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SUMMARY

The splitting of chromosomes in anaphase and
their delivery into the daughter cells needs to be
accurately executed to maintain genome stability.
Chromosome splitting requires the degradation of
securin, whereas the distribution of the chromo-
somes into the daughter cells requires the degrada-
tion of cyclin B. We show that cells encounter and
tolerate variations in the abundance of securin or cy-
clin B. This makes the concurrent onset of securin
and cyclin B degradation insufficient to guarantee
that early anaphase events occur in the correct order.
We uncover that the timing of chromosome splitting
is not determined by reaching a fixed securin level,
but that this level adapts to the securin degradation
kinetics. In conjunction with securin and cyclin
B competing for degradation during anaphase,
this provides robustness to the temporal order of
anaphase events. Our work reveals how parallel
cell-cycle pathways can be temporally coordinated
despite variability in protein concentrations.

INTRODUCTION

Cellular signaling networks not only need to produce a certain

outcome, but need to produce it with precise timing. Here,

we focus on a window of a few minutes in dividing cells, during

which chromosomes split and become distributed into the

emerging daughter cells. The splitting of chromosomes is an

abrupt and irreversible event that needs to run to errorless

completion (one set of chromosomes in each daughter cell) in

order to preserve the genome for subsequent generations.

While the splitting of chromosomes is induced by degradation

of the protein securin, other events during mitotic exit depend

on the degradation of cyclin B (Peters, 2006). Both securin

and cyclin B degradation are initiated when they are ubiq-

uitinated by the anaphase-promoting complex/cyclosome

(APC/C) and are thereby marked for proteasomal degradation.
446 Molecular Cell 60, 446–459, November 5, 2015 ª2015 Elsevier In
Degradation of securin releases separase, a protease that

cleaves the cohesin complex that holds sister chromatids

together (Uhlmann et al., 2000). Cyclin B activates CDK1 (cy-

clin-dependent kinase 1), and its degradation lowers CDK1 ac-

tivity, which is necessary for conversion back to the interphasic

state (‘‘mitotic exit’’) (Sullivan and Morgan, 2007). Some events

during mitotic exit are directly relevant to sister chromatid sep-

aration: degradation of cyclin B is needed to stabilize kineto-

chore-microtubule attachments by the time of sister chromatid

splitting (Oliveira et al., 2010; Parry et al., 2003; Vázquez-

Novelle et al., 2014) and to inactivate the spindle assembly

checkpoint, which—if not inactivated—can abnormally halt

cell-cycle progression in response to sister chromatid splitting

(Clijsters et al., 2014; Kamenz and Hauf, 2014; Rattani et al.,

2014; Vázquez-Novelle et al., 2014). In addition, degradation

of cyclin B is required for spindle elongation, and eventually

for spindle breakdown, decondensation of chromosomes,

nuclear envelope reformation, and cytokinesis (Sullivan and

Morgan, 2007). Hence, cyclin B degradation starts a series of

events, which need to be timed with respect to chromosome

splitting so that segregation can be completed faithfully. Since

the APC/C initiates the degradation of securin and cyclin B at

the same time (Hagting et al., 2002; Homer et al., 2005; van

Zon et al., 2010), some level of coordination is ensured. How-

ever, if either of these proteins changes in abundance relative

to the other, the proper timing of downstream events may be

at risk (Figures 1A and 1B). Temporal order between securin

and cyclin B degradation-dependent events could be robustly

maintained if there was crosstalk between the two pathways;

i.e., separase or sister chromatid separation triggers mitotic

exit events or vice versa. In budding yeast, securin degradation

and separase activation indeed promote mitotic exit (Cohen-Fix

et al., 1996; Lu and Cross, 2009; Queralt et al., 2006; Stegmeier

et al., 2002; Sullivan and Uhlmann, 2003; Tinker-Kulberg and

Morgan, 1999), and in vertebrate cells, cyclin B/CDK1 and sep-

arase can bind and mutually inhibit each other (Gorr et al., 2005;

Hellmuth et al., 2015a; Holland and Taylor, 2006; Shindo et al.,

2012; Stemmann et al., 2001). Although crosstalk is conceptu-

ally elegant, its general relevance for maintaining temporal

order is uncertain. The expression of endogenous levels of

non-degradable cyclin B does not seem to block sister chro-

matid separation (Holloway et al., 1993; Sigrist et al., 1995;
c.
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Figure 1. Variations in the Securin to Cyclin

B Ratio Are Well Tolerated

(A) Securin degradation-mediated sister chro-

matid separation and cyclin B degradation-medi-

ated mitotic exit events need to be coordinated

in time.

(B) Schematic drawing: changes in the abundance

of securin or cyclin B are expected to change

the relative timing of downstream events (circles),

which occur at threshold values of securin and

cyclin B.

(C) Cellular securin and cyclin B concentration by

quantitative immunoblotting of cell extracts from

asynchronous cultures (Figures S1A and S1B);

mean and three replicates (diamonds).

(D) Mitotic cells expressing Cut11-mCherry

(magenta) and either securin-GFP or separase-

GFP (green). Scale bar, 5 mm.

(E) Nuclear concentration of securin-GFP (n = 18)

and separase-GFP (n = 25), determined relative to

56 nM (Heinrich et al., 2013) of free GFP expressed

from the mad3+ promoter (n = 11) (mean ± SD).

(F) Relative protein abundances of cyclin B and

securin in the first (15 min) and second (150 min)

mitosis after release from G2/M arrest. At 120 min

the irradiation-mimetic bleomycin was added

to one culture. Abundances were normalized

to the 150 min sample of control-treated cells

(reference); mean ± SD of technical replicates.

Additional data in Figures S1D–S1G.

(G and H) Immunoblots of strains with endoge-

nous levels (13), or overproducing securin-GFP

(83 sec) (G) or cyclin B (203 cyc) (H). A dilution

series is loaded. Parts of (G) have been shown

in Kamenz and Hauf (2014). Additional data in

Figure S1H.

(I and J) Growth assays on rich medium for

wild-type (13) and overexpression strains of se-

curin-GFP (I) and cyclin B (J). Additional data in

Figure S1I.
Wheatley et al., 1997; Wolf et al., 2006; Yamano et al., 1996),

and in many organisms (including human cells, flies, and fission

yeast) the expression of non-degradable securin blocks sister

chromatid separation, but not mitotic exit (Funabiki et al.,

1996; Hagting et al., 2002; Leismann et al., 2000; Zur and Bran-
Molecular Cell 60, 446–459, N
deis, 2001). Hence, the two pathways

can be executed independently. It is

therefore an open question as to how

the proper timing of sister chromatid

separation and mitotic exit events can

be tightly maintained despite intracel-

lular variability.

RESULTS

Changes in the Cyclin B to Securin
Ratio Are Well Tolerated
If the abundances of securin and cyclin B

were fairly invariant, the simultaneous

onset of their degradation would suffice
to maintain a consistent temporal order between sister chro-

matid separation and mitotic exit events. To start tackling this

assumption, we first determined the abundances of securin

and cyclin B in fission yeast. By quantitative immunoblotting,

securin (S. pombe Cut2) had a cellular concentration of about
ovember 5, 2015 ª2015 Elsevier Inc. 447
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Figure 2. Absence of Direct Crosstalk between Sister Chromatid

Separation and Mitotic Exit

(A) Kymographs showing the spindle region of mitotic cells (either wild-type or

expressing non-degradable [DN] cyclin B or securin). Vertical scale bar, 5 mm.

Mis12 (kinetochore) was the marker for sister chromatid separation (SCS);

Plo1 was used to judge mitotic entry (ME; defined by SPB separation) as well

as mitotic exit (Plo1 removal).

(B) Time from mitotic entry to sister chromatid separation. Median and inter-

quartile range of single-cell measurements in the absence (WT, n = 31) or

presence of non-degradable cyclin B (DN-cycB, n = 31; only cells that blocked

mitotic exit).

(C) Time from mitotic entry to Plo1 removal from SPBs. Median and inter-

quartile range of single-cell measurements in the absence (WT, n = 23) or

presence of non-degradable securin (DN-securin, n = 18; only cells that

blocked SCS).
20 nM, whereas the concentration of cyclin B (S. pombe Cdc13)

was around 190 nM (Figures 1C, S1A, and S1B). A higher con-

centration of fission yeast cyclin B relative to securin is corrobo-

rated by quantitative mass spectrometry measurements (Carpy

et al., 2014; Kulak et al., 2014; Marguerat et al., 2012). Both

securin and cyclin B are enriched in the nucleus (Booher et al.,

1989; Funabiki et al., 1996). Consistently, we determined by

microscopy that the concentration of securin-GFP in the nucleus

is about 100 nM, which is 2 times higher than the nuclear con-

centration of separase-GFP determined by the same method

(Figures 1D, 1E, and S1C).

We next asked whether the ratio of securin and cyclin B was

invariant. Synchronizing cells by temporary arrest just prior to

mitosis, using the cdc25-22 mutation (Russell and Nurse,

1986), specifically increased the abundance of cyclin B in both

arrested cells and the first mitosis after release, whereas the

abundance of securin remained unchanged (Figures 1F, S1D,
448 Molecular Cell 60, 446–459, November 5, 2015 ª2015 Elsevier In
and S1E; Alfa et al., 1989; Booher et al., 1989). We observed a

similar—about 2- to 3-fold—increase in cyclin B, but not securin,

when we induced cell-cycle arrest by the DNA-damaging agent

bleomycin (Figures 1F and S1D–S1G). Importantly, the increase

in the cyclinB to securin ratio doesnot seem toaffect cell division:

cells undergoing mitosis after release from a cdc25-22 arrest

(with excess amounts of cyclin B) do not show any obvious

mitotic defects, andmany laboratories have used this synchroni-

zation protocol to study mitosis. This suggests that variations in

the cyclin B to securin ratio occur and are well tolerated.

To systematically explore the tolerance toward variations in

securin and cyclin B levels, we placed exogenous promoters 50

of the open reading frame and raised the level of securin to about

4 and 8 times thewild-type amount (Figures 1G and S1H) and the

level of cyclin B to about 20 times the wild-type amount (Fig-

ure 1H). The abundance of the respective other protein (cyclin

B or securin) remained unchanged (Figures 1G and 1H). None

of the strains showed obvious growth defects (Figures 1I, 1J,

and S1I). Consistently, a previous study found that fission yeast

securin can be increased by at least 30 times, and cyclin B by at

least 5 times, before any detrimental effects occur (Moriya et al.,

2011). Hence, considerable variations in the cyclin B to securin

ratio are tolerated.

Sister Chromatid Separation and Mitotic Exit Occur
Independently in S. pombe

These results raised the question as to which mechanisms are

responsible for the tolerance to variations in the securin to cyclin

B ratio. Crosstalk between the two degradation pathways is

thought to be absent in fission yeast because expression of

a non-degradable version of cyclin B (DN-Cdc13) prevents

mitotic exit, but sister chromatids separate (Yamano et al.,

1996), whereas expression of non-degradable securin (DN-

Cut2) blocks sister chromatid separation, but cells exit mitosis

(Funabiki et al., 1996). It remained possible that expression of

the non-degradable versions was delaying (albeit not preventing)

events in the other pathway. We therefore reanalyzed these sit-

uations by live-cell imaging. We used the kinetochore protein

Mis12 fused to GFP to observe sister chromatid separation

and combined it with the Polo kinase Plo1 fused to mCherry as

a marker for CDK1 (S. pombe Cdc2) activity. Plo1 binds to spin-

dle pole bodies (SPBs) in a CDK1-dependent manner (Dis-

chinger et al., 2008; Mulvihill et al., 1999), and Plo1 removal

from SPBs therefore serves as readout for cyclin B degrada-

tion-dependent events.

When we expressed non-degradable cyclin B to a level

roughly similar to that of endogenous cyclin B, the localization

of Plo1 to SPBs persisted for more than 20 min (Figure 2A;

Kamenz and Hauf, 2014). In contrast, there was only a very slight

delay in sister chromatid separation (Figures 2A and 2B). In the

reverse experiment, when we expressed close to physiologic

levels of non-degradable securin (Figure S2A), chromosomes

failed to split, but Plo1 was removed from SPBs with timing

similar to that in wild-type cells (Figures 2A and 2C). Together,

this implies that securin and cyclin B degradation-dependent

processes occur largely independently. This exacerbates the

question as to how increases in securin or cyclin B can be so

well tolerated (Figures 1I and 1J).
c.
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Figure 3. The Time between Sister Chro-

matid Separation and Plo1 Removal from

SPBs Is Robust to Variations of the Securin

to Cyclin B Ratio

(A and B) Time from mitotic entry to Plo1 removal

(A) and sister chromatid separation (B) in single

cells with 13 (n = 32) or 203 (n = 24) cyclin B;

median and interquartile range. Additional data in

Figure S2B.

(C) Time difference between sister chromatid

separation (SCS) and Plo1 removal for cells in (A)

and (B); box-and-whisker plot and single cells

(gray).

(D) Kymographs showing the spindle region of

mitotic cells as quantified in (A)–(C). Vertical scale

bar, 5 mm.

(E–G) Equivalent measurements as in (A)–(C) for

cells with 13 (n = 31), 43 (n = 38), or 83 (n = 32)

securin-GFP. Additional data in Figures S2C–S2E.

(H) Kymographs showing the spindle region of

mitotic cells with 13 or 83 securin. Vertical scale

bar, 5 mm.

(I) Values in (A) and (B) were correlated for single

cells.

(J) Values in (E) and (F) were correlated for single

cells.

(K) Correlation between the time from start of

securin degradation to either sister chromatid

separation or Plo1 removal for 43 and 83 securin-

GFP cells. Same cells as in (E)–(G). Cells with 13

securin-GFP could not be analyzed because of

signal too weak relative to Mis12.
Increases in Either Securin or Cyclin BAbundanceDelay
Both Securin and Cyclin B Degradation-Dependent
Events
We considered two scenarios for why increases in securin or

cyclin B are tolerated: either the timing of the downstream events

is not as critical as we assumed, or timing is coupled through

mechanisms other than direct crosstalk. To distinguish between

these possibilities, we monitored sister chromatid separation

and removal of Plo1 from SPBs in cells with increased amounts
Molecular Cell 60, 446–459, N
of cyclin B or securin. Increasing the

amount of cyclin B 20-fold (203 cyclin

B) delayed the removal of Plo1, as we

had expected given the dependence of

Plo1 localization on CDK1 activity (Fig-

ures 3A and 3D). Interestingly, sister

chromatid separation (which depends

on securin degradation, not on cyclin B

degradation) was delayed as well (Fig-

ures 3B and 3D). A similar effect was

observed in strains with higher than

normal amounts of securin (43 and 83

securin): not only sister chromatid

separation, but also Plo1 removal from

SPBs, was delayed (Figures 3E, 3F, and

3H). The delay time of both events was

similar, so that the time between sister

chromatid separation and Plo1 removal
from SPBs (Dt) stayed remarkably constant (Figures 3C and

3G), demonstrating a surprising robustness in the relative timing.

The coordinated timing was also observed in single cells of the

same genotype (Figures 3I and 3J).

The observed correlations upon overexpression could be due

to mitotic defects that activate the spindle assembly checkpoint

(London and Biggins, 2014) and thereby delay APC/C activity

toward both securin and cyclin B. However, when we deleted

the checkpoint gene mad2+, a strong delay of sister chromatid
ovember 5, 2015 ª2015 Elsevier Inc. 449



separation in 203 cyclin B cells was maintained (Figure S2B).

Furthermore, sister chromatid separation and Plo1 removal

were both delayed relative to the start of securin degradation

in 43 and 83 securin cells (Figures 3K and S2C–S2E), which in-

dicates that the delays occur after the APC/C has become

active. Similarly, the export of CDK1 from the nucleus, which de-

pends on cyclin B degradation (Alfa et al., 1989; Booher et al.,

1989; Decottignies et al., 2001), was delayed relative to the start

of securin degradation when securin was overexpressed (Fig-

ure S2F). Hence, the mechanism that protects temporal order

against changes in the securin or cyclin B concentration seems

to be implemented downstream of APC/C activation.

Competition for the Degradation Machinery Can
Partially Explain Temporal Coordination
Securin and cyclin B both contain N-terminal destruction boxes

(D boxes; Glotzer et al., 1991), which bind to the interface

between the APC/C and its coactivator (Chang and Barford,

2014). By targeting the same site on the APC/C, these proteins

may compete with each other. We hypothesized that overex-

pression of one protein could therefore slow down ubiquitination

of the other and delay downstream events in both pathways.

Such competition for the same degradation machinery can

couple even otherwise unrelated signaling pathways (Cookson

et al., 2011; Prindle et al., 2014). In support of this hypothesis,

an N-terminal fragment of cyclin B including the D box can delay

both sister chromatid separation andmitotic exit (Holloway et al.,

1993; Yamano et al., 1996), whereas securin or cyclin B lacking

the D boxes leaves the respective other pathway unperturbed

(Figure 2; Funabiki et al., 1996; Yamano et al., 1996).

Theoretically, securin and cyclin B could compete for binding

to the APC/C, or the ubiquitinated forms could compete for

degradation by the proteasome. We increased the amount of

proteasome in the nucleus and did not observe faster securin

degradation (Figures S3A–S3F). Hence, we conjecture that

under normal conditions the APC/C is limiting. We previously

determined an APC/C concentration of around 20–50 nM (Hein-

rich et al., 2013). The APC/C coactivator Cdc20 (S. pombe Slp1;

Fzy/Fizzy), which is essential for anaphase (Matsumoto, 1997),

has a concentration in a similar range (Heinrich et al., 2013).

The second APC/C coactivator, Cdh1 (S. pombe Ste9/Srw1;

Hct1, Fzr/Fizzy-related), does not contribute to the anaphase

degradation of securin or cyclin B in S. pombe (Figures S3G–

S3K; Blanco et al., 2000; Yamaguchi et al., 2000). We modeled

competitive binding of securin and cyclin B to the APC/C and

found that the experimentally determined protein concentrations

are well in the range that allows competition (Figures 4A–4C;

Supplemental Information).

Since competition is theoretically possible (Figure 4C), we

tested for competition effects in vivo by imaging the anaphase

degradation of securin-GFP in the presence of different concen-

trations of cyclin B. Indeed, securin degradation was consider-

ably slowed down by the presence of 203 cyclin B (Figures 4D

and 4E). We fitted the computational model of competitive

APC/C binding to the dynamics of securin-GFP degradation

(Figures S4A and S4B; Supplemental Information; Table S2).

To obtain a good fit, we needed to assume that securin binds

to the APC/C with higher affinity than cyclin B (Figures S4A–
450 Molecular Cell 60, 446–459, November 5, 2015 ª2015 Elsevier In
S4C). Securin, unlike cyclin B, carries a conserved KEN box, a

small sequence motif that binds to APC/C coactivators at a

different site from the D box (Chang and Barford, 2014; Pfleger

et al., 2001). Mutation of this KEN box considerably slowed

down securin degradation (Figures S4I and S4J), suggesting

that it contributes to the high affinity of securin for Cdc20-APC/

C. The best-fit competition model predicted a detectable, but

moderate, effect of 83 securin on cyclin B degradation (Fig-

ure 4F). To test this, we integrated a circularly permuted version

of superfolder GFP into cyclin B (Figures S5G and S5H) because,

unlike securin (Figures S5A–S5D), cyclin B badly tolerates fusion

of a fluorescent protein to its C terminus (Figures S5E and S5F;

Decottignies et al., 2001). Live-cell imaging of internally tagged

cyclin B during anaphase in 13 and 83 securin cells corrobo-

rated that competition occurs in both directions (Figures 4G

and 4H). The best-fit model was further validated by correctly

predicting the degradation kinetics of overexpressed cyclin B

(Figures S4D–S4F).

Competition for the Degradation Machinery Is Not
Sufficient to Maintain Temporal Order
Having established that securin and cyclin B compete for

anaphase degradation in vivo, we asked whether competition

alone is able to explain the constant time difference of down-

stream events when securin or cyclin B are overexpressed. Sis-

ter chromatid separation and cyclin B degradation-dependent

events are thought to occur when defined concentrations of se-

curin and cyclin B are reached during the degradation process

(Bouchoux and Uhlmann, 2011; Drapkin et al., 2009; Hellmuth

et al., 2014; Shindo et al., 2012; Wolf et al., 2006; Xu and Chang,

2007). We will refer to these concentrations at which an event

happens as ‘‘thresholds’’ but do not necessarily imply that the

event is initiated in a switch-like manner. When assuming fixed

thresholds, the best fit of the competition model predicts strong

changes in the time between sister chromatid separation and

Plo1 removal (Dt) when securin or cyclin B are overexpressed

(Figure 4I; Supplemental Information): as securin increases, Dt

shortens, and even inverses, whereas Dt becomes overly large

when cyclin B increases (Figure 4J). This computational predic-

tion contrasts with our observation that the time difference stays

almost constant (Figure 3). The computational result is not spe-

cific to the best-fit parameter values and is corroborated by

analytical calculations (Figure S4K; Supplemental Information).

We therefore conclude that competition alone is not sufficient

to ensure a robust temporal order.

The Securin Threshold for Sister Chromatid Separation
Is Flexible
Since fixed thresholds cannot explain the robust time difference

between sister chromatid separation and Plo1 removal from

SPBs, we asked whether this assumption is correct. In fission

yeast wild-type cells, sister chromatid separation occurs when

around 25% to 30% of nuclear securin has been degraded (Ka-

menz and Hauf, 2014; Figures 5A and 5D). Remarkably, in 43 or

83 securin cells, sister chromatid separation occurred at higher

absolute securin levels (Figure 5A)—even higher than the level

that reliably blocks sister chromatid separation in wild-type

cells. The correlation between the initial securin abundance in
c.
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Figure 4. Queuing for the Degradation Machinery Partially Explains Tolerance to Variation in the Securin to Cyclin B Ratio

(A) Competition model, in which securin (Sec) and cyclin B (Cyc) compete for binding to the APC/C (APC). For simulations in (F), (I), and (J), the model was

extended by a proteasomal degradation step.

(legend continued on next page)
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metaphase and the securin level at sister chromatid separation

was not unique to the overexpressions but was also observed

within the population of wild-type cells (Figure 5B). Hence, the

threshold level of securin that needs to be reached for sister

chromatid separation is not constant. The securin threshold is

thought to be determined by the concentration of its binding

partner separase (Hellmuth et al., 2014; Shindo et al., 2012). In

83 securin cells, the total amount of separase stayed constant

(Figure S1H) and the nuclear abundance of separase increased

only marginally (Figures S6A and S6B), making it unlikely that

the threshold shifts result from changes in separase abundance.

The notion of a variable threshold was corroborated by experi-

ments that slowed down securin degradation, by either cyclin

B competition (Figures 4D and S6C), impairing APC/C activity

(Figures 5C, 5D, and S6D–S6G), or proteasome inhibition

(Figures S6H–S6J). In all of these cases, more securin had to

be degraded before sister chromatid separation occurred, i.e.,

the threshold shifted down. In summary, we find that the

threshold level of securin that needs to be reached for sister

chromatids to separate is variable and is not solely determined

by the amount of separase.

Systematically Shifting Thresholds Promote Temporal
Robustness
To understand the influence of flexible thresholds on temporal

robustness, we turned to the competition model (Figure 4).

Based on analytical calculations, a constant time difference

between sister chromatid separation and Plo1 removal can be

maintained if the threshold levels scale with the initial slope of

degradation (Supplemental Information; schematically shown

in Figure 5E). This simple rule ensures timing robustness over a

large range of securin and cyclin B expression levels, provided

that the APC/C degrades securin and cyclin B with similar cata-

lytic efficiencies (Supplemental Information). Numerical simula-

tions of the best-fit competition model confirmed an almost con-

stant time difference for securin or cyclin B overexpression if the

thresholds follow this scaling rule (Figure 5F; Supplemental Infor-

mation). In line with this scaling rule, analysis of our data revealed

a close correlation between the securin degradation rates and

the threshold amount of securin at sister chromatid separation,

both on the population level (Figure 5G) and in single cells (Fig-
(B) Simulated degradation kinetics of securin (green) and cyclin B (blue) in wild-typ

using the model in (A). See Supplemental Information for parameters. Encircled

(C) Predicted change in the degradation rate of securin (green) or cyclin B (blu

production, respectively.

(D) Securin-GFP degradation in single cells with 13 cyclin B (WT, n = 21) or 203 c

time of sister chromatid separation.

(E) Normalized securin-GFP degradation rates for cells in (D); median and interqu

(F) Left: simulated cyclin B degradation slopes (kabs) of the top 40 fits (Figure S4C

y axis). All result in a change less than 2-fold (dashed gray line). Right: box-and-

(G) Cyclin B-sfGFPcp degradation in single cells expressing 13 (n = 21) or 83 (n

tagged cyclin B causes the 83 securin-induced delay in sister chromatid separati

degradation of endogenous cyclin B in 13 and 83 securin by immunoblotting.

(H) Normalized cyclin B-sfGFPcp degradation rates for cells in (G); median and i

(I) Simulated securin and cyclin B degradation similar to (B), but after fitting themo

of sister chromatid separation (orange) and Plo1 removal (purple).

(J) Simulated time difference between sister chromatid separation and Plo1 remov

that in (I).

452 Molecular Cell 60, 446–459, November 5, 2015 ª2015 Elsevier In
ure 5H). In summary, competition between securin and cyclin

B for degradation, in conjunction with thresholds that adapt to

the degradation rate, can provide temporal robustness despite

changes in securin or cyclin B abundance (Figure 5E and 5F;

Supplemental Information). Importantly, our measurements pro-

vide evidence for both competition (Figures 4D and 4G) as well

as adaptive thresholds (Figures 5G and 5H).

Threshold Shifts and Temporal Robustness Can Emerge
from Properties of the Degradation Machinery
The observed threshold shifts are intuitively difficult to explain,

but our data provided two pieces of information: (1) securin is

about twice as abundant as separase in the nucleus (Figures

1E and S1C), yet only 25%–30% of securin becomes degraded

before sister chromatid separation occurs in the wild-type

(e.g., Figure 5D). Hence, securin is probably still in excess over

separase when sister chromatids split, which is consistent with

results in human cells (Hellmuth et al., 2014). Therefore, some

pool of securin must be unable to inhibit separase at that time.

(2) The threshold shifts indicate that the abundance of this inac-

tive pool changes with the securin degradation rate. We can

envision two reasons why a pool of securin may be inactive: (1)

securin may have an intrinsically slow rate of binding to separase

or released separase may become refractory to securin (Hell-

muth et al., 2015b), so that after the onset of degradation,

released separase cannot be efficiently re-bound by the remain-

ing free securin, or (2) ubiquitination itself (without degradation)

may be sufficient to impair securin activity, as has been shown

for cyclin B and another APC/C substrate, geminin (Chesnel

et al., 2006; Li and Blow, 2004; Nishiyama et al., 2000). In both

of these scenarios, a fraction of intact securin would be inactive

at the time point of sister chromatid separation.

To be able to explore these mechanisms, we implemented an

extended mathematical model (Supplemental Information). In

this model, securin and cyclin B can associate with separase

and CDK1, respectively. All securin- and cyclin B-containing

species compete for binding to the common APC/C ubiquitina-

tion machinery. The ubiquitinated species are subject to protea-

somal degradation, and degradation of complexed securin or

cyclin B releases the effectors, which triggers the downstream

events. We estimated the model parameters by fitting to the
e (dashed lines) and securin (left) or cyclin B (right) overproduction (solid lines),

‘‘S’’ indicates model simulations.

e) as a function of APC/C concentration in 203 cyclin B or 83 securin over-

yclin B (n = 19) (mean ± SD); rcc, raw camera counts. Orange circles: average

artile range.

; Supplemental Information) in wild-type (WT, x axis) and 83 securin (83 sec,

whisker plot of the kabs ratio.

= 23) securin-darkGFP (mean ± SD). Orange circles are as in (D). Fluorescently

on to be less pronounced (compare Figure 3E). Figures S4G and S4H show the

nterquartile range.

del to securin degradation dynamics (Figure S4B). Circles: simulated time point

al (Dt) as a function of the relative increase in securin or cyclin B. Samemodel as

c.
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Figure 5. The Level of Securin at Sister

Chromatid Separation Is Flexible andCorre-

lates with the Degradation Rate

(A) Securin-GFP degradation in single cells with

13 (dark green, n = 32), 43 (green, n = 28), or 83

(light green, n = 26) securin-GFP (mean ± SD).

Orange circles: average time of sister chromatid

separation.

(B) Correlation between the abundance of securin-

GFP at metaphase and at the time of sister chro-

matid separation for 13 securin-GFP cells. Same

cells as in (A).

(C) Securin-GFP degradation in otherwise wild-

type cells (green, n = 9) or in cells carrying a

temperature-sensitive APC/C allele (APC/C mut,

cut9-665, orange, n = 18) (mean ± SD). Orange

circles are as in (A).

(D) Ratio between securin-GFP abundance at the

time of sister chromatid separation (SCS) and at

the onset of securin degradation (metaphase) in

wild-type (green; n = 3 experiments) and APC/C

mutant (orange; n = 5 experiments) (mean ± SEM).

(E) Schematic drawing: changes in the relative

timing of downstream events resulting from

changes in the abundance of securin or cyclin

B (left and middle) can be compensated by

threshold changes that are proportional to the

degradation kinetics (right).

(F) Simulated time difference between sister

chromatid separation and Plo1 removal (Dt) as a

function of the relative increase in securin or cyclin

B. Same best-fit model as in Figures 4I and 4J, but

securin and cyclin B thresholds scale with the

respective degradation rate.

(G) Securin threshold (y axis) and securin degra-

dation rate (x axis) in experiments from the indi-

cated conditions. Additional data in Figure S6K.

(H) Correlation between the abundance of securin-

GFP at the time of sister chromatid separation and

the absolute degradation rate for 13 securin-GFP

cells from (A).
observed threshold shifts and timing invariance, as well as the

dynamics of securin degradation, sister chromatid separation,

and Plo1 removal from SPBs (Supplemental Information).

When we tested a slow rate of securin and cyclin B binding

to separase and CDK1, respectively, we obtained solutions

showing temporal robustness and threshold shifts. However,

expression of non-degradable securin did not block the release

of active separase (Figure S7A) because separase that had

bound degradable securin was not efficiently re-inhibited by

non-degradable securin after degradation had started. This con-
Molecular Cell 60, 446–459, N
trasted with the experimental result that

expression of non-degradable securin

prevents sister chromatid separation

(Figure 2; Funabiki et al., 1996).

We therefore addressed the possibility

that ubiquitination inactivates securin

and cyclin B so that they are unable to

bind to separase and CDK1, respectively

(Figure 6A; Supplemental Information;
Table S3). In the best-fit solution of this model, rebinding of

free securin to separase was fast, and separase remained effi-

ciently inhibited in the presence of non-degradable securin (Fig-

ure S7A). The best-fit solution also recapitulated the temporal

robustness to securin or cyclin B overexpression (Figures 6B–

6D and S7B) as well as the systematic threshold shifts (Fig-

ure 6E). These features arise from a combination of competition

and the inability of ubiquitinated securin and cyclin B to bind sep-

arase and CDK1 (Figures 6F and S7C–S7E; Supplemental Infor-

mation). Free securin and cyclin B can rebind to separase and
ovember 5, 2015 ª2015 Elsevier Inc. 453
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Figure 6. Threshold Shifts and Temporal Robustness Can Emerge from Properties of the Degradation Machinery

(A) Schematic representation of the expanded model: securin (Sec) and cyclin B (Cyc) associate with separase (Sep) and CDK1 (CDK) to form SecSep and

CycCDK. The free and complexed forms of securin and cyclin B compete for binding to the APC/C (APC) and become ubiquitinated by the APC/C (SecU,

SecUSep, CycU, CycUCDK). Free separase destroys cohesin (Coh), thereby initiating sister chromatid separation. CycCDK and CycUCDK promote Plo1

association with the SPBs (Plo, pPlo).

(B) The parameters of themodel in (A) were estimated bymodel fitting (Supplemental Information). Red bars indicate the allowed ranges; black circles indicate the

best-fit solution. Additional data in Figure S7B.

(C) Simulated securin (green) and cyclin B (blue) degradation in wild-type (dashed lines) and securin (left) or cyclin B (right) overproduction (solid lines), using the

best-fit solution of the model in (A). Circles: simulated time point of sister chromatid separation (orange) and Plo1 removal (purple).

(legend continued on next page)
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CDK1 as long as they are not yet ubiquitinated. Therefore, a

significant release of separase and CDK1 only starts when ubiq-

uitination is complete (Figures S7C–S7E). The competition

mechanism ensures that ubiquitination of securin and cyclin B

is completed within the same time frame, which contributes to

the coordinated onset of separase and CDK1 release. In this

model, separase and CDK1 can become released while pools

of ubiquitinated securin or cyclin B are still present (Figures 6F

and S7E). The variable abundance of these pools in different

conditions leads to the apparent threshold shifts (e.g., Figure 6F).

Hence, competition between securin and cyclin B for degrada-

tion combined with inactivation of free securin and cyclin B by

ubiquitination can explain threshold shifts and temporal invari-

ance. This model predicts that ubiquitinated securin and cyclin

B accumulate during anaphase (Figure 6F). Indeed, using TUBEs

(tandem ubiquitin-binding entities; Hjerpe et al., 2009) to enrich

for ubiquitinated proteins, we were able to specifically capture

securin during anaphase (Figures 6G, S7F, and S7G). Immuno-

blotting revealed a pattern of both higher and lower molecular

weight bands, which was consistent with ubiquitination and

concomitant degradation (Figure 6G).

Unbalancing the Degradation Kinetics of Securin and
Cyclin B Perturbs Temporal Order
We used this extended model to ask which perturbations would

disrupt the temporal robustness of the system. Lowering the

APC/C amount in the model (i.e., slowing down both securin

and cyclin B degradation) did not greatly affect the time differ-

ence between sister chromatid separation and Plo1 removal

(Figure 7A, left panel). In contrast, specifically slowing down

the degradation of securin, but not of cyclin B, considerably

shortened the time difference (Figure 7A, middle panel). Interest-

ingly, some S. pombe APC/C mutants impair securin degrada-

tion more than they impair cyclin B degradation (Chang et al.,

2001). Live-cell imaging of one such temperature-sensitive

mutant (cut9-665) revealed that the time window between sister

chromatid separation and Plo1 removal now shortened (Fig-

ure 7B). If we reduced the amount of the APC/C activator Slp1

to slow down securin and cyclin B degradation in equal measure

(Figures S6F and S6G), the timing between sister chromatid

separation and Plo1 removal remained similar to that of wild-

type cells (Figure 7B), consistent with the model (Figure 7A).

The model further predicted a strong synergy between

the cut9-665 mutation and either securin overexpression or an

additional slowing down of securin degradation, which would

shorten and ultimately inverse the time difference between sister

chromatid separation and Plo1 removal from SPBs (Figures 7A

and 7E). We find these predictions supported by genetic evi-

dence: both increased amounts of securin as well as the slowly
(D) Simulated time difference between sister chromatid separation and Plo1 remov

fit solution of the model in (A).

(E) Simulated securin concentration at sister chromatid separation (SCS) and abs

conditions.

(F) Simulated pool of ubiquitinated securin (green) and cyclin B (blue) for 13 se

solution of the model in (A). Circles are as in (C).

(G) Immunoblot of extracts (input, left) and ubiquitin pull downs (right) from a sync

undergo mitosis without (lane 2–4) or with (lane 5) proteasome inhibitor. Addition

Mole
degraded securin KEN boxmutant (Figure S4J) are lethal in com-

bination with the cut9-665 mutation but viable in combination

with reduced Slp1 levels (Figures 7C and 7D). This is in agree-

ment with the effects that the model predicts (Figure 7E) and un-

derscores that perturbations in the ubiquitination pathway are

better buffered if they impair securin and cyclin B degradation

similarly. Altogether, our results suggest a surprising robustness

of the timing between securin and cyclin B degradation-depen-

dent events that results from the features of the degradation

pathway, without relying on direct crosstalk.

DISCUSSION

To ensure proper progression through the cell cycle, cellular

events need to happen in a certain order (Murray, 1991). Prior

work has revealed how order in the degradation of different

APC/C substrates comes about (Hayes et al., 2006; Lu et al.,

2014; Rape et al., 2006; Williamson et al., 2011; Wolthuis et al.,

2008) and how events are ordered downstream of the degrada-

tion of cyclins (Bouchoux and Uhlmann, 2011; Cundell et al.,

2013). Here, we have addressed how events that depend on

the parallel degradation of securin and cyclin B canmaintain their

order, even when the abundance ratio between these two pro-

teins changes. The implicit assumption has been that the con-

current onset of degradation suffices to ensure that downstream

processes are coordinated. However, this would only be true if

the starting levels of securin and cyclin B were co-regulated. In

Xenopus meiosis, artificially lowering the securin abundance

indeed concomitantly lowered cyclin B abundance (Marangos

and Carroll, 2008). However, we did not find a co-regulation of

securin and cyclin B levels in interphase or early mitosis (Figures

1F–1H), leaving robust timing unexplained.

Our work now suggests that robust timing is a consequence

of securin and cyclin B competing for the same degradation

machinery (Figure 4) in conjunction with thresholds for the down-

stream events that scale with the protein degradation kinetics

(Figures 5 and S6). In human cells (D. Izawa, A. Hagting, and J.

Pines, personal communication) and budding yeast (Lu et al.,

2014), there also seems to be flexibility as to when sister chro-

matid separation occurs during securin degradation. Whether

these are systematic shifts remains to be investigated. Verte-

brate cells can execute anaphase without securin, in which

case the cyclin B/CDK1 complex takes over as an inhibitor of

separase (Gorr et al., 2005; Huang et al., 2005, 2008; Shindo

et al., 2012). In this situation, both sister chromatid separation

and mitotic exit are controlled by cyclin B degradation, and

competition becomes irrelevant. Interestingly, the timing of

events in this situation would also be more robust against varia-

tions in APC/C activity or cyclin B concentration if the thresholds
al (Dt) as a function of the relative increase in securin or cyclin B, using the best-

olute degradation rate for the best-fit solution of the model in (A) and indicated

curin (dashed lines) and 83 securin (solid lines) conditions, using the best-fit

hronized culture of 83 securin-GFP cells arrested in G2 (lane 1) or released to

al data in Figures S7F and S7G.
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Figure 7. Unbalancing Securin and Cyclin B

Degradation Disrupts the Invariant Timing

(A) Simulated time courses of securin (green) and

cyclin B (blue) degradation in wild-type (dashed

lines) or in the perturbation conditions indicated on

top (solid lines), using the best-fit solution of the

model in Figure 6A.

(B) Time difference between sister chromatid

separation and Plo1 removal in wild-type cells

(WT), cells with reduced a level of the APC/C co-

activator Cdc20 (Prad21-slp1+), or cells carrying

the APC/C mutant allele cut9-665; box-and-

whisker plot and single cells (gray).

(C and D) Tetrad analysis of crosses between 13,

43, and 83 securin-GFP strains (C) or the securin

KEN box mutant (D) and strains with either

reduced levels of Cdc20 (Prad21-slp1+; left panel)

or the APC/C mutant allele cut9-665 (right panel).

Colored circles: genotype. Dashed circles: spores

failing to form a colony.

(E) Simulated time difference between sister

chromatid separation and Plo1 removal (Dt) for

different conditions using the best-fit solution of

the model in Figure 6A. Viability (red, lethal; green,

viable; orange, intermediate) of the corresponding

strains on the right (n.d., not determined).
for different events adapt to the cyclin B degradation kinetics

(Supplemental Information). Hence, the scaling rule that we

propose could be a general mechanism that preserves timing
456 Molecular Cell 60, 446–459, November 5, 2015 ª2015 Elsevier Inc.
in degradation-dependent pathways

against protein concentration variability.

We suggest that adaptive thresholds

result from inactive pools of ubiquiti-

nated, but not yet degraded, securin or

cyclin B (Figure 6). If ubiquitination is suf-

ficient for inactivation, this raises the

question of why proteasome inhibition

(which is not expected to interfere with

ubiquitination) blocks sister chromatid

separation and mitotic exit. We can ima-

gine several possibilities: (1) deubiquiti-

nating enzymes ensure the presence of

a large enough pool of non-ubiquitinated

protein (see Figures 6G and S7F); (2)

binding to the proteasome is needed for

inactivation, as is the case for Xenopus

cyclin B (Nishiyama et al., 2000), and

binding sites may be occupied by other

substrates when the proteasome is in-

hibited; or (3) only the free pool of the

proteins (but not separase- or CDK1-

bound) can be inactivated by ubiquitina-

tion without degradation (Figure 6A).

Hence, it may be possible to reconcile

our proposedmechanismwith the known

effects of proteasome inhibition.

So far, we have only analyzed one

cyclin B degradation-dependent event:
Plo1 removal from SPBs. Given the complexity of mitotic

exit regulation by multiple phosphatases (Wurzenberger and

Gerlich, 2011), it is conceivable that other events follow different



regulatory pathways. Although a variety of mechanisms may co-

ordinate anaphase events, it is interesting to note that a drop in

Plo1 activity during mitotic exit has been implicated in activating

a specific PP2A phosphatase, which presumably initiates later

events of mitotic exit (Grallert et al., 2015). Assuming that Plo1

activity is linked to its localization, this suggests that the tight co-

ordination between sister chromatid separation and Plo1 locali-

zation that we have uncovered here plays a wider role in setting

the timing of downstream events.

Our work has uncovered a mechanism that provides temporal

robustness in a highly dynamic system. Although the importance

of robustness in biological systems is widely recognized (Barkai

and Shilo, 2007; Stelling et al., 2004), very little was known about

the mechanisms that establish robust timing. The combination

of competition for a limiting enzyme and thresholds that dynam-

ically adjust to the degradation rate, which we describe here,

could provide a universal mechanism to robustly coordinate

downstream events in parallel pathways.

EXPERIMENTAL PROCEDURES

Detailed methods are in the Supplemental Experimental Procedures.

S. pombe Strains and Live-Cell Imaging

Strains are listed in Table S1. Cells were imaged in Edinburgh minimal

medium (EMM) in lectin-coated (35 mg/ml, Sigma L1395) culture dishes

(8-well, Ibidi) on a DeltaVision Core system (GE Healthcare). The nuclear

securin or cyclin B signal was determined as described (Kamenz and Hauf,

2014).

Quantification of Nuclear Protein Concentrations

Quantifications were performed essentially as described (Heinrich et al.,

2013). A strain expressing GFP from the mad3+ promoter to approximately

56 nM (Heinrich et al., 2013) was used as reference for absolute

quantifications.

Cell Synchronization

Cdc25-22 cells in exponential growth phase were shifted to 36.5�C for

5 hr and released to 25�C or 20�C (Figures S5B–S5D and S5F). To induce

DNA damage, bleomycin (Dot Scientific, DSB40060) was added to a

final concentration of 5 mU/ml. To arrest cells in metaphase, Bortezomib

(Velcade, LC laboratories, B-1408) was added to a final concentration

of 1 mM.

Cell Extracts, Ubiquitin Pull Down, Immunoblotting, and Antibodies

Proteins were extracted under denaturing conditions with trichloroacetic acid

(TCA) (Heinrich et al., 2012). For native extracts, cells were frozen in liquid

nitrogen and disrupted under cryogenic conditions. Ubiquitin pull downs

were performed with Agarose-TUBE2 (UM402, LifeSensors). As a reference

for quantitative immunoblotting, recombinantly expressed and purified securin

and cyclin B were mixed into extracts of securin-GFP and cyclin B-mCherry

strains, respectively. Primary antibodies: mouse anti-Myc (Sigma, M4439),

mouse anti-Cdc13 (cyclin B, Novus, NB200-576), rabbit anti-Cdc2 (CDK1,

Santa Cruz, SC-53), mouse anti-tubulin (Sigma, T5168), rabbit anti-Cut2 (se-

curin; Kamenz and Hauf, 2014), and mouse anti-GFP (Roche, 11814460001).

Secondary antibodies: anti-mouse or anti-rabbit HRP conjugates (Dianova,

115-035-003, 111-035-003).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and three tables and can be found with this article online at

http://dx.doi.org/10.1016/j.molcel.2015.09.022.
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