube2S, which can be overcome by
PP2AB56, a phosphatase delivered to the APC/C by Cdc20.
PP2AB56 Targets Ser92 in Cdc20. We next wished to understand how

reversible phosphorylation controls the activation of Ube2S, and
thus identified the phosphorylation sites on Cdc20 that are regulated by PP2AB56 and affect the APC/C binding or activation of
Ube2S. We purified FLAGCdc20 from prometaphase cells and
used mass spectrometry to identify phosphorylated peptides that
were enriched on phosphatase inhibition. These experiments
revealed that phosphatase inhibition resulted in a striking increase in the phosphorylation of Ser92 of Cdc20 (Fig. 4A), a
residue in the amino terminal domain of Cdc20 known to engage
the APC/C. Using a phospho-specific antibody, we confirmed
phosphorylation of endogenous Cdc20-Ser92, which occurred
during prometaphase and was increased on phosphatase inhibition (Fig. 4B). Suggesting that this phosphorylation event
occurs with high efficiency, Phos-tag gels revealed an abundant
phosphorylated Cdc20 species during mitosis that was lost on
mutation of Ser92 (Fig. S3A).
Craney et al.

Purified PP2AB56, but not a version of the phosphatase that
had been inactivated by okadaic acid treatment, efficiently removed the phosphorylation mark from Cdc20-Ser92 in vitro (Fig.
4C). As indicated by the increased mobility in gel electrophoresis, PP2AB56 also was able to dephosphorylate BubR1, a
known PP2AB56 substrate. To test whether this regulation occurs
in vivo, we depleted PP2AB56 from HeLa cells using five validated
siRNAs that target all known B56 isoforms (44). We synchronized these cells in prometaphase, purified endogenous Cdc20,
and probed for Cdc20-Ser92 phosphorylation using our phospho-

Fig. 4. PP2AB56 regulates Cdc20 phosphorylation to
control Ube2S recruitment to the APC/C. (A) Ser92
in Cdc20 is a phosphatase-sensitive site during
prometaphase. FLAGCdc20 was purified from prometaphase cells in the presence or absence of okadaic
acid, and the abundance of phosphorylated peptides
was determined by mass spectrometry. (B) Phosphatase inhibition increases phosphorylation of
Cdc20S92, as determined by Western blot analysis
using a phospho-S92 specific antibody. Endogenous
Cdc20 was purified from prometaphase extracts using monoclonal αCdc20-antibodies, and okadaic acid
was added as indicated. (C) PP2AB56α targets Ser92
of Cdc20 in vitro. Cdc20 was purified from prometaphase extracts treated with okadaic acid, it
was and incubated with purified PP2AB56α or with
PP2AB56 that had been inactivated with okadaic
acid. Phosphorylation of Cdc20 was analyzed by
Western blot analysis using the pS92-specific antibody. (D) PP2AB56 targets Ser92 of Cdc20 in cells.
HeLa cells were depleted of all B56 substrate targeting factors using validated siRNAs. After cells
were synchronized in prometaphase, Cdc20 was
affinity-purified, and Ser92 phosphorylation and
Ube2S binding were measured by Western blot
analysis. (E) A phosphomimetic mutation in Cdc20Ser92 obliterates binding to Ube2S, but not the
MCC. Wild type (WT), Ser92Ala, or Ser92Asp mutants
of Cdc20 were immunoprecipitated from lysates of
prometaphase cells and analyzed for Ube2S, APC/C, or MCC binding (as indicated by BubR1) by Western blot analysis. The asterisk marks a nonspecific band on
the BubR1 Western blot. (F) Cdc20 phosphorylation prevents delivery of Ube2S to the APC/C. Cells were depleted of endogenous Cdc20 and reconstituted with
either WT or phosphomimetic Cdc20S92D. APC/C was purified with αAPC3 antibodies and analyzed for bound proteins by Western blot analysis.
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Fig. 3. PP2AB56 controls APC/C recruitment and activation of Ube2S. (A) PP2AB56
restores cross-linking of Ube2S to Apc11 on phosphatase-inhibited APC/C
purified and treated with BMB as described above. (B) PP2AB56 restores the
activity of phosphatase-inhibited APC/C toward Ube2S. APC/C was purified
from prometaphase extracts treated with okadaic acid, as indicated, and its
activity to promote Ube2S-dependent ubiquitin chain elongation on Ubcyclin A was measured by Western blot analysis. Where indicated, purified
PP2AB56α was added to the reactions.

specific antibody. Importantly, the loss of all B56 substratetargeting factors of PP2A increased the phosphorylation of
Cdc20-Ser92 (Fig. 4D), demonstrating that PP2AB56 regulates
the modification status of Cdc20 during mitosis.
Consistent with our experiments based on chemical phosphatase inhibition, we noticed that depletion of PP2AB56 reduced the
association of Ube2S with Cdc20 (Fig. 4D). This finding suggested
that phosphorylation of Ser92 might affect the interaction of
Cdc20 with Ube2S. To test this hypothesis, we exchanged Ser92 of
Cdc20 with Ala or Asp, thereby either interfering with or mimicking phosphorylation at this site. We purified the Cdc20 variants
from prometaphase cells and probed for Ube2S binding by
Western blot analysis. Strikingly, mutation of Ser92 to either Ala
or Asp strongly impaired the binding of Cdc20 with Ube2S, but
did not affect the binding of Cdc20 to BubR1 or the APC/C (Fig.
4E). These observations indicate that phosphorylation of Ser92
specifically interferes with a role of the hydroxyl group of this
residue in mediating the binding of Cdc20 to Ube2S.
Based on these results, phosphorylation of Cdc20-Ser92 should
impair the delivery of Ube2S to the APC/C in cells, a reaction
that is dependent on the recognition of Ube2S by Cdc20. To test
this assumption, we purified the APC/C from prometaphase cells
that were depleted of Cdc20. As reported previously (12), the loss
of Cdc20 prevented the stable binding of Ube2S or BubR1 to the
APC/C, and this effect of Cdc20 depletion could be rescued by
expression of siRNA-resistant Cdc20 (Fig. 4F). When phosphomimetic Cdc20S92D was used to reinstate Cdc20 levels, cells failed
to deliver Ube2S to the APC/C, yet were still able to mediate the
binding of BubR1 (Fig. 4F). Cells expressing Cdc20S92D as their
sole source of Cdc20 could accordingly mount a spindle checkpoint-dependent prometaphase arrest, but were delayed in mediating the degradation of the Ube2S-substrate geminin upon
release into a new cell cycle (Fig. S3B). Thus, phosphorylation of
Ser92 of Cdc20, a mark regulated by PP2AB56, specifically regulates APC/C binding and activation of Ube2S.

PP2AB56 and Ube2S Binding to the APC/C Is Sensitive to Kinetochore
Status. Finally, we wished to determine how the activity of PP2AB56

toward Cdc20 is integrated into the cell cycle program. We had
observed that Ser92 of Cdc20 was phosphorylated more efficiently
when cells were synchronized under conditions that disrupt proper
spindle formation (Fig. 4B). In addition, we found that depletion
of Kif18A, a kinesin that regulates the dynamics of kinetochore–
microtubule interactions (45), led to a strong enrichment of Cdc20Ser92 phosphorylation (Fig. 5A). Similar to STLC, Kif18A depletion also increases the fraction of cells in the prometaphase
state of the cell cycle (45). These findings suggested that the
binding of PP2AB56 to Cdc20 might be linked to the status of kinetochore–microtubule attachments during early stages of mitosis.
To test this hypothesis, we depleted HeLa cells of Knl1, a
kinetochore protein that provides binding sites for spindle microtubules as well as for PP2AB56 (36). The depletion of Knl1
also resulted in a loss of Cdc20 from prometaphase kinetochores
(Fig. S4A) and diminished levels of BubR1 (Fig. 5B), a known
binding partner of PP2AB56 at kinetochores (36). Strikingly,
depletion of Knl1 prevented both PP2AB56 and Ube2S from
stably binding to Cdc20 (Fig. 5B). To independently disturb kinetochore function, we reduced levels of Ndc80. Ndc80 also
provides microtubule-binding sites for kinetochore–microtubule
attachments, but its loss had less dramatic consequences on
BubR1 or Mad2 levels during prometaphase (Fig. S4B). Importantly, as observed on depletion of Knl1, a reduction in
Ndc80 levels impaired the binding of PP2AB56 and Ube2S to
Cdc20 (Fig. S4B). These results underscore the notion that
PP2AB56 and Ube2S are coregulated, and that both proteins are
recruited to Cdc20 in a manner dependent on a functional kinetochore. Given that Cdc20 delivers PP2AB56 and Ube2S to the
APC/C, our results suggest that phosphorylation-dependent regulation of Ube2S is coordinated with the microtubule-binding
status of kinetochores.

Fig. 5. Kinetochore function is required for PP2AB56 recognition by Cdc20.
(A) Depletion of Kif18A increases phosphorylation of Ser92 of Cdc20.
Asynchronous HeLa cells were treated with indicated siRNAs, and endogenous Cdc20 was purified using monoclonal αCdc20 antibodies. Phosphorylation of Cdc20S92 was determined by Western blot analysis. (B) Depletion of
Knl1 interferes with Cdc20 binding to BubR1, PP2AB56, and Ube2S. HeLa cells
were depleted of Knl1, synchronized in prometaphase, and treated with
MG-132 as indicated. Cdc20 was purified using specific antibodies and analyzed for binding partners by Western blot analysis. (C) Model of Ube2S
regulation by reversible phosphorylation.
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Discussion
Mitotic cells ensure faithful distribution of the genetic material by
delaying activation of the APC/C until all kinetochores have been
attached to the spindle. Once this has been accomplished, the
APC/C is turned on rapidly and completely to guarantee synchronous sister chromatid separation. If the APC/C is activated too
early or too slowly, sister chromatid separation occurs erroneously,
and aneuploidy arises. Whereas the spindle checkpoint and its effector, the MCC, have long been recognized to inhibit the APC/C
by blocking substrate recognition, we now report that cells also
ensure timely activation of the APC/C-specific E2 Ube2S.
Our results identify phosphorylation of Cdc20 as a gatekeeper
for the delivery of Ube2S to the APC/C. Modification of Ser92 in
Cdc20 prevents binding to Ube2S, but not the MCC or APC/C,
thereby blocking the formation of a complex important for the
recruitment of Ube2S to the APC/C. Accordingly, phosphorylation
impairs the ability of the APC/C to activate Ube2S, which could
provide a basis for previous observations that hypophosphorylated
APC/C displays higher activity than the heavily phosphorylated
APC/C present in early mitotic cells (46). Ser92 of Cdc20 is modified by a kinetochore-bound complex composed of a Bub1 scaffold
and Plk1 kinase (47). Consistent with this idea, the loss of Ube2S
and persistent Cdc20 phosphorylation cause phenotypes that are
the opposite of Bub1 depletion; whereas the former events delay
APC/C activation at the metaphase–anaphase transition and increase the sensitivity of cells to spindle toxins (12), the loss of Bub1
results in premature APC/C activation and anaphase entry (39).
The inhibitory phosphorylation on Cdc20 is removed by PP2AB56,
a kinetochore-bound phosphatase. Because depletion of all B56
substrate-targeting factors stabilized Ser92 phosphorylation less
dramatically than okadaic acid, other phosphatases, including
PP1, could target this Cdc20 residue as well. PP2AB56 is recruited
to kinetochores by BubR1, and a D464R mutation in Cdc20 that
disrupts binding to BubR1 (12) also interferes with recognition of
PP2AB56 (Fig. S1B). In addition, depletion of Knl1, the kinetochore anchor of BubR1, prevents incorporation of PP2AB56 and
Ube2S into Cdc20 complexes. These findings suggest that Cdc20
coordinates the formation of a kinetochore-bound complex that
contains BubR1, Ube2S, and PP2AB56. Notably, the arrival of
PP2AB56 at kinetochores stabilizes their binding to spindle microtubules, which turns off the spindle checkpoint and allows substrate
binding to the APC/C (36). Thus, we propose that PP2AB56 improves Ube2S recruitment to the APC/C on stable attachment of
mitotic chromosomes to the spindle apparatus (Fig. 5C). If correct,
this model will provide a molecular basis for synchronizing spindle
checkpoint silencing with catalytic activation of the APC/C.
Our work sheds new light onto the role of Cdc20 as a coactivator of the APC/C. In addition to its ability to recruit substrates to the APC/C (48–52), Cdc20 has long been known to
increase the catalytic activity of the APC/C, yet how this occurs is
less well understood. Structural studies have revealed that Cdc20
changes the conformation of the APC/C, which increases the
ability of Apc11 to stimulate ubiquitin release from the initiating
E2 Ube2C (2, 24, 50). Our present study and previous work
suggest that Cdc20 also controls the APC/C-specific chain
elongating E2 Ube2S; Cdc20 delivers Ube2S to the APC/C and
places it in proximity to its partners Apc2 and Apc11 (12, 27, 53).
As shown here, Cdc20 also coordinates recruitment of Ube2S
with that of PP2AB56, which in turn permits the APC/C to simulate Ube2S. We therefore propose that the activator function of
Cdc20 originates in part from its role in recruiting and activating
Ube2S, providing a striking example of how RING-E3s exploit
multiple layers of regulation to activate their cognate E2 enzymes at the right time and place.
Materials and Methods
Details of the materials and methods used in this study, including antibodies
and siRNA sequences, are provided in SI Materials and Methods. Protein
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purification, APC/C activity assays, immunoprecipitation, immunofluorescence
microscopy, and CompPASS mass spectrometry were performed as described
previously (12, 14, 54). Phosphatase assays were performed using the PP2A
Immunoprecipitation Phosphatase Assay Kit (EMD Millipore) in accordance
with the manufacturer’s directions.

