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RESEARCH COMMUNICATION

Kinetochores accelerate or delay
APC/C activation by directing
Cdc20 to opposing fates
Taekyung Kim,1,2,3 Pablo Lara-Gonzalez,1,2,3

Bram Prevo,1,2 Franz Meitinger,1,2

Dhanya K. Cheerambathur,1,2 Karen Oegema,1,2

and Arshad Desai1,2

1Ludwig Institute for Cancer Research, San Diego, California
92093, USA; 2Department of Cellular and Molecular Medicine,
University of California at San Diego, La Jolla, California
92093, USA

Mitotic duration is determined by activation of the ana-
phase-promoting complex/cyclosome (APC/C) bound to
its coactivator, Cdc20. Kinetochores, the microtubule-
interacting machines on chromosomes, restrain mitotic
exit when not attached to spindle microtubules by gener-
ating a Cdc20-containing complex that inhibits the APC/
C. Here, we show that flux of Cdc20 through kinetochores
also acceleratesmitotic exit by promoting its dephosphor-
ylation by kinetochore-localized protein phosphatase 1,
which allows Cdc20 to activate the APC/C. Both APC/
C activation and inhibition depend on Cdc20 fluxing
through the same binding site at kinetochores. Themicro-
tubule attachment status of kinetochores therefore opti-
mizes mitotic duration by controlling the balance
between opposing Cdc20 fates.

Supplemental material is available for this article.

Received May 15, 2017; revised version accepted June 12, 2017.

Genome stability requires that cells spend sufficient time
in mitosis to align and segregate their chromosomes with
high accuracy. Mitotic duration is determined by the lag
between activation of Cdk1–cyclin B and full activation
of the anaphase-promoting complex/cyclosome (APC/
C), an E3 ubiquitin ligase. The APC/C ubiquitinates and
targets for degradation securin and cyclin B, thereby trig-
gering anaphase onset and mitotic exit (Barford 2011).
During mitosis, APC/C activity requires the essential co-
factor Cdc20. Phosphorylation of APC/C subunits by
Cdk1 promotes APC/C activation by enhancing the affin-
ity of Cdc20 for the APC/C (Fujimitsu et al. 2016; Qiao
et al. 2016; Zhang et al. 2016). However, Cdk phosphory-
lation of Cdc20 also negatively regulates its ability to bind
to and activate the APC/C (Kramer et al. 2000; Yudkovsky
et al. 2000; Labit et al. 2012; Hein and Nilsson 2016).
Thus, Cdc20 dephosphorylation during mitosis has the
potential to be a control point that regulates the timing

of APC/C activation and therefore the duration of the mi-
totic phase of the cell cycle.
Cdc20 is also central to the spindle assembly check-

point, a mechanism that promotes accurate chromosome
segregation by delaying anaphase onset until all of the ki-
netochores, the microtubule-binding machines of mitotic
chromosomes (Cheeseman 2014; Musacchio and Desai
2017), have established attachments to spindle micro-
tubules. At unattached kinetochores, the spindle check-
point pathway—comprised of the Bub1/Bub3 complex,
the Mad1/Mad2 complex, Mad3 (known as BubR1 in
vertebrates and Drosophila), and the kinases Mps1 and
Plk1—generates a diffusible complex containing Cdc20
that inhibits the APC/C (Lara-Gonzalez et al. 2012;
Musacchio 2015).
Cdc20 exhibits kinetochore localization that is con-

served in fungi, Drosophila, and vertebrates (Kallio et al.
2002; Li et al. 2010; Yang et al. 2015). Recruitment of
Cdc20 depends on the kinetochore-localized components
Bub1 and BubR1 (Li et al. 2010; Di Fiore et al. 2015), which
share a common Cdc20 interaction motif known as the
ABBA motif or Phe box (Diaz-Martinez et al. 2015; Di
Fiore et al. 2015). However, the contribution of Cdc20 ki-
netochore localization to its roles in activating and/or in-
hibiting the APC/C has remained unclear.
In prior work, it was found that the kinetochore-local-

ized Bub1/Bub3 complex, which is central to spindle
checkpoint signaling, paradoxically promotes anaphase
onset via a mechanism that can be uncoupled from the
checkpoint (Kim et al. 2015; Yang et al. 2015). Here, we
show that Cdc20 rapidly fluxes through kinetochores in
a Bub1 ABBA motif-dependent manner. This localized
flux facilitates APC/C activation by promoting removal
of inhibitory Cdk phosphorylation on Cdc20 by kineto-
chore-localized protein phosphatase 1 (PP1). Notably,
flux of Cdc20 through the same binding site is also re-
quired for checkpoint-mediated APC/C inhibition when
kinetochores are unattached. These results indicate that
kinetochores optimize mitotic duration by channeling
Cdc20 into opposing fates, with the balance between
them controlled by microtubule attachment.

Results and Discussion

To define the role of kinetochore-localized Cdc20 in con-
trolling mitotic duration, we used the first mitotic divi-
sion of the Caenorhabditis elegans embryo as a model
system. As in other species, CDC-20 (also known as
FZY-1) (Kitagawa et al. 2002) localized to the kinetochores
ofC. elegansholocentric chromosomes between prometa-
phase and early anaphase (Fig. 1A; Supplemental Movies
S1, 2). In contrast, no kinetochore localization was ob-
served for an in situ tagged essential APC/C subunit
(Apc1MAT-2) (Supplemental Fig. S1A), indicating that
kinetochore-localized CDC-20 is not bound to the APC/
C. Depletion of the kinetochore component BUB-1
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prevented CDC-20 kinetochore localization (Fig. 1B), con-
sistent with prior work inmammalian cells (Di Fiore et al.
2015; Jia et al. 2016). Fluorescence recovery after photo-
bleaching (FRAP) experiments revealed that the popula-
tion of CDC-20 at kinetochores is highly dynamic, with
a half-life of 1.2 sec (Fig. 1C); in contrast, neither BUB-1
nor the outer kinetochore scaffold protein KNL-1, to
which the BUB-1/BUB-3 complex binds, exhibited rapid
turnover (Fig. 1C; data not shown). Fast Cdc20 turnover
at kinetochores is also observed in human cells (Kallio
et al. 2002), indicating that rapid flux of Cdc20 through ki-
netochores is widely conserved.

BUB-1 is required for flux of the APC/C activator CDC-
20 through kinetochores, and prior work in C. elegans
and Saccharomyces cerevisiae has shown that the

kinetochore-localized Bub1/Bub3 complex promotes ana-
phase onset (Kim et al. 2015; Yang et al. 2015), suggesting
a potential link between these two phenomena. In the
one-cell C. elegans embryo, BUB-1 depletion increased
the interval between nuclear envelope breakdown
(NEBD) and anaphase onset by ∼50% (Fig. 1D); this in-
crease was unaffected by removal of the checkpoint com-
ponent MAD-3 (Fig. 1D) and was also observed in a bub-3
deletion (Kim et al. 2015). Two pieces of evidence indicate
that BUB-1 depletion delayed anaphase onset by compro-
mising APC/C activation. First, BUB-1 depletion exhibit-
ed a genetic interaction with a temperature-sensitive
mutation in the essential APC/C subunit Apc8MAT-3

[mat-3(or344); referred to as Apc8ts] (Rappleye et al.
2002). BUB-1 depletion and the Apc8ts mutation each de-
layed anaphase onset by ∼50%; by comparison, when the
two perturbationswere combined, anaphase onset was de-
layed by ∼200% (Fig. 1E; Supplemental Movie S3). Sec-
ond, BUB-1 depletion slowed degradation of the APC/C
substrate Cyclin B (CYB-1) (Fig. 1F; Supplemental Fig.
S1B,C), whereas depletion of the checkpoint component
MAD-2 had no effect (Supplemental Fig. S1D), indicating
that mitotic duration is not controlled by the spindle
checkpoint during this division.

To determine whether the role of BUB-1 in promoting
APC/C activation was related to CDC-20 kinetochore
recruitment, we specifically altered the ability of BUB-1
to bind CDC-20. C. elegans BUB-1 has a potential CDC-
20-interacting ABBA motif (Fig. 2A; Supplemental Fig.
S2A), and a yeast two-hybrid assay confirmed that this
motif mediates interaction with CDC-20 (Fig. 2B). Using
a targeted RNAi-resistant transgene integration system
(Moyle et al. 2014), we replaced endogenous BUB-1 with
either wild-type or ABBA mutant BUB-1 at endogenous
expression levels (Fig. 2C). The BUB-1 ABBA mutant sig-
nificantly reduced CDC-20 kinetochore localization and
delayed anaphase onset to an extent similar to BUB-1
depletion (Fig. 2D,E; Supplemental Movie S4). Moreover,
the delay in anaphase onset cause by the BUB-1ABBAmu-
tant was significantly enhanced in the presence of the
Apc8ts mutant (Supplemental Fig. S2B; Supplemental
Movie S5). These results indicate that CDC-20 recruit-
ment to kinetochores by the BUB-1 ABBAmotif promotes
anaphase onset.

We next determinedwhether perturbingCDC-20 kinet-
ochore localization affected spindle checkpoint activation
at unattached kinetochores. In C. elegans embryos, spin-
dle checkpoint activity is analyzed by triggering the
assembly of monopolar spindles with unattached kineto-
chores at the two-cell stage, which increases mitotic
duration by ∼60% (Essex et al. 2009). Notably, at the per-
missive temperature in the Apc8ts mutant, the same
perturbation increases mitotic duration by ∼500%, signif-
icantly improving the sensitivity of checkpoint signaling
analysis (Supplemental Fig. S2C–F; Supplemental Movie
S6). Using this sensitive assay, we found that the BUB-1
ABBAmutant failed to activate the checkpoint in the pres-
ence of unattached kinetochores (Fig. 2F; Supplemental
Movie S7) even thoughMAD-1 enrichment at unattached
kinetochores was unaffected (Supplemental Fig. S2G).
A requirement for theBUB-1ABBAmotif in spindle check-
point signaling has also been reported in human cells (Di
Fiore et al. 2015). Thus, CDC-20 recruited by the ABBA
motif of BUB-1 to kinetochores has the ability to both
promote anaphase onset and, when kinetochores are per-
sistently unattached, delay anaphase onset (Fig. 2G).

Figure 1. BUB-1 promotes APC/C activation and is required to re-
cruit a dynamic CDC-20 pool to the kinetochore. (A) Images from a
time-lapse sequence of the indicated GFP fusions in embryos also
coexpressing mCherry(mCh)::H2b. Bar, 5 µm. (B) Metaphase images
(top) and quantification (bottom) of GFP::CDC-20 chromosomal fluo-
rescence for the indicated conditions. Error bars are the 95% confi-
dence interval. (∗∗∗∗) P < 0.0001 (Mann-Whitney test). Bar, 2 µm. (C )
FRAP analysis. (Top) Metaphase images of GFP::CDC-20-expressing
or KNL-1::GFP-expressing embryos. Time 0 indicates the first
bleached frame. (Bottom) Quantification of GFP fluorescence. Error
bars are the 95% confidence interval. Bar, 1 µm. (D) Images from
time-lapse sequences (left) and quantification of the nuclear envelope
breakdown (NEBD)–anaphase onset interval (right) for the indicated
conditions. Time below panels is in seconds relative to NEBD. P-val-
ues are fromMann-Whitney test. Bar, 5 µm. (E) Quantification of the
NEBD–anaphase onset interval for the indicated conditions. Imaging
wasperformedat 22°C, atwhich theApc8MAT-3 temperature-sensitive
mutant is viable. (∗∗∗∗) P < 0.0001 (Mann-Whitney test). (F ) Plot of nor-
malized Cyclin B::mNeongreen (mNG) fluorescence for the indicated
conditions. Error bars are the 95%confidence interval; anaphase onset
times are indicated. See also Supplemental Figure S1.
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While the BUB-1 ABBA mutant rescued the lethality
of a bub-1 deletion (Supplemental Fig. S2H), it was syn-
thetic-lethal in combination with the mild reduction in

APC/C function caused by Apc8ts. At 22°C, Apc8ts and
the BUB-1 ABBAmutant on their own supported viability
of >97% of embryos; in contrast, only 3% of embryos gen-
erated by the double mutant were viable (Fig. 2H). Nota-
bly, the synthetic lethality observed in the double
mutant was not associated with loss of checkpoint signal-
ing in the BUB-1 ABBA mutant, as it was not observed
when the mad-3 deletion, which is checkpoint signal-
ing-defective, was combined with Apc8ts (Supplemental
Fig. S2I). Thus, recruitment of CDC-20 by theABBAmotif
is required for kinetochore-localized BUB-1 to accelerate
APC/C activation, and this acceleration becomes essen-
tial for embryo viability when APC/C activity is mildly
compromised.
Next, we focused on addressing how CDC-20 fluxing

through the kinetochore is altered to accelerate APC/C
activation. It was shown previously in vitro that the abil-
ity of the APC/C coactivators Cdc20 and Cdh1 to bind to
and activate the APC/C is inhibited by Cdk1/2-dependent
phosphorylation (Kramer et al. 2000; Yudkovsky et al.
2000; Labit et al. 2012). Cdk targeted phosphorylation
sites in the Cdc20 N terminus are in the vicinity of the
conserved C-box that directly contacts the APC/C sub-
unit Apc8 (Chang et al. 2015; Zhang et al. 2016). Phos-
phorylation of human Cdc20 by Plk1/Bub1 on Ser92 was
also shown to inhibit the recruitment of E2 ubiquitin-con-
jugating enzymes that promote ubiquitin chain elonga-
tion on APC/C substrates (Craney et al. 2016; Jia et al.
2016). However, the function of Cdc20 phosphorylation
in a cellular context is currently unclear.
C. elegans CDC-20 possesses three putative Cdk sites

in its N terminus, which are evolutionarily conserved
(note that Ser92 is not conserved outside of vertebrates)
(Fig. 3A). To assess whether phosphorylation of these sites
controls APC/C activation in vivo, we developed a target-
ed RNAi-resistant transgene insertion system (Supple-
mental Fig. S3A–D) to replace endogenous CDC-20 with
either wild-type CDC-20 or a triple-alanine (3A) mutant.
Strikingly, mutation of the three Cdk sites resulted in em-
bryos racing through mitosis and entering anaphase prior
to full chromosome congression (Fig. 3B; Supplemental
Fig. S3E; Supplemental Movie S8). The accelerated mito-
sis phenotype of CDC-20 3A was due to premature
APC/C activation, as Cyclin B degradation started con-
comitantly with NEBD (Fig. 3C). Conversely, a phospho-
mimetic triple-aspartate (3D) mutant (Supplemental Fig.
S3F) resulted in an embryo permeability defect, osmotic
sensitivity, and lethality (Supplemental Fig. S3G,H)—
phenotypes associated with compromised APC/C func-
tion (Rappleye et al. 2002). We confirmed that one or
more of the mutated sites are phosphorylated in vivo
through phosphorylation-dependent gel mobility shifts
and phos tag gels (Fig. 3D–F). Mutation of individual sites
indicated that Thr32, which is closest to the C-box and is
likely phosphorylated in vivo based on phos tag gel analy-
sis, is the major site whose mutation to alanine is respon-
sible for accelerated APC/C activation (Supplemental Fig.
S4A–E). This result is consistent with phosphorylation re-
ducing the affinity of the C-box interactionwith the APC/
C. A prior study in human cells suggested that Cdc20
N-terminal phosphorylation is mediated by Cyclin A–
Cdk2 and promotes mitotic entry (Hein and Nilsson
2016); however, the CDC-20 3A mutant did not alter in-
terphase duration, and depletion of the single C. elegans
Cyclin A (CYA-1) did not accelerate mitosis (Supplemen-
tal Fig. S4F,G).

Figure 2. TheABBAmotif ofBUB-1 recruitsCDC-20 tobothpromote
APC/C activation and generate a checkpoint signal at unattached ki-
netochores. (A) Schematic of BUB-1 and its conservedABBAmotif. Al-
aninemutations introduced in theABBAmotif are indicated. (B) Yeast
two-hybrid analysis of a BUB-1 fragment that interacts with both
CDC-20 and BUB-3. (C ) Immunoblots of transgene-encoded BUB-1
(wild-type [WT] or ABBA mutant [Mut]) and endogenous CDC-20 in
the absence of endogenous BUB-1. A dilution curve of wild-type (N2)
worms is on the same blot for comparison. α-Tubulin served as a load-
ing control. The asterisk denotes residual CDC-20 signal after reblot-
ting. (D) Metaphase images (top) and quantification (bottom) of
GFP::CDC-20chromosomal fluorescencefor the indicatedconditions.
Error bars are the 95% confidence interval. (∗∗∗∗) P < 0.0001 (Mann-
Whitney test). Bar, 2 µm. (E) Images from time-lapse sequences (left)
and quantification of theNEBD–anaphase onset interval (right) of em-
bryos expressing GFP::H2b for the indicated conditions. Time below
panels is seconds relative to NEBD. (∗∗∗∗) P < 0.0001 (Mann-Whitney
test). Bar, 5 µm. (F ) Quantification of checkpoint signaling in two-
cell embryos in the presence of unattached kinetochores for the indi-
cated conditions. Mitotic duration is the NEBD–chromosome decon-
densation interval. (∗∗∗∗) P < 0.0001 (Mann-Whitney test). (G)
Schematic summarizing two opposing fates of CDC-20 that is fluxing
through kinetochores via interaction with the ABBA motif of BUB-1.
(H) Embryo viability analysis for the indicated conditions. At least
14worms and 2330 embryoswere scored per condition. Error bars rep-
resent the standard deviation. See also Supplemental Figure S2.
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The CDC-20 3A and T32Amutants, while accelerating
normal mitosis, retained the ability to significantly delay
mitosis in the presence of unattached kinetochores (Sup-
plemental Fig. S4H). This result suggests that the CDC-
20 3A and T32A mutants can bind to the BUB-1 ABBA
motif and are incorporated into the inhibitory complex
generated by the spindle checkpoint at unattached kinet-
ochores. In addition, while CDC-20 3A andT32A support-
ed embryonic viability, they were synthetic-lethal/sick
with depletion of the checkpoint component MAD-3
(Fig. 3G; data not shown), suggesting that, in the absence

of inhibitory Cdk phosphorylation on CDC-20, mitotic
duration is too short for establishment of correct kineto-
chore–microtubule attachments and requires time pro-
vided by the checkpoint for organismal survival.

The above observations suggest that CDC-20 is inhibit-
ed by Cdk phosphorylation and is dynamically concen-
trated at kinetochores by the BUB-1 ABBA motif to
promote its dephosphorylation (Fig. 3I, left panel). A pre-
diction of this model is that preventing CDC-20 phos-
phorylation should bypass the role of its kinetochore
localization in promoting APC/C activation. In agree-
ment with this prediction, CDC-20 3A or T32A eliminat-
ed the delay caused by BUB-1 depletion/the ABBAmutant
and made the NEBD–anaphase onset interval equivalent
to that observed when only CDC-20 3A or T32A are pre-
sent (Fig. 3H,I; Supplemental Fig. S4I,J).

We next focused on identifying the phosphatase that re-
verses inhibitory CDC-20 phosphorylation at the kineto-
chore. In human cells, PP1 and the B56 isoform of PP2A
localize to kinetochores (Trinkle-Mulcahy et al. 2003;
Foley et al. 2011). To visualize these phosphatases, we
engineered in situ tagged GFP fusions of the two essential
C. elegans PP1 catalytic (PP1c) subunits (GSP-1 andGSP2)
and the two functionally redundant B56 orthologs (PPTR-
1 and PPTR-2). The two PP1c orthologs localized to kinet-
ochores with distinct temporal dynamics (Supplemental
Fig. S5A). In contrast, no significant kinetochore signal
was observed for the functional tagged B56 orthologs (Sup-
plemental Fig. S5B,C).

To test whether PP1c acts on CDC-20 at kinetochores
to reverse inhibitory Cdk phosphorylation, we used a
PP1c-binding mutant of KNL-1 (Fig. 4A; Liu et al. 2010;
Espeut et al. 2012), which significantly impaired kineto-
chore recruitment of both PP1c catalytic subunits
(Supplemental Fig. S5D). The PP1c-binding site on KNL-
1 is adjacent to a region with so-called “MELT” (Met–
Glu–Leu–Thr) repeats that constitute phospho-dependent
docking sites for BUB-1/BUB-3 (Fig. 4A; Primorac et al.
2013). Consistent with the idea that PP1c restricts
KNL-1 “MELT” phosphorylation to limit BUB-1/BUB-3
kinetochore recruitment (London et al. 2012), signifi-
cantly higher levels of BUB-1 and CDC-20 were observed
at kinetochores in the KNL-1 PP1c-binding mutant (Fig.
4A). Notably, even though BUB-1 and CDC-20 were
hyperrecruited to kinetochores, perturbing PP1c kineto-
chore localization delayed anaphase onset to an extent
similar to preventing CDC-20 kinetochore localization
by mutating the ABBAmotif in BUB-1 (Fig. 4B); this delay
was largely checkpoint-independent (Fig. 4B; Espeut et al.
2012). This result suggests that KNL-1-associated PP1c
dephosphorylates CDC-20 as it is fluxing through kineto-
chores. Consistent with this, the CDC-20 3A and T32A
phosphorylation mutants abolished the anaphase onset
delay caused by the KNL-1 PP1c-binding mutant (Fig.
4C; Supplemental Fig. S5F). In addition, simultaneously
perturbing PP1c and CDC-20 kinetochore localization us-
ing the KNL-1 PP1c-binding mutant and the BUB-1 ABBA
mutant, respectively, (Fig. 4D), or generating a mutant
form of KNL-1 that cannot recruit either PP1c or BUB-1/
BUB-3 to kinetochores (Supplemental Fig. S5E) did not re-
sult in additive delays. Mitotic duration in the double
CDC-20/KNL-1 mutants was slightly longer than in the
CDC-20 3A or T32A mutants alone (Fig. 4C; Supplemen-
tal Fig. S5F) potentially because hyperrecruitment of
CDC-20 to kinetochores due to perturbation of PP1c
kinetochore localization may reduce its availability for

Figure 3. Cdk phosphorylation of CDC-20 restrains APC/C activa-
tion. (A) Schematic of CDC-20 structure and alignment highlighting
conserved Cdk sites in theN terminus. (B) Images from time-lapse se-
quences (top) and quantification of the NEBD–anaphase onset inter-
val (bottom) of embryos expressing GFP::H2b for the indicated
conditions. Time below panels is in seconds relative to NEBD.
(∗∗∗∗) P < 0.0001 (Mann-Whitney test). Bar, 5 µm. (C ) Plot of normal-
ized Cyclin B::mNeongreen (mNG) fluorescence as in Figure 1C. (D)
Immunoblot of endogenous CDC-20 with and without phosphatase
treatment. (E) Immunoblot analysis of transgene-encoded CDC-20
(wild type [WT] or 3A) in the absence of endogenous CDC-20. α-Tubu-
lin served as a loading control. Note that the 3A mutant is expressed
at a lower level than wild-type CDC-20 but nonetheless accelerates
APC/C activation and anaphase onset. (F ) Analysis of CDC-20 phos-
pho-isoforms by immunoblotting of a manganese phos tag gel. (G)
Embryo viability analysis for the indicated conditions. At least 14
worms and 1300 embryos were scored per condition. (H) Quantifica-
tion of the NEBD–anaphase onset interval of embryos expressing
GFP::H2b for the indicated conditions. (∗∗∗∗) P < 0.0001 (Mann-Whit-
ney test). (I ) Schematic summarizing the effect on APC/C activation
of disrupting kinetochore localization or N-terminal Cdk phosphory-
lation of CDC-20. See also Supplemental Figures S3 and S4.
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APC/C activation. Taken together, these results suggest
that PP1c bound to KNL-1 dephosphorylates CDC-20
dynamically recruited to kinetochores by the BUB-1
ABBA motif, thereby accelerating APC/C activation.
The findings described here highlight a duality in

the fate of CDC-20 that is fluxing through a specific bind-
ing site on the BUB-1/BUB-3 complex at kinetochores
(Fig. 4E). When kinetochores are unattached, checkpoint
kinases recruit the MAD-1/MAD-2 complex to kineto-
chores and catalyze conformational conversion of soluble
MAD-2 into a form that binds CDC-20 to become part of
the checkpoint complex that inhibits the APC/C (Fig. 4E).
TheABBAmotif of BUB-1 is required to deliver CDC-20 in
this checkpoint signaling reaction, as its mutation abol-
ishes checkpoint signaling without affecting MAD-1/
MAD-2 recruitment. Unexpectedly, the pool of CDC-20
dynamically fluxing through the BUB-1 ABBA motif can

also be dephosphorylated by kinetochore-localized PP1c
to promote APC/C activation. We note that activation
ofCDC-20 by kinetochores accelerates but is not essential
for APC/C activation either because CDC-20 is dephos-
phorylated in the cytoplasm or because phosphorylation
kinetically slows but does not prevent APC/C activation.
Thus, kinetochores act as kinetic accelerators that reverse
the brake placed on APC/C activation by Cdk phosphory-
lation of CDC-20. As the checkpoint signaling reaction
is sensitive to microtubule attachment, the choice be-
tween the two fates of CDC-20 will be attachment-regu-
lated (Fig. 4E). Microtubule attachments remove MAD-
1/MAD-2 but leave behind a substantial pool of BUB-1/
BUB-3 (Jablonski et al. 1998; Kim et al. 2015); consequent-
ly, the CDC-20 cycling through the ABBAmotif of BUB-1
at attached kinetochores is more likely to be dephosphor-
ylated and promote APC/C activation. The localization
profiles of kinetochore-localized phosphatases are also
complex and potentially also microtubule attachment-
regulated (Liu et al. 2010), whichmay further alter the bal-
ance of the two fates (Fig. 4E). By anchoring two opposing
fates for CDC-20 at the same binding site on kinetochores
and making the balance between them attachment-regu-
lated, we speculate that chromosomes optimize mitotic
duration in a “goldilocks” zone that ensures their accu-
rate segregation while minimizing total time spent in a
vulnerable cell cycle state when transcription, transla-
tion, and secretion are globally attenuated.

Materials and methods

C. elegans strains

C. elegans strains used in this study (Supplemental Tables S1, S2) were
maintained at 20°C. A transposon-based strategy (Frokjaer-Jensen et al.
2008) was used to insert transgenes at a single locus in the genome. The
details on strain construction are described in the Supplemental Material.

RNAi

For RNAi, dsRNAs (Supplemental Table S3) were injected into L4 worms
and incubated for 40–48 h at 20°C before imaging. For double RNAi,
dsRNAs were mixed in equal ratios, with a final concentration of >0.7
mg/mL for each dsRNA.

Imaging

Time-lapse imaging was performed on either a deconvolution microscope
(DeltaVision Elite, Applied Precision) equipped with a CCD camera (pco.
edge 5.5 sCMOS, PCO) and a 60× 1.42 NA plan apo N objective (Olympus)
or an Andor Revolution XD confocal system (Andor Technology) with a
spinning-disk confocal scanner unit (CSU-10, Yokogawa) mounted on an
inverted microscope (Nikon, TE2000-E). Specific imaging conditions are
detailed in the Supplemental Material.
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Figure 4. Kinetochore-localized PP1c is the likely enzyme dephos-
phorylating CDC-20 fluxing through the kinetochore. (A, top) Sche-
matic of KNL-1 primary structure; the PP1-binding site (SILK–
RRVSF), the “MELT” repeats that recruit the BUB-1/BUB-3 complex
when phosphorylated, and the mutations engineered in KNL-1 to dis-
rupt PP1c binding (PP1c Mut) are depicted. (Bottom) Images (left) and
quantification (right) of chromosomal fluorescence for BUB-1::GFP
and GFP::CDC-20 in the indicated conditions. (∗∗∗∗) P < 0.0001
(Mann-Whitney test). Bar, 2 µm. (B–D) Quantification of the NEBD–
anaphase onset interval of embryos expressing GFP::H2b for the indi-
catedconditions. (∗∗∗∗)P<0.0001 (Mann-Whitneytest). (E)Modelsum-
marizing the two opposing fates of CDC-20 fluxing through the
kinetochore. Microtubule attachment shifts the balance by removing
the MAD-1/MAD-2 checkpoint complex and potentially also by pro-
moting PP1c kinetochore recruitment. See also Supplemental Figure
S5.
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