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PP2A-B56 binds to Apcl and promotes Cdc20
association with the APC/C ubiquitin ligase

in mitosis
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Abstract

Cell cycle progression and genome stability are regulated by a ubig-
uitin ligase, the anaphase-promoting complex/cyclosome (APC/C).
Cyclin-dependent kinase 1 (Cdk1) has long been implicated in APC/
C activation; however, the molecular mechanisms of governing this
process in vivo are largely unknown. Recently, a Cdkl-dependent
phosphorylation relay within Apc3-Apcl subunits has been shown
to alleviate Apcl-mediated auto-inhibition by which a mitotic APC/
C co-activator Cdc20 binds to and activates the APC/C. However,
the underlying mechanism for dephosphorylation of Cdc20 and
APC/C remains elusive. Here, we show that a disordered loop
domain of Apcl (Apcl-loop®®°) directly binds the B56 regulatory
subunit of protein phosphatase 2A (PP2A) and stimulates Cdc20
loading to the APC/C. Using the APC/C reconstitution system in
Xenopus egg extracts, we demonstrate that mutations in Apcl-
loop®°° that abolish B56 binding decrease Cdc20 loading and APC/
C-dependent ubiquitylation. Conversely, a non-phosphorylatable
mutant Cdc20 can efficiently bind the APC/C even when PP2A-B56
binding is impeded. Furthermore, PP2A-B56 preferentially dephos-
phorylates Cdc20 over the Apcl inhibitory domain. These results
indicate that Apc1-loop®°° plays a role in dephosphorylating Cdc20,
promoting APC/C-Cdc20 complex formation in mitosis.
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Introduction

The cell cycle is a biological process by which genetic information is
accurately duplicated and segregated into daughter cells. At the same
time, growth, proliferation and differentiation are controlled accord-
ingly in response to environmental cues, ensuring genome stability.
Cyclin-dependent kinases (Cdks) and the APC/C are some of the
most significant cell cycle regulators, controlling the cell cycle
through phosphorylation and ubiquitylation, respectively [1-4]. Cdk

activity is vital for DNA replication and driving mitosis, while the
APC/C-dependent ubiquitylation and proteolysis of several key regu-
latory proteins at specific times are essential for mitotic progression.
For example, APC/C-dependent proteolysis of securin and cyclin B
drives sister chromatid separation and mitotic exit. The APC/C also
controls non-mitotic events such as gene expression and differentia-
tion, and even functions in non-dividing cells, such as neurons [5-8].

Cdkl and APC/C mutually regulate each other in mitosis, form-
ing a negative feedback loop by which a periodicity of cell division
cycle is ensured; there can be no mitotic APC/C activation without
Cdk1, and there can be no cyclin destruction and no cell division
without APC/C. However, despite the obvious importance of the
whole mechanism, the control of APC/C activation and regulation
still remains poorly understood. One crucial aspect of APC/C regula-
tion is the engagement of its co-activators Cdc20 and Cdhl as apo-
APC/C by itself is not active. Co-activator engagement is regulated
by phosphorylation of both the APC/C and co-activators. Mitotic co-
activator Cdc20 preferentially binds and activates hyperphosphory-
lated APC/C promoting mitotic progression, whereas Cdh1l, which is
inhibited by phosphorylation, functions in telophase and G1 when
Cdk activity is low after cyclin B destruction. High-resolution cryo-
EM has uncovered the detailed structure of the APC/C complex
(comprising 14 subunits in vertebrates) providing mechanistic
insights [9-11]. Furthermore, recent reports revealed more dynamic
regulation through the disordered loop domains of the Apc3 and
Apcl subunits (Apc3-loop, 182-451; Apcl-loop®®®, 294-399 in Xeno-
pus). Cdkl-driven phosphorylation occurs in a coordinated manner
between Apc3 and Apcl. Cdkl-dependent Apc3-loop phosphoryla-
tion acts as a scaffold and recruits a Cdk regulatory subunit p9/Cks
protein via its anion binding domain. In turn, this engages a ternary
complex Cks-Cdkl-cyclin and phosphorylates an auto-inhibitory
domain in a distant subunit, Apcl, in an intramolecular phosphory-
lation relay [12]. The auto-inhibitory domain, Apcl-loop®®, acts as
a molecular switch, and in unphosphorylated APC/C, it interacts
with the C-box (a short and conserved motif present in the Cdc20/
Fizzy family of co-activators) binding site and sterically hinders
engagement of Cdc20. Phosphorylation of Apcl-loop®® induces a
conformational change, resulting in dissociation of Apcl-loop®®
from the C-box binding site enabling Cdc20 loading for ubiquityla-
tion catalysis [12-14].
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Phosphorylation of Cdc20 is also an important element that
controls the formation of active APC/C-Cdc20 complex. Cdkl-
dependent phosphorylation of three N-terminal threonine residues
near the C-box (T64, T68 and T79 in Xenopus) inhibits Cdc20 load-
ing to the APC/C, presumably by precluding Cdc20-Apc6 interaction
[15]. Notably, in anaphase extracts induced by non-degradable
cyclin B, it has been shown that most of the Cdc20 bound to the
APC/C evades phosphorylation at T79 even when the activity of
Cdk1 is high and the APC/C is highly phosphorylated. However,
exactly how Cdc20 is dephosphorylated in order to bind the APC/C
remains elusive although PP2A has been shown to be involved [15].

PP2A is a highly conserved serine/threonine phosphatase
consisting of three subunits: catalytic C, scaffolding A and a variable
regulatory B subunit [16]. Substrate specificity and/or subcellular
localisation are regulated by its associated B subunits. The B subunit
family comprises four distinct subfamilies (B/B55, B'/B56, B”/PR72
and B"”/STRN) with multiple isoforms for each subfamily. It is well
established that the activity of PP2A-B556 is vital for mitotic exit
[17]. Crucially, the activity of PP2A-B558 fluctuates during the cell
cycle, via the PP2A-B556/ENSA/Greatwall pathway, and is high in
interphase and low in mitosis [18-20]. Thus, PP2A-B556 is unlikely
to be the phosphatase that initiates Cdc20 dephosphorylation in
mid-mitosis although PP2A-B556 has been reported to be important
for Cdc20 dephosphorylation at mitotic exit once it is activated upon
Cdk1 inactivation [18-20]. In contrast, PP2A-B56 has been shown to
be active during mitosis. In fact, several mitotic events such as
silencing of spindle assembly checkpoint (SAC), loading of an E2
ubiquitin-conjugating enzyme to APC/C and assembly of the central
spindle are facilitated by PP2A-B56 [21-24]. More recent work
suggests that PP2A-B56 achieves its functional specificity by binding
to a LxxIXE short linear motif (SLiM) in which Glu (E) at position 6
is crucial, but position 1 (Leu) and position 4 (Ile) can be replaced
by other hydrophobic residues, and phosphorylation or the enrich-
ment of acidic residues within and downstream from the motif can
increase PP2A-B56 binding [25-27].

We have identified a B56 binding site within the Xenopus APC/C
complex, which is located in another flexible disordered loop
domain of Apcl (Apcl-loop®®). Using egg extract of Xenopus laevis
and reconstitution of apo-APC/Cs in the MultiBac system, we show
here that Apcl-loop® has a role in PP2A-B56 recruitment in mito-
sis, which in turn dephosphorylates Cdc20 and controls its loading
for APC/C activation. Consistently, phosphorylation site mutant
Cdc20 can bind sufficiently to the APC/C independently of PP2A-
B56 binding. Furthermore, PP2A-B56 dephosphorylates Cdc20 more
efficiently than the Apcl-loop*®. Our work reveals a mechanism
explaining how a mitotic co-activator Cdc20 can specifically bind to
and activate the APC/C in anaphase and therefore initiate sister
chromatid separation and mitotic exit.

Results and Discussion

PP2A B56 regulatory subunit binds to Apcl-loop®°°

Although it has been demonstrated that PP2A is involved in APC/
C regulation [15,28,29], the underlying mechanisms have not been

well characterised. Structural studies of the APC/C hinted that
there are putative disordered loop domains in the APC/C complex
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in addition to Apc3-loop and Apcl-loop>°°. We therefore hypothe-

sised that these flexible disordered loop domains could also regu-
late APC/C activity. It has been recently reported that PP2A-B56
recognises and binds a LxxIXE SLiM on target substrates [25-27].
This finding prompted us to investigate whether a B56 binding site
is present in APC/C subunits, in particular, within these disor-
dered loop domains. Primary sequence inspection of those
domains has identified one such SLiM (LSPVPE) in a predicted
loop domain of Apcl (515-584 in Xenopus Apcl, hereinafter
referred to as Apcl-loop®®®) that is located in the N-terminal
WD40 domain of Apcl. This sequence is highly conserved among
species including human Apcl (Fig 1A). To verify the ability of
this loop domain to bind B56 subunit, we prepared maltose bind-
ing protein (MBP) fused to Apcl-loop®® and its derivatives with
mutations such as an 11 residue deletion of the B56 binding site
(A11) or substitution of three alanines of putative Cdk sites (3A)
(Fig 1B) and examined the ability to bind B56y, a subtype of B56,
using Xenopus egg extracts (Fig 1C). Pull-down assays showed
only wild-type (WT) Apcl-loop® significantly bound 3°S-labelled
in vitro-translated B56y in anaphase extracts (lane 14), compared
with MBP-alone or MBP-fused Apcl-loop®®®#!! (lanes 13 and 15).
This result suggests that this flexible Apcl-loop®® domain can bind
B56y via the B56 binding site. This interaction was not observed in
interphase extracts, which have low Cdk activity (lane 10), suggesting
that the binding of B56 to Apcl-loop®® depends on phosphorylation of
the loop domain. Consistently, non-phosphorylatable Apcl-loop®®34
failed to bind B56y even in anaphase extract (lane 16). We also
performed Cdk-dependent in vitro kinase assay and confirmed that
WT Apcl-loop®®, but not Apcl-loop®®3#, was efficiently phosphory-
lated by Cdk2-cyclin A (Fig 1D). Furthermore, we have investigated
whether Cdk phosphorylation of Apcl-loop®® promotes B56 load-
ing. Purified MBP-fused WT Apcl-loopsoo, but not 3A, increased its
binding affinity to B56, depending on Cdk phosphorylation (Fig 1E
and F). We also made Apcl-loop®® with S558A single alanine
substitution of Cdk site within the B56 binding motif (Fig EV1A).
Pull-down assays showed that the point mutant S558A abolished
B56 binding as efficiently as the 3A mutations (Fig EV1B). This is
consistent with the previous report that phosphorylation of the SP
site in the middle of the B56 binding site increases binding strength
[29]. To further investigate B56 and Apcl-loop®® interaction, we
generated another Apcl-loop®® mutant protein that harbours two
alanine substitutions within the B56 binding site in Apcl-loop®®
(Apc1-loop00LS57A/VE60A) - As was seen for Apcl-loop®®®2!1) the
mutations in the B56 binding site (Apcl-loop®®® M°7A/V5604) aho]-
ished the ability to bind B56y (Fig EV1C, lanes 14-16). As the
regulatory B subunit family comprises four distinct subfamilies,
B55, B’/B56, B"/PR70 and B”/STRN, we wanted to examine
subfamily specificity. Apcl-loop®® specifically bound to B56y, not
B558 or PR70 (Fig EV1C, lanes 13-24). All together, these results
demonstrate that upon Cdk phosphorylation, the disordered loop
domain Apcl-loop®® specifically interacts with PP2A harbouring
the B56 regulatory subunit.

Apcl-loop®®° regulates APC/C activity through Cdc20 loading
in anaphase

Next, we asked how the B56 binding to Apcl-loop®® regulates

APC/C activity. We have established a functional biochemistry
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Figure 1. Cdk-dependent phosphorylation of Apcl-loop®°° ensures PP2A-B56y recruitment.

A Multiple alignment of a predicted Apc1-loop>® domain of vertebrate APC/Cs. The sequences corresponding to residues 515-584 in Xenopus tropicalis Apcl are shown.
A putative B56 binding region is coloured in green. Hs, Homo sapiens human; Pt, Pan troglodytes chimpanzee; Mm, Mus musculus mouse; Gg, Gallus gallus chicken; Xt,
Xenopus tropicalis frog.

B Schematic diagrams of Apcl-loop®® constructs. Apcl-loop®® (residues 515-584) was fused with maltose binding protein (MBP) at N-terminus and 6xHis at C-
terminus. Conserved Cdk phosphorylation sites (SP/TP) are shown as S or T, respectively. The putative B56 binding region is shown in green. The 11-residue
[LSPVPELRDST] deletion (A11) and alanine substitution mutations to three Cdk phosphorylation sites (3A) or to B56 binding motif (L557A/V560A) are shown.

C Binding assay using MBP-fused Apcl-loop®® fragments and B56y. Apc1-loop®®® WT or its derivatives (A11 or 3A) were incubated with the **S-labelled Flag-B56y in
interphase extract (Inter) or anaphase extract (Ana) supplemented with CycBA167 at 23°C for 1 h. The bound proteins were recovered by amylose beads, separated by
SDS—PAGE and detected by autoradiography or Coomassie brilliant blue (CBB) staining. The bar graph is quantification of bound B56y. The intensities of MBP control
were arbitrarily set to 1.0. Error bars, SEM from three independent experiments.

D Cdk-dependent in vitro kinase assay of Apc1-loop®®°. MBP-fused WT or 3A Apcl-loop®® fragment was incubated with Cdk2-cyclin A in the presence of [y->*P]-ATP at
23°C for 10 min, separated by SDS—PAGE and detected by autoradiography.

E Cdk can promote Apcl-loop®® and B56 interaction. MBP-fused WT or 3A Apcl-loop>® fragment was incubated in the presence or absence of Cdk2-cyclin A at 30°C
for 60 min. MBP-fused peptides (—/+ kinase) were isolated and incubated with purified Flag-B56y at 23°C for 30 min. The bound proteins were recovered by amylose
beads and analysed by SDS—PAGE and immunoblotting with indicated antibodies.

F Quantification of (E) Bound B56y to WT Apcl-loop>® control (~Cdk) was arbitrarily set to 1.0. Error bars, SEM from three independent experiments.
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Figure 2. B56 binding to Apcl-loop®°° is important for the formation of the active APC/C-Cdc20 complex.

A Cdc20 binding assay in Xenopus egg extracts. The purified recombinant wild-type (WT) or B56 binding site mutant APC/C (1-L557A/V560A) was incubated with APC/C-
depleted (AAPC) interphase extract (Inter) or AAPC anaphase extract supplemented with CycBA167 (Ana) at 23°C for indicated times. The APC/C was recovered with
Apc3 monoclonal antibody (AF3.1) beads, and the bound proteins were analysed by SDS-PAGE and immunoblotting with indicated antibodies. pApcl (pS314/pS318) is
a phospho-site-specific antibody that binds only when both S314 and S318 are phosphorylated.

B Quantification of (A). The intensities of WT control in interphase were arbitrarily set to 1.0. Error bars, SEM from three independent experiments.

C B56 binding site mutant APC/C (1-L557A/VS60A) is less active in ubiquitylation assay than WT APC/C. The purified recombinant WT APC/C or B56 binding motif mutant
APC/C (1-L557A/V560A) was incubated with AAPC anaphase extract. The recovered APC/C-Cdc20 complex was subjected to ubiquitylation assay using **S-labelled
cyclin B as a substrate. Samples were taken at indicated time points and analysed by SDS—-PAGE and autoradiography. Cdc20 bound to the APC/C is presented in

Fig EV2B.
D Quantification of (C). Error bars, SEM from three independent experiments.

pipeline by which Xenopus apo-APC/C is reconstituted by simulta-
neous co-expression of all 14 subunits in insect cells using the
MultiBac system and its activity is examined in APC/C-depleted
Xenopus egg extracts [12]. We made recombinant Xenopus APC/C
apo-complexes carrying mutations in Apcl (Apcl-loop®00L5574/V560A
or Apcl-loop®®2!) and then tested the ability of mutant apo-APC/Cs
to bind to the co-activator Cdc20 (Fig 2A and B). When incubated with
anaphase extract, APC/CI57A/VS60A showed a lower affinity for
Cdc20 than WT APC/C, although associated Cdc20 levels gradually
increased in both cases during incubation (Fig 2A, lanes 11-14). Cdk-
dependent phosphorylation in Apcl-loop®® (pApcl: pS314/pS318) was
observed at almost equal levels in both apo-APC/Cs. In contrast, in
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interphase, Cdc20 was able to bind WT APC/C and APC/C!L5574/V5604
at a similar level (Fig 2A, lanes 9 and 10). Consistent results were
obtained by using a mutant apo-APC/C harbouring Apcl-loop®®*!!,
APC/C'"*!! (Fig EV2A). These results suggest that Apcl-loop®® plays a
role in formation of APC/C-Cdc20 complex in anaphase.

We also investigated the activity of WT APC/C and mutant
APC/CHESS7TA/VS60A by in yitro ubiquitylation assay after incuba-
tion with anaphase extract. The activity of APC/C!L5574/V5604
was lower than that of WT APC/C (Fig 2C and D). This result was
consistent with the levels of Cdc20 bound to each apo-APC/C
(Fig EV2B). Similarly, APC/C'*!! showed lower activity than WT
APC/C (Fig EV2C and D). We further examined the activity of mutant

© 2019 The Authors
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apo-APC/Cs using cyclin destruction assays reconstituted in Xenopus
egg extracts in which the endogenous APC/C had been depleted
before supplementing with the reconstituted APC/C to be tested [12].
Cdc20-dependent cyclin destruction with APC/C!o57A/VS60A a9
slower than that with WT APC/C in anaphase extract (Fig EV3A,
upper panel). As a control, we examined cyclin destruction in inter-
phase extract supplemented with Cdhl and either WT APC/C or
APC/ClLo57A/VS60A e found that there was no difference in the
rate of cyclin destruction in interphase, suggesting that both recon-
stituted APC/Cs were equally functional (Fig EV3A, lower panel).
Similar results were obtained by using the other Apcl-loop®® B56
binding site mutant, APC/C'*!" (Fig EV3B). Taken together, we
can conclude that the Apcl-loop®® plays a role in regulating APC/C
activity through Cdc20 loading in anaphase. We have previously
shown that PP2A is involved in dephosphorylating the N-terminal
inhibitory phosphorylation sites of Cdc20, promoting mitotic
Cdc20-APC/C complex formation [15]. Thus, it is tempting to spec-
ulate that PP2A-B56 bound to the APC/C might contribute towards
Cdc20 dephosphorylation. Yet, it is noteworthy that phosphoryla-
tion of Apc3 in APC/C!537A/V360A was slightly delayed although
phosphorylation of Cdk1 sites within Apcl-loop>°’, which controls
engagement of Cdc20 [12-14], occurred to a similar level (Fig 2A).
It is possible that the B56 binding site in Apcl-loop®® may regulate
APC/C activation, directly and/or indirectly, through an as-yet-
uncharacterised phosphorylation and protein interaction.

PP2A-B56 bound to Apcl-loop®®® can regulate APC/C activation
independently of Apc1-loop?°

It has been shown that the Apcl-loop>® acts as a phosphorylation-
dependent auto-inhibitory domain, which blocks the engagement of
Cdc20, in particular at the C-box and Apc8 interaction for APC/C
activation. In order to study the direct role of B56 interaction with
Apcl-loop®® towards the phosphorylation status of Cdc20 rather
than Apc3 and Apcl, we first removed this steric auto-inhibitory
segment and made apo-APC/Cs harbouring deletion of Apcl-loop®®
(1-AL300, deletion of 298-397 in Xenopus). This deletion renders
APC/C phosphorylation unnecessary for Cdc20-dependent activa-
tion. Cyclin destruction assays confirmed that unlike WT APC/C,
the APC/C'™*% was able to be activated in interphase by Cdc20
(Fig EV4). We combined Apcl-AL300 and Apcl-loop®®® mutations
and made double mutant APC/Cs in order to assess the impact of
APC/C'"*!" or APC/C!1557A/VS60A o) the binding of Cdc20 indepen-
dently of Apcl-loop®°® inhibition (Fig 3). As expected, the removal
of auto-inhibitory segment, Apcl-loop®?’, greatly enhanced the
Cdc20 binding to APC/C even in interphase extract (Fig 3A, lanes
7 and 8). Additional mutations of Apcl-loop®®® (APC/C'™!! or
APC/ClL557A/VS604) had no effect on Cdc20 binding in interphase
extract (Fig 3A, lanes 9 and 10). In contrast, in anaphase extract,
these additional mutations reduced Cdc20 binding (Fig 3B, lanes
8-10). These results demonstrate that the Apcl-loop®® can
promote formation of Cdc20-APC/C complex independently of

phosphorylation of the Apcl-loop>®.

PP2A-B56 mediates dephosphorylation of Cdc20

How does PP2A-B56 bound to Apcl-loop®® promote the formation
of APC/C-Cdc20 complex? It has been shown that PP2A can

© 2019 The Authors
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antagonise Cdk-dependent inhibitory phosphorylation of Cdc20 at
the N-terminal domain (N-Cdc20) and promotes the engagement of
Cdc20 with the APC/C for activation [15,29]. In addition, several
lines of evidence suggest that PP2A complexes have an inherent
preference for phospho-threonine over phospho-serine [29-32]. It
has also been reported that Cdk1-dependent inhibitory phosphoryla-
tion sites within N-Cdc20 are exclusively threonine (T64, T68 and
T79 in Xenopus Cdc20) [15,29], whereas Cdkl-dependent stimula-
tory phosphorylation sites in Apcl-loop®®® are exclusively serine
(S314, S318, S335, S344, S358, S380 and S389 in Xenopus Apcl)
[12]. We showed that dephosphorylation of T79 was rapid and most
phosphate was removed within 10 min in anaphase extracts [15].
We investigated the kinetics of phosphate removal from **P-labelled
Apcl-loop*® fragment incubated in anaphase extracts (Fig 4A and
B). The loss of radioactivity from Apcl-loop*®® was very slow, in
great contrast to phosphate removal from T79 on N-Cdc20. Intrigu-
ingly, Apcl-loop®®’T fragment in which all conserved serine Cdk
sites had been replaced by threonine was rapidly dephosphorylated
with similar kinetics to N-Cdc20 (Fig 4A and B). We therefore
hypothesised that PP2A-B56 bound to Apcl-loop®® might be
involved in dephosphorylation of Cdc20, but not Apcl-loop®®, and
promotes the formation of Cdc20-APC/C complex. If this hypothesis
is correct, a non-phosphorylatable Cdc20 mutant (Cdc20-5A; S50A,
T64A, T68A, T79A and S114A), which is free from Cdk-dependent
inhibitory phosphorylation [15], should become insensitive to B56
binding site mutations and load to the APC/C. We examined
whether Cdc20-5A efficiently binds to the APC/C regardless of the
presence of B56 binding site mutations in the Apcl-loop®® (Fig 4C
and D). As expected, in the case of Cdc20-WT, the ability to bind
the APC/C harbouring B56 binding site mutations (APC/C'™>574/
V5604) was decreased, compared with WT APC/C (Fig 4C, lanes 7
and 8). However, for Cdc20-5A, the effect of the B56 binding muta-
tion (Apcl-L557A/VS560A) was significantly alleviated and Cdc20-
5A efficiently bound APC/C!15574/V560A (1anes 9 and 10). In support
of this, Cdc20-5A was able to bind equally to both WT APC/C and
APC/C"!' another B56 binding site mutant APC/C (Fig EVS). It
should be noted that the levels of Cdkl phosphorylation of Apcl-
loop®®® (pApcl: pS314/pS318) are similar in both WT and B56 bind-
ing site mutant APC/C in anaphase extract (Figs 2A and EV2A,
lanes 11-14), implying that PP2A-B56 recruited by Apcl-loop®®
does not dephosphorylate Cdk1 sites of Apcl-loop®®’. These results
suggest that PP2A-B56 bound to Apcl-loop®® can dephosphorylate
N-Cdc20 and promote Cdc20-APC/C complex formation.

Finally, we wanted to examine the specificity of PP2A-B56
towards key phosphorylation sites on Cdc20 and the APC/C. Thus,
we have tested whether purified PP2A-B56y is capable of dephos-
phorylating the inhibitory threonine residues of N-Cdc20 more effi-
ciently than Apcl-loop®®°. Active recombinant PP2A-B56 was
expressed and purified from insect cells and mixed with mitotically
phosphorylated Cdc20 or APC/C as substrates for dephosphoryla-
tion, which was monitored by immunoblotting with anti-pT79
(Cdc20) or anti-pS314/S318 (Apcl-loop®®®). Phosphorylation of
Cdc20 T79 was significantly reduced upon addition of PP2A-B56y,
whereas phosphorylation of Apcl-loop>* remained stable (Fig 4E,
lanes 5-8). At a higher concentration of PP2A-B56y, Apcl-loop>®
was dephosphorylated to some extent, but Cdc20 pT79 was again
more efficiently dephosphorylated (Fig 4E, lanes 9-12). This
supports our model (Fig 4F) that PP2A-B56 bound to the APC/C
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Figure 3. Apcl-loop®°® regulates APC/C activation independently of phosphorylation of Apcl-loop3°°.

A (left panel) Cdc20 binding to APC/C loop domain mutants in interphase extract. The purified recombinant WT or Apcl mutant APC/Cs (1-AL300, 1-AL300/A11 or 1-
AL300/L557A/NV560A) were incubated with AAPC interphase extract at 23°C for 1 h. The APC/C was recovered with Apc3 monoclonal antibody (AF3.1) beads, and the
bound proteins were analysed by SDS—PAGE and immunoblotting with indicated antibodies. (right panel) Quantification of bound Cdc20. The intensities of 1-AL300
control were arbitrarily set to 1.0. Error bars, SEM from three independent experiments.

B (left panel) Cdc20 binding to APC/C loop domain mutants in anaphase extracts. Same as (A) but AAPC anaphase extract was used and incubated at 23°C for 50 min in
anaphase extract. (right panel) Quantification of bound Cdc20. The intensities of 1-AL300 control were arbitrarily set to 1.0. Error bars, SEM from three independent

experiments.

enables efficient dephosphorylation of Cdc20, but not the APC/C,
resulting in Cdc20 association with the APC/C in mitosis and initiat-
ing APC/C-dependent ubiquitylation.

Thus, our study reveals for the first time the presence of a bind-
ing site for PP2A-B56 within the APC/C subunit and we propose a
PP2A-B56-mediated mechanism controlling Cdc20-APC/C formation
in mitosis. For the maintenance of genome stability, accurate sister
chromatid separation, alongside faithful DNA replication, is argu-
ably one of the most important events during the cell cycle. This
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separation is triggered by tightly regulated activation of the APC/C
and subsequent ubiquitin-mediated proteolysis of the anaphase inhi-
bitor securin, which liberates the protease separase, which in turn
cleaves the kleisin subunit of the cohesin complex that physically
holds sister chromatids together. Cdkl-dependent phospho-regula-
tion is clearly central for APC/C regulation but is not fully under-
stood. For example, although the APC/C and Cdc20 form an active
complex in mitosis, phospho-regulation of APC/C and Cdc20 occurs
in an opposing manner; the APC/C needs to be phosphorylated,
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whereas Cdc20 needs to be dephosphorylated for its engagement
and subsequent C-box-dependent activation of the APC/C [15].
PP2A has been shown to be important for dephosphorylation of
APC/C and Cdc20 [15,28,29]. It has also been reported that in
mitotic exit after cyclin B degradation, PP2A-B55 is crucial and pref-
erentially dephosphorylates phospho-threonine over phospho-serine
residues [29-32]. However, until now, there has been no direct
evidence to show how Cdc20 is dephosphorylated at mid-mitosis
when the activity of PP2A-BSS5 is strictly downregulated via the
Greatwall-ENSA pathway. Cdk phosphorylation clearly stimulates
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the affinity of Apcl-loop®® towards PP2A-B56 (Fig 1E and F).
Furthermore, our in vitro experiments using purified PP2A-B56,
Cdc20 and APC/C demonstrate that PP2A-B56 can efficiently
dephosphorylate the N-terminal inhibitory domain of Cdc20
(Fig 4E). Consistently, reconstituted mutant apo-APC/C complexes
deficient in B56-APC/C interactions show less activity than WT
APC/C (Figs 2 and EV2). These results demonstrate that PP2A-B56,
instead of PP2A-B55, might be responsible for the initial dephospho-
rylation of Cdc20 promoting the formation of an active APC/C-
Cdc20 complex required for anaphase onset.
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Figure 4. PP2A-B56 bound to Apcl-loop®®® promotes APC/C-Cdc20 complex formation through dephosphorylation of N-terminal Cdc20.

A (left panel) Cdk-dependent in vitro kinase assay of Apcl-loop>*. 3xFlag-tagged WT or 7T Apc1-loop®® fragment was incubated with Cdk2-cyclin A in the presence of
[y->2P]-ATP at 30°C for 30 min, and separated by SDS—PAGE and detected by autoradiography. (right panel) 3?P-phosphorylated WT or 7T Apc1-loop®® fragment was
incubated in anaphase extract, and removal of radioactivity was analysed by SDS—PAGE followed by autoradiography.

B Quantification of removal of radioactivity in (A). Error bars, SEM from three independent experiments.

C Cdc20-5A efficiently binds to the BS6 binding site mutant APC/C. The purified recombinant WT APC/C or Apcl-loop®® mutant APC/C (1-L557A/V560A) was incubated
with WT Cdc20 or non-phosphorylatable Cdc20 mutant (5A) in AAPCACdc20 anaphase extract at 23°C for 55 min. The APC/C was recovered with Apc3 monoclonal
antibody (AF3.1) beads, and the bound proteins were analysed by SDS-PAGE and immunoblotting with indicated antibodies.

D Quantification of (C). The intensities of WT APC/C control were arbitrarily set to 1.0. Error bars, SEM from three independent experiments.

E The APC/C and Cdc20 immunoprecipitated from CSF extract were incubated in the presence of a range of concentrations or absence of PP2A-B56y at 23°C. Samples
were taken at the indicated time points and analysed by SDS—PAGE and immunoblotting with antibodies, including phospho-site-specific antibodies for pCdc20

(pT79) and pApcl (pS314/pS318).

F A model for Apcl-loop>°°-mediated Cdc20-APC/C complex formation in mitosis. Apcl-loop>® is phosphorylated by Cdk1 and binds to PP2A-B56 in anaphase. PP2A-

B56 dephosphorylates inhibitory phosphorylation sites in N-Cdc20 and promotes the formation of active APC/C-Cdc20 complex. Apcl-loop

%% may control

phosphorylation of other APC/C subunits and possibly interacting proteins although the mechanisms involved remain elusive. The indicated numbers on the
schematic view of the APC/C (the back view is rotated by 180° around the vertical axis from the front view) represent APC/C subunits.

The B56 binding site is located within a disordered loop domain
(Apcl-loop®®) in the N-terminal wheel-like WD40 domain of Apcl
(Appendix Fig S1A). It should be noted that the same WD40 domain
includes another disordered loop domain Apcl-loop*®, which acts
as a phosphorylation-dependent auto-inhibitory segment, on the
opposite side of the WD40 domain (Appendix Fig S1B). Our experi-
ments using purified PP2A-B56 show a preference for phospho-
threonine in N-Cdc20 over phospho-serine residues in the Apcl-
loop®®, which is geographically closer to Apcl-loop®® than Cdc20
associated with the APC/C. Strikingly, in anaphase extracts phos-
pho-serine residues in the Apcl-loop>® are barely dephosphorylated
unlike the threonine substitutions or phospho-threonine in N-Cdc20
(Fig 4A and B) [15]. These findings suggest that the phospho-threo-
nine preference of PP2A-B56 is a key feature in the control of mitotic
progression through APC/C-Cdc20 complex formation and APC/C-
dependent degradation. It is worth noting that when mitotic exit
phosphatases such as PP2A-B55 and PP1 (Cdcl4 in budding yeast)
become active after cyclin destruction, the APC/C is fully dephos-
phorylated and is no longer responsive to Cdc20. At this point, a
structurally related co-activator, Cdhl, takes over and prompts the
APC/C to degrade APC/C substrates until the onset of S phase. Inter-
estingly, it remains to be elucidated exactly how Cdhl can activate
the unphosphorylated APC/C by displacing Apcl-loop>®® [12-14].

How is timely recruitment of PP2A-B56 regulated in mitosis?
PP2A-B56 binding to Apcl-loop®® is dependent upon phosphoryla-
tion of the Cdk1 sites in Apcl-loop®® (Fig 1E and F), suggesting that
dephosphorylation of Cdc20 may be accelerated when APC/C is
fully phosphorylated in mid-mitosis. This correlates with the recent
finding that phosphorylation in the vicinity of the B5S6 binding motif
can increase PP2A-B56 binding [25-27]. Notably, the Apcl-loop®®
sequence and Cdk sites are highly conserved through evolution
(Fig 1A), so the disordered loop domain may be monitoring stages
in the cell cycle by sensing Cdk1 activity. PP2A-B56 recruited onto
phosphorylated Apcl-loop®® might increase the local concentration
of dephosphorylated Cdc20 around phosphorylated APC/C, promot-
ing the formation of APC/C-Cdc20 complex (Fig 4F). It has been
recently reported that at kinetochores, depending on microtubule
attachment, APC/C activation might be regulated via Cdc20 dephos-
phorylation by kinetochore-localised PP1 [33]. PP2A-B56 activity is
also needed to silence the SAC [23,24]. In addition, PP1 and PP2A-
B56 have recently been shown to exploit inverse phospho-depen-
dencies at the kinetochore because phosphorylation of PP1- or
PP2A-interacting motif has an opposite impact on the phosphatases,
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inhibitory to PP1 vs. enhancement to PP2A recruitment [34]. It is
possible that B56 binding to Apcl-loop®” may be more important in
a situation or a specific area where a mitotic kinase is high and PP1
is less responsive. In more general terms, PP2A-B56 recruited on
APC/C may also facilitate dephosphorylation of Cdc20 in a specific
location, which may trigger a positive feedback whereby dephos-
phorylation of Cdc20 and APC/C-Cdc20 complex formation occur in
a spatially and temporally regulated manner. Investigation of living
cells may shed light on such roles in the regulation and subcellular
localisation of the APC/C itself and neighbouring proteins. Under-
standing the role of PP2A-B56 recruited on Apcl-loop®® on SAC
silencing/MCC disassembly is similarly intriguing. Our study
demonstrates that Apcl-loop®® promotes APC/C-Cdc20 complex
formation under normal conditions and is not dependent upon the
SAC as it is not active in Xenopus egg extracts. Yet, whether it regu-
lates SAC silencing/MCC disassembly remains to be investigated.

In summary, we find that a disordered loop domain (Apcl-
loop®®) plays an important role in dephosphorylating Cdc20 by
directly recruiting PP2A-BS6, thereby allowing productive Cdc20-
APC/C complex formation in mitosis. The Apc3-loop mediates
efficient phosphorylation of Apc3 and Apcl by directly recruiting
Cks-Cdk1-cyclin B, whereas the Apcl-loop®®® acts as a phosphoryla-
tion-mediated conformational switch, permitting association with
Cdc20. It seems that flexible and disordered loop domains within
the APC/C play a central role in the dynamic regulation of the APC/
C, in particular through post-translation modifications (PTMs). This
appears to be the case not only for the APC/C but also for other
multi-protein complexes and cellular regulation pathways, e.g. RNA
metabolism. Intriguingly, a number of recently identified RNA bind-
ing proteins bind to RNAs via disordered loop regions [35]. More
unexpected modes of binding or critical regulation of key proteins in
our body might be uncovered by studying unstructured disordered
loop domains.

Materials and Methods

Plasmids and antibodies

Antibodies used are as follows: anti-Apcl (RbAb 4853, 1:100),
Apc3/Cdc27 (1:200; BD Transduction Laboratories), Apc5 (RbAb
3445, 1:500), Cdc20 (MAb BAS8, 1:100), maltose binding protein
(MADb R29, 1:500 except for Fig 1E, 1:5,000), Apcl phosphopeptide
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(pS314-pS318) antibody (RbAb 25312, 1:50) [12], Cdc20 phospho-
peptide (pT79) antibody (MAb BT2.1, 1:25) [15], and Flag-M2-HRP
(for Fig 1E, A8592, Sigma, 1:1,000). AF3.1 and B60 were used for
immunoprecipitation or immunodepletion of APC/C and Cdc20,
respectively [36]. Plasmids for the expression of X. laevis PP2A
regulatory B subunits and PP2A (Ao, B56y and CpB) subunits are
gifts from Drs N. Sagata [37] and S. Mochida [17], respectively.

Preparation of Xenopus egg cell-free extracts

Meiotic metaphase II-arrested (CSF) X. laevis egg extracts were
prepared as described [38]. To prepare interphase extracts, CSF
extracts were incubated at 23°C for 1.5 h in the presence of 0.4 mM
CaCl, and 10 pg/ml cycloheximide, a protein synthesis inhibitor.
Anaphase extracts were prepared by adding non-degradable GST-
fused Xenopus cyclin BA167 (a truncated form of cyclin B lacking the
N-terminal 167 amino acids) to interphase extracts and incubating for
30-60 min at 23°C [12]. APC/C-depleted (AAPC) or Cdc20-depleted
(ACdc20) extracts were prepared as reported previously [36,39].

Expression and purification of recombinant APC/C

Expression and purification of recombinant APC/Cs were performed
as described previously [12,40]. Briefly, two baculoviruses carrying
intact Xenopus APC/C genes and TEV-cleavable tandem Strep II-tag
fused to Apc6 at C-terminus (Apc6-strep) were generated by
MultiBac system (baculovirus 1: Apcl, Apc2, Apcl0 and Apcll;
baculovirus 2: Apc3, Apcd, ApcS, Apc6-strept, Apc7, Apc8, Apcl2,
Apcl3, Apcl5 and Apcl6). Mutant APC/Cs were generated by PCR-
based mutagenesis, and mutation sites were confirmed by sequenc-
ing. To express APC/C complex, High Five insect cells (Invitrogen)
at a cell density of 1.5 x 10° were co-infected with the two recombi-
nant baculoviruses at an MOI (multiplicity of infection) of 1 for each
virus and incubated at 27°C for 48 h with shaking (150 rev/min).
The cells were harvested, frozen in liquid nitrogen and stored at
—80°C. The recombinant APC/Cs were purified with Strep-Tactin
beads and further affinity-purified by Dynabeads Protein A conju-
gated to anti-Apc3 monoclonal antibody (MAb AF3.1). The APC/Cs
bound to beads were flash-frozen and stored at —80°C.

Construction and purification of Apcl-Loop®°°, Apcl-Loop3°°
and B56y

The Apcl-Loop®®, spanning amino acid 515-584 of Xenopus tropi-
calis Apcl, was fused with PreScission protease-cleavable maltose
binding protein (MBP) at the N-terminus and a TEV-cleavable 6xHis
at the C-terminus, and subcloned into pET vector. Mutants were
generated by PCR-based mutagenesis and subcloned into pET vector
as for WT, and mutation sites were confirmed by sequencing. The
Apcl-Loop®®, spanning amino acids 294-399 of X. tropicalis Apcl,
was fused with a PreScission protease-cleavable 3xFlag-tag at the N-
terminus and a TEV-cleavable 6xHis at the C-terminus, and
subsequently subcloned into pET vector. For its 7T variant
(Apcl-loop®®7T), cDNA encoding for the same region but contain-
ing threonine substitutions of all the conserved serine Cdk sites
(S314T, S318T, S335T, S344T, S358T, S380T and S389T) was
synthesised (Integrated DNA Technologies, BVBA) and subcloned
into the pET vector as for WT. In both WT and mutant vectors, the
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Cdk sites (SP or TP) were confirmed by sequencing prior to bacterial
expression. Xenopus laevis B56y was fused with PreScission
protease-cleavable 3xFlag at the N-terminus and a TEV-cleavable
6xHis at the C-terminus, and subcloned into pET vector. After
sequencing confirmation, the resultant plasmids were introduced
into BL21-CodonPlus (DE3) and the fusion proteins were expressed
at 37°C for 1 h in the presence of 1 mM IPTG. The cells were
lysed by 0.3 mg/ml lysozyme and sonicated in lysis buffer (20 mM
HEPES-NaOH pH 7.9, 500 mM NaCl, 5 mM EGTA, 10 pg/ml
leupeptin, 10 pg/ml pepstatin A, 10 pg/ml chymostatin, 0.1%
Triton X-100 and 10 mM imidazole). The proteins were purified
from clarified lysate using Ni-NTA agarose beads (Qiagen).

Kinase assays

MBP-fused WT or 3A Apcl-loop®® fragment (6 pg) was incubated
with Cdk2-cyclin A in the presence of [y-*?P]-ATP at 23°C for
10 min, and separated by SDS-PAGE and detected by autoradiogra-
phy (for Fig 1D). 3xFlag-tagged WT or 7T Apcl-loop®®® fragment
(140 ng) was incubated with Cdk2-cyclin A in the presence of
[y->2P]-ATP at 30°C for 30 min, and separated by SDS-PAGE and
detected by autoradiography (for Fig 4A).

PP2A regulatory B subunits and Apcl-loop®°° binding assays

For binding assay with [*°S]-labelled PP2A B subunits and Apcl-
Loop®® fragments, N-terminally 6xHis-2xFlag-tagged X. laevis PP2A
regulatory B subunits (B56y, B556 or B”/PR70) [37] were labelled
with [>°S]methionine (Hartmann Analytic, UK) in a coupled in vitro
transcription—translation system (Promega, UK). Purified Apcl-
Loop®® fragment proteins were bound to amylose beads (New
England Biolabs) by incubating at 4°C for 0.5-1 h. Beads were
washed with Tris-NaCl buffer [20 mM Tris—-HCI pH 8.0 and 200 mM
NaCl] and XB®F buffer [10 mM HEPES-KOH pH 7.8, 50 mM
sucrose, 100 mM KCl, 2 mM MgCl, and 5 mM EGTA] and incubated
with 3°S-labelled PP2A B subunits in interphase extract in the pres-
ence or absence of cyclin BA167 at 23°C for 60 min, separated from
extract on Micro Bio-Spin columns (Bio-Rad), and washed once with
XBST buffer and then twice with XB®*" buffer containing 0.01%
NP-40. The bound proteins were eluted with SDS sample buffer and
analysed by SDS-PAGE and autoradiography. For Cdk phosphoryla-
tion-dependent B56 loading assays, MBP-fused WT or 3A Apcl-
loop®® fragment (12 ug) was first bound to amylose resin and then
incubated at 30°C for 60 min in 20 pl of XB“F buffer containing
1 mM ATP and 4 mM MgCl, in the presence or absence of Cdk2-
cyclin A. Beads with MBP peptides (+/— kinase) were washed with
XBCSF buffer containing 0.01% NP-40 and incubated in 20 pl of the
same buffer containing purified 3xFlag-tagged B56y (4 ng) at 23°C
for 30 min. The beads were separated on Micro Bio-Spin columns
(Bio-Rad), washed once with XB®SF buffer and then twice with
XBST buffer containing 0.01% NP-40. The bound proteins were
eluted with SDS sample buffer and analysed by SDS-PAGE and
immunoblotting.

Immunoprecipitation of APC/C

The APC/C was immunoprecipitated using Apc3 MAb (AF3.1)
immobilised Dynabeads Protein A beads. The bound proteins were
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washed twice with XB®F-S [XB®F containing 500 mM KCl and
0.01% NP-40], eluted with SDS sample buffer and analysed by SDS-
PAGE and immunoblotting.

Cell-free destruction assay

Destruction assays were performed as described previously [12].
Substrates were labelled with [>°S]methionine (Hartmann Analytic,
UK) in a coupled in vitro transcription—translation system (Promega,
UK), and destruction assays were carried out using Xenopus egg
cell-free extracts (anaphase or interphase extracts). The samples
were taken at the indicated time points and analysed by SDS-PAGE
and autoradiography. The images were analysed using ImageJ (NIH,
USA).

Ubiquitylation assay

Ubiquitylation assays were performed as described [12]. Recombi-
nant APC/Cs were incubated with Xenopus egg cell-free extracts
in the presence of non-degradable GST-fused Xenopus cyclin
BA167 at 23°C for 60 min and immunoprecipitated using Apc3
MADb (AF3.1)-immobilised Dynabeads Protein A. The beads were
washed twice with XB®F-HS and once with Ub buffer (20 mM
Tris-HCl pH 7.5, 100 mM KCl, 2.5 mM MgCl, and 0.3 mM DTT).
The resultant APC/C-Cdc20 complexes were incubated at 23°C in
20 pl of buffer (20 mM Tris—HCI pH 7.5, 100 mM KCI, 2.5 mM
MgCl,, 2 mM ATP and 0.3 mM DTT) containing 0.05 mg/ml E1,
0.025 mg/ml UbcX, 0.75 mg/ml ubiquitin, 1 pM ubiquitin alde-
hyde, 150 pM MG132 and 2 pl of 3°S-labelled cyclin B (fission
yeast Cdcl3). The reactions were stopped at the indicated time
points with SDS sample buffer and analysed by SDS-PAGE and
autoradiography.

Cloning and expression of PP2A-B56y

Three PP2A subunit genes (Ao, B56y and CB) were PCR-amplified
and cloned into pOENmyc vector with polH promoter and SV40
terminator for Cp or p10 promoter and HSVtk terminator for Ao and
B567y. PreScission protease-cleavable GST-tag or His-tag was fused
to Ao or B56y at the N-terminus, respectively. These genes were
further cloned into MultiBac vectors creating one pF1 vector-deriva-
tive pFUBB carrying Cp at MUMI site and His-B56y at MUM2 site. A
pU1 vector-derivative pUUBB carrying Ao at MUM2 site was also
created. After sequence confirmation, generation of baculovirus and
the expression of PP2A-B56y complex were performed as described
previously [12] except that the baculovirus was used at MOI of 2 for
expression.

Purification of PP2A-B56y

Cell pellets were thawed on ice and resuspended in PP2A lysis
buffer [S0 mM Tris—HCl pH 7.5, 150 mM NaCl, 0.5 mM DTT,
0.1% Tween-20, 1 mM EDTA, 1 mM EGTA, 5% glycerol, 10 pg/
ml leupeptin, 10 pg/ml pepstatin A, 10 pg/ml chymostatin and 30
units/ml benzonase (Novagen)] and lysed by sonication. The
lysate was centrifuged at 18,800 g for 20 min, and the super-
natant was centrifuged again for 20 min. The cleared lysate was
incubated with GSH beads (GE Healthcare) at 4°C for 1 h. The
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beads were washed twice with PP2A wash buffer 1 (50 mM Tris—
HCl pH 7.5, 150 mM NaCl, 0.5 mM DTT, 0.1% Tween-20, 1 mM
EDTA and 1 mM EGTA) and once with PP2A wash buffer 2
(50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM DTT, 1 mM
EDTA and 5% glycerol) and suspended into PP2A wash buffer 2
containing PreScission protease and incubated at 4°C for 3.5 h
with gently mixing. After a brief centrifugation, the supernatant
was incubated with Ni-NTA at 4°C for 30 min with gentle mixing,
and the beads were washed three times with His washing buffer
(20 mM Tris-HCl pH 7.5, 150 mM NaCl, 3 mM DTT, 0.01%
Tween-20, 5% glycerol and 20 mM imidazole), and the bound
proteins were eluted by His elution buffer (20 mM Tris—HCI pH
7.5, 150 mM NaCl, 3 mM DTT, 0.01% Tween-20, 5% glycerol
and 200 mM imidazole). All purification steps were performed at
4°C.

Phosphatase assay

APC/C and Cdc20 were immunoprecipitated from CSF extract using
anti-APC/C (AF3.1) and anti-Cdc20 (B60) antibody-immobilised
Dynabeads Protein A. The beads were washed twice with XBSF-1S
without EGTA and once with XB*" buffer containing 0.01% NP-40
without EGTA, resuspended into XB®S" buffer containing 0.01%
NP-40 without EGTA and incubated with purified PP2A-B56y at
23°C. The reactions were stopped at the indicated time points with
SDS sample buffer and analysed by SDS-PAGE and immunoblot-
ting. For time course phosphate removal experiment (Fig 4A),
3xFlag-tagged WT or 7T Apcl-loop*® [y-**P]-ATP phosphorylated
by Cdk2-cyclin A was incubated in anaphase extract at 23°C. The
samples were taken at the indicated time points and analysed by
SDS-PAGE and autoradiography.

Statistical analyses

Statistical analyses were performed in GraphPad Prism v6.0. Quan-
tification data are presented as the mean + SEM from three inde-
pendent experiments.

Expanded View for this article is available online.

Acknowledgements

We thank N. Sagata for plasmids expressing PP2A regulatory B subunits; S.
Mochida for plasmids expressing PP2A subunits; H. Labit for X laevis PP2A-
B56v baculovirus; S. Darling for Apcl-loop®® fragments; J. Nilsson for infor-
mation about a B56 binding SLiM; the staff at the UCL Biological Services
Unit for taking care of the Xenopus colony at UCL; and M. Grimaldi and
members of the Yamano laboratory for helpful discussions and critical read-
ing of the manuscript. This work was supported by the Medical Research
Council (MR/M010899/1), BBSRC (BB/N008383/1) and the Wellcome Trust
(205150/2/16/2).

Author contributions

KF and HY designed research. KF and HY performed research and analysed
data. KF and HY wrote the paper. HY acquired funding and supervised
research.

Conflict of interest
The authors declare that they have no conflict of interest.

© 2019 The Authors


https://doi.org/10.15252/embr.201948503

Kazuyuki Fujimitsu & Hiroyuki Yamano

References

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

Primorac |, Musacchio A (2013) Panta rhei: the APC/C at steady state. J
Cell Biol 201: 177189

Pines ] (2011) Cubism and the cell cycle: the many faces of the APC/C.
Nat Rev Mol Cell Biol 12: 427438

Alfieri C, Zhang S, Barford D (2017) Visualizing the complex functions
and mechanisms of the anaphase promoting complex/cyclosome (APC/
C). Open Biol 7: 170204

Morgan DO (2007) The cell cycle: principles of control. London, UK: New
Science Press

Konishi Y, Stegmuller J, Matsuda T, Bonni S, Bonni A (2004) Cdh1-APC
controls axonal growth and patterning in the mammalian brain. Science
303: 1026 -1030

van Roessel P, Elliott DA, Robinson IM, Prokop A, Brand AH (2004) Inde-
pendent regulation of synaptic size and activity by the anaphase-
promoting complex. Cell 119: 707 -718

Takahashi A, Imai Y, Yamakoshi K, Kuninaka S, Ohtani N,
Yoshimoto S, Hori S, Tachibana M, Anderton E, Takeuchi T et al
(2012) DNA damage signaling triggers degradation of histone
methyltransferases through APC/C(Cdh1) in senescent cells. Mol Cell
45: 123-131

Turnell AS, Stewart GS, Grand R}, Rookes SM, Martin A, Yamano H,
Elledge SJ, Gallimore PH (2005) The APC/C and CBP/p300 cooperate
to regulate transcription and cell-cycle progression. Nature 438:
690 -695

Brown NG, VanderLinden R, Watson ER, Weissmann F, Ordureau A, Wu
KP, Zhang W, Yu S, Mercredi PY, Harrison JS et al (2016) Dual RING E3
architectures regulate multiubiquitination and ubiquitin chain elonga-
tion by APC/C. Cell 165: 1440—1453

Chang L, Zhang Z, Yang J, McLaughlin SH, Barford D (2015) Atomic
structure of the APC/C and its mechanism of protein ubiquitination.
Nature 522: 450 —454

Chang L, Zhang Z, Yang J, McLaughlin SH, Barford D (2014) Molecular
architecture and mechanism of the anaphase-promoting complex.
Nature 513: 388 -393

Fujimitsu K, Grimaldi M, Yamano H (2016) Cyclin-dependent kinase 1-
dependent activation of APC/C ubiquitin ligase. Science 352: 11211124
Qiao R, Weissmann F, Yamaguchi M, Brown NG, VanderLinden R, Imre
R, Jarvis MA, Brunner MR, Davidson IF, Litos G et al (2016) Mechanism
of APC/CCDC20 activation by mitotic phosphorylation. Proc Natl Acad Sci
USA 113: E2570—E2578

Zhang S, Chang L, Alfieri C, Zhang Z, Yang J, Maslen S, Skehel M, Barford
D (2016) Molecular mechanism of APC/C activation by mitotic phospho-
rylation. Nature 533: 260264

Labit H, Fujimitsu K, Bayin NS, Takaki T, Gannon J, Yamano H (2012)
Dephosphorylation of Cdc20 is required for its C-box-dependent activa-
tion of the APC/C. EMBO J 31: 33513362

Janssens V, Longin S, Goris ] (2008) PP2A holoenzyme assembly: in cauda
venenum (the sting is in the tail). Trends Biochem Sci 33: 113121
Mochida S, lkeo S, Gannon J, Hunt T (2009) Regulated activity of PP2A-
BS5 delta is crucial for controlling entry into and exit from mitosis in
Xenopus egg extracts. EMBO | 28: 2777 —2785

Mochida S, Maslen SL, Skehel M, Hunt T (2010) Greatwall phosphory-
lates an inhibitor of protein phosphatase 2A that is essential for mitosis.
Science 330: 16701673

Gharbi-Ayachi A, Labbe ]C, Burgess A, Vigneron S, Strub JM, Brioudes E,
Van-Dorsselaer A, Castro A, Lorca T (2010) The substrate of Greatwall

© 2019 The Authors

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

EMBO reports

kinase, Arpp19, controls mitosis by inhibiting protein phosphatase 2A.
Science 330: 1673—-1677

Cundell MJ, Bastos RN, Zhang T, Holder |, Gruneberg U, Novak B, Barr
FA (2013) The BEG (PP2A-B55/ENSA/Greatwall) pathway ensures cytoki-
nesis follows chromosome separation. Mol Cell 52: 393 — 405

Craney A, Kelly A, Jia L, Fedrigo I, Yu H, Rape M (2016) Control of APC/C-
dependent ubiquitin chain elongation by reversible phosphorylation.
Proc Natl Acad Sci USA 113: 15401545

Bastos RN, Cundell M), Barr FA (2014) KIF4A and PP2A-B56 form a
spatially restricted feedback loop opposing Aurora B at the anaphase
central spindle. J Cell Biol 207: 683693

Espert A, Uluocak P, Bastos RN, Mangat D, Graab P, Gruneberg U (2014)
PP2A-B56 opposes Mpsl phosphorylation of Knl1 and thereby promotes
spindle assembly checkpoint silencing. J Cell Biol 206: 833842
Nijenhuis W, Vallardi G, Teixeira A, Kops GJ, Saurin AT (2014) Negative
feedback at kinetochores underlies a responsive spindle checkpoint
signal. Nat Cell Biol 16: 1257 —-1264

Hertz EPT, Kruse T, Davey NE, Lopez-Mendez B, Sigurethsson O,
Montoya G, Olsen )V, Nilsson | (2016) A conserved motif provides
binding specificity to the PP2A-B56 phosphatase. Mol Cell 63:

686 —695

Wang X, Bajaj R, Bollen M, Peti W, Page R (2016) Expanding the
PP2A interactome by defining a B56-specific SLiM. Structure 24:
2174 -2181

Wu CG, Chen H, Guo F, Yadav VK, Mcllwain SJ, Rowse M, Choudhary A,
Lin Z, Li Y, Gu T et al (2017) PP2A-B’ holoenzyme substrate recognition,
regulation and role in cytokinesis. Cell Discov 3: 17027

Lee S, Rodriguez-Bravo V, Kim H, Datta S, Foley EA (2017) The PP2A
(B56) phosphatase promotes the association of Cdc20 with APC/C in
mitosis. J Cell Sci 130: 1760—-1771

Hein |B, Hertz EPT, Garvanska DH, Kruse T, Nilsson ] (2017) Distinct
kinetics of serine and threonine dephosphorylation are essential for
mitosis. Nat Cell Biol 19: 1433—1440

Cundell MJ, Hutter LH, Nunes Bastos R, Poser E, Holder |, Mohammed
S, Novak B, Barr FA (2016) A PP2A-B55 recognition signal controls
substrate dephosphorylation kinetics during mitotic exit. J Cell Biol 214:
539-554

Pinna LA, Donella A, Clari G, Moret V (1976) Preferential dephosphoryla-
tion of protein bound phosphorylthreonine and phosphorylserine resi-
dues by cytosol and mitochondrial “casein phosphatases”. Biochem
Biophys Res Commun 70: 1308 —1315

Deana AD, Marchiori F, Meggio F, Pinna LA (1982) Dephosphorylation of
synthetic phosphopeptides by protein phosphatase-T, a phosphothreonyl
protein phosphatase. J Biol Chem 257: 8565 — 8568

Kim T, Lara-Gonzalez P, Prevo B, Meitinger F, Cheerambathur DK,
Oegema K, Desai A (2017) Kinetochores accelerate or delay APC/C
activation by directing Cdc20 to opposing fates. Genes Dev 31:
1089-1094

Smith R], Cordeiro MH, Davey NE, Vallardi G, Ciliberto A, Gross F, Saurin
AT (2019) PP1 and PP2A use opposite phospho-dependencies to control
distinct processes at the kinetochore. Cell Rep 28: 2206 —2219 €8
Hentze MW, Castello A, Schwarzl T, Preiss T (2018) A brave new world
of RNA-binding proteins. Nat Rev Mol Cell Biol 19: 327 —341

Yamano H, Trickey M, Grimaldi M, Kimata Y (2009) In vitro assays for
the anaphase-promoting complex/cyclosome (APC/C) in Xenopus egg
extracts. Methods Mol Biol 545: 287 —300

Isoda M, Sako K, Suzuki K, Nishino K, Nakajo N, Ohe M, Ezaki T, Kane-
mori Y, Inoue D, Ueno H et al (2011) Dynamic regulation of Emi2 by

EMBO reports  e48503|2019 11 of 12



EMBO reports Kazuyuki Fujimitsu & Hiroyuki Yamano

Emi2-bound Cdk1/PIk1/CK1 and PP2A-B56 in meiotic arrest of Xenopus method in the insect cell-baculovirus expression system. Methods 95:
eggs. Dev Cell 21: 506 —519 13-25
38.  Murray AW (1991) Cell cycle extracts. Methods Cell Biol 36: 581 —605

39. Hayes MJ, Kimata Y, Wattam SL, Lindon C, Mao G, Yamano H, Fry AM @ License: This is an open access article under the
(2006) Early mitotic degradation of Nek2A depends on terms of the Creative Commons Attribution 4.0

Cdc20-independent interaction with the APC/C. Nat Cell Biol 8: 607 —614 License, which permits use, distribution and reproduc-
40. Zhang Z, Yang ), Barford D (2016) Recombinant expression and tion in any medium, provided the original work is
reconstitution of multiprotein complexes by the USER cloning properly cited.

12 of 12 EMBO reports  e48503 | 2019 © 2019 The Authors



