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SUMMARY

After sister chromatid splitting at anaphase onset,
exit from mitosis comprises an ordered series of
events. Dephosphorylation of numerous mitotic
substrates, which were phosphorylated by cyclin-
dependent kinase (Cdk), is thought to bring about
mitotic exit, but how temporal ordering of mitotic
exit events is achieved is poorly understood. Here,
we show, using budding yeast, that dephosphoryla-
tion of Cdk substrates involved in sequential mitotic
exit events occurs with ordered timing. We test
different models of how ordering might be achieved
bymodulating Cdk and Cdk-counteracting phospha-
tase Cdc14 activities in vivo, as well as by kinetic
analysis of Cdk substrate phosphorylation and
dephosphorylation in vitro. Our results suggest that
the gradual change of the phosphatase to kinase
ratio over the course of mitotic exit is read out by
Cdk substrates that respond by dephosphorylation
at distinct thresholds. This provides an example
and a mechanistic explanation for a quantitative
model of cell-cycle progression.

INTRODUCTION

Increasing cyclin-dependent kinase (Cdk) activity governs entry

into mitosis of the eukaryotic cell cycle. Numerous substrates

become Cdk phosphorylated at this stage (Errico et al., 2010;

Ubersax et al., 2003). At the peak of mitotic Cdk activity, a

multisubunit protein ubiquitin ligase, the anaphase-promoting

complex (APC), is activated in conjunction with its coactivator

Cdc20 (APCCdc20). APCCdc20 ubiquitinates and, thus, causes

destruction of securin, an inhibitor of the protease separase.

Separase now triggers anaphase onset by cleaving the chromo-

somal cohesin complex. The APC also ubiquitinates and causes

destruction of mitotic cyclins to initiate the downregulation of

Cdk activity. In the budding yeast S. cerevisiae, the phosphatase

Cdc14 is activated at this time, which contributes to counteract-

ing Cdk activity by dephosphorylation of a second APC coacti-

vator, Cdh1, and upregulation of the stoichiometric Cdk inhibitor
Sic1 (Visintin et al., 1998). In addition, Cdc14 is thought to

dephosphorylate many of the substrates that were phosphory-

lated by Cdk during mitotic entry. The identity of Cdk-counter-

acting phosphatase(s) in higher eukaryotes is a topic of current

debate, with possible contributions of Cdc14, PP1, and PP2A

family members (Mochida et al., 2009; Queralt and Uhlmann,

2008; Wu et al., 2009). Whether and how reversal of Cdk phos-

phorylation regulates the temporal ordering of mitotic exit events

is poorly understood.

Budding yeast cells overexpressing a stable mitotic cyclin

Clb2, or carrying a cdc14 temperature-sensitive mutation, arrest

in late mitosis with separated sister chromatids. Spindle disas-

sembly, relicensing of origins of DNA replication, cytokinesis,

and return of the cell cycle to G1 all depend on Cdk downregu-

lation and Cdc14 activation (Culotti and Hartwell, 1971; Noton

and Diffley, 2000; Surana et al., 1993). It has more recently

become clear that Cdc14 is activated already early in anaphase

(Queralt et al., 2006; Stegmeier et al., 2002; Sullivan and

Uhlmann, 2003). Concordantly, Cdc14 also promotes events in

early anaphase required for successful chromosome segrega-

tion. These include kinetochore to spindle pole movement by

dephosphorylation of Ask1, inactivation of the mitotic check-

point and stabilization of the elongating anaphase spindle by

Sli15 and Fin1 dephosphorylation, and condensation and resolu-

tion of the rDNA locus through dephosphorylation of as yet

unknown targets (Higuchi and Uhlmann, 2005; Mirchenko and

Uhlmann, 2010; Pereira and Schiebel, 2003; Sullivan et al.,

2004; Woodbury and Morgan, 2007). Therefore, events that

occur both early during anaphase, including stabilization and

elongation of the mitotic spindle, as well as later during mitotic

exit, including spindle disassembly and cytokinesis, depend on

Cdc14.

The above considerations raise the conundrum: How can

the same phosphatase promote different events at different

times during mitotic exit? Obviously, the spindle must first fully

elongate before subsequent spindle disassembly. Likewise,

Cdc14-dependent rDNA resolution must be complete before

Cdc14-dependent chromosome decondensation in telophase

(Guacci et al., 1994; Sullivan et al., 2004). The relicensing of

replication origins should not occur before Cdk activity has

sufficiently dropped to avoid rereplication (Nguyen et al.,

2001). Cytokinesis then should be the ultimate event that

completes mitotic exit. Cdc14 could promote sequential events
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by dephosphorylating its respective substrates with ordered

timing. In this scenario, substrates that play a role in spindle elon-

gation, like Fin1, Ask1, and Sli15, would be dephosphorylated

before Cdh1, which promotes spindle disassembly by targeting

the spindle midzone protein Ase1 for destruction (Juang et al.,

1997; Visintin et al., 1997). It has been observed in both human

and budding yeast that indestructible mitotic cyclins block

mitotic exit in a dose-dependent manner at sequential steps.

Increased Cdc14 levels overcome the block, suggesting that

the Cdc14 to Cdk balance is an important parameter during

mitotic exit (Drapkin et al., 2009;Wolf et al., 2006). Towhat extent

Cdk substrate dephosphorylation indeed follows a temporal

order, and how the Cdc14 to Cdk balance or other means of

regulation enforce it, has not been systematically addressed.

Here, we analyze the dephosphorylation timing of a series of

well-characterized Cdk substrates during budding yeast mitotic

exit. We observe ordered dephosphorylation, with a timing

matching their expected roles.We test variousmodels that could

explain ordered substrate dephosphorylation. We find that low

levels of Cdc14 in early anaphase dephosphorylate early

substrates even in the presence of persisting Cdk activity,

whereas late substrates await higher Cdc14 levels and Cdk

downregulation. In vitro reconstitution of the dephosphorylation

reactions reveals higher catalytic efficiencies of Cdc14 for its

early targets, providing an explanation how quantitative changes

of the phosphatase to kinase ratio over the course of mitotic exit

instruct substrate dephosphorylation at sequential thresholds.

RESULTS

Ordered Dephosphorylation Timing of Cdk Substrates
during Mitotic Exit
We first addressed whether Cdk substrates, whose dephos-

phorylation by Cdc14 has been implicated in successive mitotic

exit events, are dephosphorylated sequentially during mitotic

progression. To date, Cdk substrates have not been identified

for all mitotic exit events. For example, whereas cytokinesis

requires Cdc14, it is not known which substrate(s) are dephos-

phorylated to promote cytokinesis. Nevertheless, a range of

Cdk substrates involved in chromosome segregation (Ask1),

spindle stabilization (Fin1, Sli15), and subsequent spindle disas-

sembly (Cdh1) are well-characterized Cdc14 targets (Higuchi

and Uhlmann, 2005; Jaspersen et al., 1999; Pereira and Schie-

bel, 2003; Woodbury and Morgan, 2007). We also analyzed

Orc6, whose Cdc14-dependent dephosphorylation promotes

replication origin relicensing (Nguyen et al., 2001; Zhai et al.,

2010). Previous studies have shown these proteins to display

a discernible electrophoretic mobility shift in response to Cdk

phosphorylation. In addition, we monitored levels of Sic1, which

accumulates in response to its dephosphorylation, as well as to

dephosphorylation of its transcription factor Swi5 (Visintin et al.,

1998) (Figure 1A).

Yeast strains were synchronized in G1 using mating phero-

mone a factor and released into synchronous cell-cycle progres-

sion at 16�C to improve temporal resolution. After all cells

budded, a factor was added back to the culture to impose rear-

rest after completion of mitotic exit in the followingG1. Cell-cycle

progression was followed by measuring global Clb2/Cdk activity
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against histone H1 as a substrate (Figure 1B), by monitoring

Cdc14 release from the nucleolus (Figure 1B), flow cytometric

analysis of DNA content (Figure 1C), and cytological analysis of

mitotic spindles (Figures 1D and 1E). At anaphase onset, as

soon as Cdc14 started to be released, Fin1 mobility rapidly

increased, consistent with its dephosphorylation by Cdc14.

Thereafter, when most cells displayed elongated anaphase

spindles, Ask1 and Sli15 became dephosphorylated. At even

later time points, when anaphase spindles disassembled and

Clb2/Cdk activity began to decline, Orc6 and Cdh1 were

dephosphorylated, at which time also Sic1 started to accumu-

late (Figure 1A). The transition of most substrates from fully

phosphorylated to dephosphorylated spanned several time

points, so we attributed time windows centered around the

approximate point of half dephosphorylation as judged by

mobility shift. This resulted in the grouping of substrates into

three categories: (1) the early substrate Fin1 (170 min), (2) inter-

mediate substrates Ask1 and Sli15 (185–200 min), and (3) late

substrates Orc6 and Cdh1 (215–235 min). Thus, the order of

substrate dephosphorylation coincided with the relative timing

of their expected contribution to mitotic exit events.

The above experiments relied on electrophoretic mobility

shifts as readout for substrate dephosphorylation. The relation-

ship between electrophoretic mobility and phosphorylation

status is not always straightforward, so we repeated the

analysis of substrate dephosphorylation using a complementary

approach. Fin1, Sli15, and Orc6 were immunopurified from

synchronous cultures, and their Cdk phosphorylation status

was probed using Cdk phosphosite-specific antibodies (Fig-

ure S1 available online). This showed that, at least for these

substrates, dephosphorylation coincided with the electro-

phoretic mobility shift and confirmed the grouping of these

substrates into early, intermediate, and late categories. We

conclude that dephosphorylation of Cdk substrates occurs

with distinct timing and that this might contribute to the temporal

ordering of mitotic exit.

Cyclin Specificity or Phosphosite Count Is Not Sufficient
to Explain Ordering
To analyze how substrate dephosphorylation is ordered during

mitotic exit, we explored different possibilities. In budding yeast,

two major forms of Cdk activity stem from the S phase cyclin

Clb5 and the mitotic cyclin Clb2 complexed with the Cdk

subunit Cdc28 (Clb5/Cdk and Clb2/Cdk), which show differential

substrate specificities (Loog and Morgan, 2005). Clb5 is

destroyed by APCCdc20 as soon as anaphase begins, before

Clb2, whose complete destruction depends on APCCdh1 (e.g.,

Figure 1) (Shirayama et al., 1999). Therefore, it has been

proposed that S phase Clb5/Cdk substrates (e.g., Sld2) are

dephosphorylated early during mitotic exit, before mitotic

Clb2/Cdk substrates (e.g., Pol12) (Jin et al., 2008). To explore

whether cyclin specificity explains dephosphorylation ordering

during mitotic exit, we compared the ‘‘Clb5/Clb2 specificity’’ of

our substrates, a measure for their Clb5 preference (Loog and

Morgan, 2005), with their dephosphorylation timing (Table S1).

Our earliest dephosphorylated substrate Fin1 shows a Clb5/

Clb2 specificity comparable to Sld2. However, the late sub-

strates Cdh1 and Orc6 are also preferential Clb5 targets, with
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Figure 1. Ordered Cdk Substrate Dephosphorylation during Mitotic Exit

(A) Western blot analysis of phosphorylation-dependent mobility shifts and levels of the indicated Cdk substrates and cyclins during synchronous cell-cycle

progression at 16�C. Red-, blue-, and green-shaded boxes indicate the dephosphorylation timewindows of early, intermediate, and late substrates, respectively.

(B) Clb2 was immunoprecipitated at the indicated times, and its associated kinase activity against histone H1 was measured. Cdc14 release from the nucleolus

was scored by indirect immunofluorescence. The data in (B), (C), and (E) are representative of all cultures and stem from the Fin1-Pk strain.

(C) FACS analysis of DNA content.

(D) Mitotic progression was monitored by scoring elongated anaphase spindles, confirming reproducible cell-cycle synchrony between the individual cultures.

(E) Examples of cells during the time course, stained for DNA with 40,6-diamidino-2-phenylindole (DAPI) and an anti-tubulin antibody. Scale bar, 7 mm.

See also Figure S1.
Orc6 showing an exceptionally high Clb5 preference. Thismakes

it unlikely that cyclin specificity generally explains dephosphory-

lation timing duringmitotic exit. Furthermore, we will show below

that early Fin1 dephosphorylation is independent of Clb5 prote-

olysis. Therefore, whereas Clb5 specificity might assist rapid

substrate phosphorylation as cells enter S phase, it is not suffi-

cient to explain the order of substrate dephosphorylation during

mitotic exit.

Another possibility to explain early versus late substrate

dephosphorylation by Cdc14 could relate to the number of

Cdk phosphorylation sites present on each substrate. Proteins

with few phosphorylated residues could be dephosphorylated

faster compared to substrates carrying multiple phosphorylation

sites. A comparison of the number of Cdk phosphorylation sites

present on each substrate does not support this possibility

(Table S1). For example Fin1 and Orc6, being dephosphorylated

early and late during mitotic exit, respectively, show a compa-

rable number of Cdk phosphorylation sites.

A Timer, Rather than Dependency of Events, Controls
Sequential Dephosphorylation
Two principal ideas on the ordering of cell-cycle progression are

the domino and the clock models (Murray and Kirschner, 1989).

In the domino model, early events must be completed before

subsequent events take place, controlled by surveillance mech-

anisms or checkpoints. The clock model describes sequential
events under control of a biochemical oscillator. To differentiate

between these two possibilities, we created an experimental

situation in which we could activate Cdc14 independently of

mitotic progression.We arrested cells inmetaphase by depletion

of the APC activator Cdc20 and ectopically expressed Cdc14

from an inducible promoter. In the absence of APCCdc20, securin

is not degraded, chromosomes do not segregate, and the

mitotic spindle does not elongate. Indeed, 90 min after Cdc14

induction, we observed little change to the cytological appear-

ance of the arrested cells (Figure 2A). Nevertheless, Cdk

substrates became dephosphorylated in response to Cdc14

expression, in an order mirroring normal mitotic progression.

The early substrate Fin1 was dephosphorylated first, followed

by the intermediate substrates Ask1 and Sli15, and finally the

late substrates Orc6 and Cdh1. These observations suggest

that Cdc14 drives ordered substrate dephosphorylation as

a biochemical timer, independently of the completion of major

mitotic exit events. The levels of Clb5 and Clb2 remained

constant during the course of this experiment, further confirming

that sequential cyclin proteolysis is not required for ordered Cdk

substrate dephosphorylation.

The Cdc14 to Cdk Ratio Sets Substrate
Dephosphorylation Thresholds
In the above experiment (Figure 2A), the increasing concentra-

tion of Cdc14 over the course of the experiment might lead to
Cell 147, 803–814, November 11, 2011 ª2011 Elsevier Inc. 805
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Figure 2. Ordered Substrate Dephosphory-

lation in Response to Ectopic Cdc14

Expression

(A)MET3-CDC20 cells were arrested in mitosis by

Cdc20 depletion at 25�C, and GAL1 promoter-

driven Cdc14-myc expression was induced.

Aliquots of the cultures were taken for western blot

analysis, measurement of Clb2/Cdk activity

against histone H1, and Cdc14-myc activity

against para-nitrophenyl phosphate (pNPP). FACS

analysis of DNA content and immunofluorescence

staining of tubulin and septin (Cdc11) confirmed

that cells remained in a metaphase-like state

during the course of the experiment. Scale bar,

7 mm.

(B) As (A), but Cdc14 induction was terminated in

half of the culture by glucose addition after 30 min.
dephosphorylation of successively later substrates. Alterna-

tively, once Cdc14 is active, individual substrates might possess

different time requirements for dephosphorylation. These might

arise from conformational changes required for complete

dephosphorylation or from competition between substrates. To

investigate these possibilities, we terminated Cdc14 induction

in the experiment above after 30 min (Figure 2B). Cdc14 protein

levels, as well as its associated phosphatase activity, increased

until 45 min and then remained constant. Under these condi-

tions, early and intermediate substrates became dephosphory-

lated with similar timing as before. Late substrate dephosphory-

lation started but did not progress further after 45 min and

remained incomplete until the end of the experiment. Likewise,

Sic1 started to accumulate but persisted at low levels from

45 min onward. This finding is inconsistent with ordering by

intrinsic time requirements or substrate competition. Late

substrate dephosphorylation remained incomplete even after

an extended period of incubation. Instead, these observations

suggest that increasing Cdc14 concentrations are required for

dephosphorylation of sequentially later substrates.

In the experiment above, Cdc14 was expressed to greater

than endogenous level. Therefore, we performed a complemen-
806 Cell 147, 803–814, November 11, 2011 ª2011 Elsevier Inc.
tary experiment with cells activating

endogenous Cdc14 but prevented from

completing mitotic exit due to expression

of indestructible Clb2 (Clb2Ddb) (Surana

et al., 1993). After release from G1 arrest,

as in Figure 1, Clb2-associated Cdk

activity rose early, reached 1.6 times the

peak level observed in wild-type and per-

sisted until the end of the experiment

when cells arrested with elongated spin-

dles (Figure 3). Cdc14 was released

from the nucleolus with normal timing at

anaphase onset, coinciding with dephos-

phorylation of Fin1. Also, Ask1 and

Sli15 started to be dephosphorylated at

their expected time but then persisted

in a partly dephosphorylated state for

the rest of the time course. No dephos-
phorylation of Orc6 nor Cdh1 was observed, and Sic1 remained

undetectable, even though Cdc14 remained released in the cells

for several hours. This argues against intrinsic time require-

ments, or substrate competition, as explanations for ordered

substrate dephosphorylation. Instead, these observations sup-

port a quantitative ratio model, in which increasing thresholds

of the Cdc14 to Cdk ratio cause sequentially later substrate

dephosphorylation.

Reconstitution of In Vitro Cdk Substrate
Phosphorylation and Dephosphorylation
If increasing thresholds of the Cdc14 to Cdk ratio instruct

sequential substrate dephosphorylation, then early dephos-

phorylated substrates should be the best Cdc14 substrates,

the poorest Cdk substrates, or both. Late substrates in turn

should be good Cdk substrates, poor Cdc14 substrates, or

both. To investigate these possibilities, we reconstituted Cdk

substrate phosphorylation and dephosphorylation reactions

in vitro using purified Clb2/Cdk, Cdc14, and their substrates

Fin1, Ask1, Sli15, and Orc6 (Figure 4A). We used Clb2/Cdk as

the source of Cdk activity because it is the main Cdk during

budding yeast mitotic exit.
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Figure 3. Persistent Cdk Activity Prevents Late but Not Early Substrate Dephosphorylation

(A)Western blot analysis to follow electrophoreticmobility and levels of the indicated proteins during cell-cycle progression in presence of indestructible Clb2Ddb

at 16�C.
(B) Clb2 was immunoprecipitated, and its associated kinase activity against histone H1 wasmeasured. The analysis was performed in parallel and is comparable

to that shown in Figure 1. Cdc14 release from the nucleolus was scored by indirect immunofluorescence. The data in (B), (C), and (E) are representative and stem

from the Fin1-Pk strain.

(C) FACS analysis of DNA content.

(D) Mitotic progression was monitored by scoring elongated anaphase spindles, confirming reproducible cell-cycle synchrony between the individual cultures.

(E) Examples of cells during the time course, stained with DAPI and an anti-tubulin antibody. Scale bar, 7 mm.
To prepare mitotically phosphorylated substrates, we incu-

bated 1.66 mM of each substrate with 33 nM of Clb2/Cdk in the

presence of 100 mM ATP for 1 hr at 30�C. After separation of

the reactions by SDS-PAGE, followed by Coomassie blue stain-

ing, we observed a close to quantitative mobility shift of the four

substrates, indicative of complete phosphorylation (Figure S2).

Mass spectrometric analysis confirmed that the majority of

Cdk consensus phosphorylation sites were modified, whereas

few if any other residues were phosphorylated. Spiking the ATP

to include 0.5 mM g-33P-ATP allowed the phosphorylation reac-

tion to be quantified over time by phosphoimager analysis (Fig-

ure 4B). This showed that the phosphorylation reaction reached

close to completion during the incubation andconfirmed the rela-

tive amounts of phosphate incorporation into the substrates

according to the respective numbers of expected Cdk phos-

phorylation sites (Sli15:Fin1:Orc6:Ask1z18:6:6:2). In the follow-

ing analysis, as an approximation, we assume that substrate

phosphorylation equates to the change from its unphosphory-

lated to the fully phosphorylated state, whereas dephosphoryla-

tion is the reversal to the fully unphosphorylated state.

Clb2/Cdk Shows Similar Catalytic Efficiency toward
Early and Late Dephosphorylated Substrates
With the above reagents in hand, we analyzed how efficiently

Clb2/Cdk phosphorylates early versus late dephosphorylated
substrates. The velocity (v) of Clb2/Cdk substrate phosphoryla-

tion can be described by Michaelis-Menten kinetics. It is charac-

terized by the Michaelis-Menten constant (KM), which describes

the affinity of the kinase for the respective substrate, and kcat,

which is the turnover rate of the substrate once engaged with

the kinase.

v =
kcat$½E�0$½S�
KM + ½S� ;

where [S] is the substrate, and [E]0 is the enzyme concentration.

To obtain KM and kcat for the four different substrates, we

measured the initial rates of phosphorylation as a function of

substrate concentration (Figure 5). Substrate phosphorylation

was quantified after gel electrophoresis, and the kinetic para-

meters were derived from a nonlinear least-square fit of the

phosphorylation data to the Michaelis-Menten equation.

The Michaelis-Menten constants for the different substrates

ranged from 1.1 mM for Sli15 to 6.7 mM for Fin1. kcat was between

0.15 s�1 for Sli15 and 0.95 s�1 for Fin1. Because the intracellular

concentrations of our substrates are in the lowmicromolar range

(Ghaemmaghami et al., 2003), below or around their KM, the

phosphorylation reaction is best described by the catalytic effi-

ciency kcat/KM. These values were very similar for Fin1, Sli15,

and Orc6, ranging from 1.36 to 1.66$105 M�1s�1. Only Ask1
Cell 147, 803–814, November 11, 2011 ª2011 Elsevier Inc. 807
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Figure 4. Reconstitution of In Vitro Clb2/Cdk Substrate Phosphor-

ylation
(A) Purified Cdk substrates, Clb2/Cdk and Cdc14 (3 mg each), were separated

on 12% SDS-PAGE and stained with Coomassie blue.

(B) Time course of Clb2/Cdk phosphorylation of purified Fin1, Ask1, Sli15, and

Orc6. A total of 1.66 mM of each substrate was incubated with 33 nM of Clb2/

Cdc28 and 100 mM ATP, including 0.5 mM of g-33P-ATP, for 1 hr at 30�C.
Aliquots of the phosphorylation reaction were retrieved at the indicated times

and stopped by addition of SDS-PAGE loading buffer. Proteins were resolved

by SDS-PAGE, the gel was fixed, dried, and phosphate incorporation was

quantified by phosphoimager analysis.

See also Figure S2.
had a somewhat lower catalytic efficiency of 0.43$105 M�1s�1.

Therefore, with exception of Ask1, an early, intermediate, and

late dephosphorylated substrate is targeted by Clb2/Cdk with

comparable efficiency. This makes it unlikely that differential

susceptibility to Cdk phosphorylation underlies the dephosphor-

ylation ordering, at least of these substrates. The observation

that Fin1 is an efficient Clb2/Cdk substrate further supports the

notion that the early degradation of Clb5 is insufficient to explain

early Fin1 dephosphorylation.

Cdc14 Shows a Greater Catalytic Efficiency for Early
Substrates
In the absence of evidence that Clb2/Cdk discriminates between

early and late dephosphorylated substrates, we analyzed the

efficiency of substrate dephosphorylation by Cdc14. We
808 Cell 147, 803–814, November 11, 2011 ª2011 Elsevier Inc.
produced fully phosphorylated Fin1, Ask1, Sli15, and Orc6, as

above, and used the phosphoproteins as substrates for dephos-

phorylation by Cdc14. Our maximum phosphosubstrate

concentrations were insufficient to reliably measure phosphate

release under initial rate conditions. We instead resorted to

analyzing progress curves of substrate dephosphorylation

(Nikolova et al., 2008), starting with 640 nM of each substrate,

close to their physiological concentrations (Figure 6). Using

6.4 nM Cdc14 (in the case of Fin1 and Sli15) or 64 nM Cdc14

(in the case of Ask1 and Orc6), dephosphorylation progressed

close to completion over 135 s. We then fitted the progress

curves to an integrated form of the Michaelis-Menten equation

that describes the turnover of the phosphosubstrate (SP) as

a function of time (t), for substrate concentrations below KM.

�
SP

�ðtÞ= �
SP

�
0
$

�
1� e

�kcat
KM

½E�0$t
�
;

where [SP]0 is the starting phosphosubstrate concentration.

The equation allows the catalytic efficiency kcat/KM to be

derived using a nonlinear least-square fit to the progress curves

(Figures 6 and S3). This revealed that the catalytic efficiency of

Cdc14 for the early substrate Fin1 (5.39 ± 0.30$106 M�1 s�1) is

over 20 times greater than that for the late substrate Orc6 (0.23

± 0.03$106 M�1 s�1). The intermediate substrates Sli15 and

Ask1 showed intermediate values. The catalytic efficiency of

budding yeast Cdc14 for human Cdh1 has been determined to

0.18 ± 0.04$106 M�1 s�1 (Wang et al., 2004), close to our value

for the late substrate Orc6.

The reaction mechanism of the Cdc14 phosphatase, analo-

gous to the structurally related protein tyrosine phosphatases,

involves a covalent phosphoenzyme intermediate (Gray et al.,

2003). Therefore, we considered a fuller description of the

dephosphorylation reaction as the basis for a kinetic model to

independently derive the Cdc14 catalytic efficiencies for its

four substrates:

The reaction begins with the reversible association of the phos-

phosubstrates SP with the phosphatase E to form a substrate-

enzyme complex SP$E, characterized by the on and off rates

k1 and k�1, respectively. This is followed by phosphate transfer

from the substrate onto the Cdc14 catalytic cysteine at a rate

k2, accompanied by release of the dephosphorylated product

S. The phosphoenzyme intermediate P-E is then hydrolyzed by

water to release phosphate P and regenerate free Cdc14 at

a rate k3. The rate constant k3 is substrate independent and

has been previously determined to 20 ± 5 s�1 (Wang et al.,

2004). We implemented an empirical algorithm to simulate the

experimental progress curves using this kinetic model. Although

the individual rate constants k1, k�1, and k2 were poorly con-

strained by the experimental data, the ratio kcat/KM = k1$k2/

(k2+k�1) was well constrained over a wide range of possible

parameters (Figures 6 and S3). The catalytic efficiencies for the

four phosphosubstrates derived from the kinetic model agreed
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Figure 5. Kinetic Parameters for Clb2/Cdk

Substrate Phosphorylation

The indicated concentrations of purified re-

combinant Fin1, Ask1, Sli15, and Orc6 were

incubated with 2 nM Clb2/Cdk for 90 s at 30�C in

the presence of 100 mM ATP, including 0.5 mM

of g-33P-ATP. The reactions were resolved by

SDS-PAGE, and phosphate incorporation was

quantified by phosphoimager analysis. The mean

and standard deviation from three independent

experiments are presented. The phosphate

incorporation data were fitted using a nonlinear

least-square regression to the Michaelis-Menten

equation. kcat, KM, and kcat/KM are listed with their

standard errors and the coefficient of determina-

tion R2 of the fit.
well with the values obtained from the exponential fit. kcat/KM of

Cdc14 for Fin1 (8.1$106 M�1 s�1) was approximately 30-fold

greater than for Orc6 (0.25$106 M�1 s�1), with the intermediate

substrates again showing intermediary values.

If Cdc14 andClb2/Cdk compete with each other duringmitotic

exit, then their relative catalytic efficiencies will determine an

equilibrium phosphorylation status of each substrate. Therefore,

we calculated the ratio of the catalytic efficiencies of Cdc14 and

Clb2/Cdk for each substrate (Figure 6). This ratio is almost

38-fold greater for Fin1 compared to Orc6, consistent with the
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possibility that small amounts of active

Cdc14 in early anaphase are able to

dephosphorylate Fin1, but not Orc6,

against Clb2/Cdk activity that is still

present at this time. Late substrates

have to await increased Cdc14 over

decreased Clb2/Cdk activity for their

dephosphorylation.
The greater catalytic efficiency kcat/KM of Cdc14 for its early

substrates could be due to a greater kcat, a lower KM, or both.

Our progress curve analysis was not able to distinguish between

these possibilities. As an approximate readout for substrate

affinity, we assessed the interaction of Cdc14, immobilized on

glutathione beads, with its phosphorylated and unphosphory-

lated substrates (Figure S4). This demonstrated a stronger

interaction of Cdc14 with Fin1 and Sli15, suggesting that

substrate affinity contributes to the greater catalytic efficiency

for these substrates. Bindingwas stronger using phosphorylated
Figure 6. Greater Catalytic Efficiency of

Cdc14 for Its Early Substrates

Fully phosphorylated Fin1, Ask1, Sli15, and Orc6

were prepared as in Figure 4. A total of 640 nM of

each substrate was subjected to dephosphoryla-

tion by addition of 6.4 nM (Fin1 and Sli15) or 64 nM

(Ask1 and Orc6) Cdc14. Aliquots of the reaction

were taken in 15 s intervals and resolved by

SDS-PAGE. The remaining phosphosubstrate

concentration at each time was quantified by

phosphoimager analysis, from which substrate

dephosphorylation was inferred. Mean and stan-

dard deviation from three independent experi-

ments are presented.
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Figure 7. Late Substrate Dephosphoryla-

tion Is Impeded by Persisting Clb2/Cdk

Activity and Substrate Competition

(A) Cdc14 dephosphorylates early, but not late,

substrates in the presence of persisting Clb2/Cdk

activity. A total of 500 nM Fin1, Sli15, and Orc6

was phosphorylated by 50 nM Clb2/Cdk for 5 min

at 30�C in the presence of 100 mM ATP, including

0.5 mMof g-33P-ATP. Further phosphorylation was

(left), or was not (right), terminated by addition of

15 mM EDTA. A total of 53, 133, or 330 nM of

Cdc14 was now added (t = 0), and aliquots of the

reaction were taken every 15 s to assess the

percentage of substrate dephosphorylation by

SDS-PAGE followed by phosphoimager analysis.

Mean and standard deviation from two indepen-

dent experiments are shown.

(B) The presence of early substrates delays late

substrate dephosphorylation, but not vice versa.

Fin1, Sli15, and Orc6 were Clb2/Cdk phosphory-

lated as in Figure 4. The phosphosubstrates were

then incubated at a concentration of 640 nM either

individually with 128 nM Cdc14 (left), or the three

substrates were mixed together in a single reac-

tion, and dephosphorylation occurred in compe-

tition (right). Aliquots were taken every 15 s, and

substrate dephosphorylation was quantified.

Mean and standard deviation from three inde-

pendent experiments are presented.

See also Figure S4.
substrates, although Cdc14 clearly interacted independently of

phosphorylation, especially with its most efficient substrates.

Therefore, Cdc14 affinity, especially for its early substrates, is

in part determined by phosphorylation site-independent interac-

tions. The nature of theses apparent docking sites will be an

important topic for future research.

Cdc14 Dephosphorylation of Early, but Not Late,
Substrates while Clb2/Cdk Persists
To test the model that Cdc14 dephosphorylates its early, but not

late, substrates in the presence of persisting Clb2/Cdk activity,

we reconstituted the competition of Cdc14 with Clb2/Cdk

in vitro. We first phosphorylated the three substrates Fin1,

Sli15, and Orc6, which all showed similar catalytic efficiencies

for Clb2/Cdk phosphorylation, for 5 min. In a control dephos-

phorylation reaction, Clb2/Cdk was inactivated by supplement-

ing the reaction with EDTA before addition of increasing concen-
810 Cell 147, 803–814, November 11, 2011 ª2011 Elsevier Inc.
trations of Cdc14. This led to efficient

dephosphorylation over the course of

2 min in all cases, although as expected

dephosphorylation of Orc6 progressed

more slowly (Figure 7A, left). This situa-

tion changed when we omitted EDTA,

and Clb2/Cdk, therefore, remained active

(Figure 7A, right). Fin1 dephosphorylation

proceeded with only little impediment,

even at the lowest Cdc14 concentration.

In case of the intermediate substrate

Sli15, higher Cdc14 concentrations were
required for complete dephosphorylation, whereas low Cdc14

caused only partial dephosphorylation. The late substrate Orc6

was no longer dephosphorylated by low Cdc14, and even higher

Cdc14 concentrations caused only partial Orc6 dephosphoryla-

tion. These findings mirror and explain our in vivo observations.

The higher catalytic efficiency of Cdc14 for its early substrates

allows their dephosphorylation even in the presence of persisting

Clb2/Cdk activity, whereas late substrate dephosphorylation

requires higher Cdc14 levels or Clb2/Cdk inactivation.

Competition of Early with Late Dephosphorylated
Substrates
When Cdc14 is activated at anaphase onset in vivo, it is faced

with a large stoichiometric excess of phosphosubstrates.

Although our experiments in Figures 2 and 3 show that substrate

competition cannot explain the dephosphorylation timing of late

substrates, competition might still occur. To investigate this, we



performedCdc14 dephosphorylation time courses of Fin1, Sli15,

and Orc6, either individually (Figure 7B, left) or in competition

after the three substrates had been mixed (Figure 7B, right).

The early and intermediate substrates Fin1 and Sli15 were de-

phosphorylated with similar kinetics, individually or in competi-

tion. In contrast, Orc6 dephosphorylation was markedly slowed

down in the presence of Fin1 and Sli15, compared to dephos-

phorylation on its own. This suggests that early substrates with

high catalytic efficiencies for Cdc14 delay the dephosphorylation

of late substrates. In contrast the opposite is not the case.

Thus, in addition to distinct thresholds of the Cdc14 to Clb2/

Cdk ratio required to shift the phosphorylation equilibrium of

each substrate, competition between substrates might also

contribute to the ordering of Cdk substrate dephosphorylation.

DISCUSSION

Temporal Ordering of Mitotic Exit
Mitosis encompasses an intricately ordered series of events

to faithfully distribute chromosomes during cell division. One

mechanism to regulate the timing of events during mitotic exit

is the successive degradation of APC targets. This is mediated

by its two distinct coactivators, Cdc20 and Cdh1, that sequen-

tially associate with the enzymatic core (Fang et al., 1998; Visintin

et al., 1997). Even substrates whose destruction depends on the

same APC coactivator are targeted sequentially for degradation

(Rape et al., 2006). Although sequential degradation of mitotic

regulators likely contributes to the ordering of mitotic exit, it

does not address how dephosphorylation of several hundred

mitotic Cdk substrates is ordered, or indeed what determines

the late activation of Cdh1.

In our survey of well-characterized budding yeast Cdk targets,

we found clear differences in their Cdc14 phosphatase-depen-

dent dephosphorylation timing during mitotic exit. In particular,

Cdk substrates whose dephosphorylation contributes to chro-

mosome segregation and anaphase spindle elongation were

dephosphorylated early, before substrates implicated in spindle

disassembly, replication origin relicensing, and return of the cell

cycle to G1. Although many Cdk substrates whose dephosphor-

ylation promotes mitotic exit events remain to be identified, our

results establish a proof of principle how dephosphorylation

ordering can be achieved. The changing ratio of the activities of

the Cdk and its counteracting phosphatase is read out by the

substrates. Each responds with dephosphorylation at a distinct

threshold. Although the identity of the human mitotic exit phos-

phatase(s) is still under debate, it is clear that also in human cells

graded levels of indestructible cyclins arrest mitotic exit at

sequential steps (Wolf et al., 2006). Marked differences in the

timing of Cdk substrate dephosphorylation have been observed

in vertebrates (Mochida et al., 2009). Therefore, we suggest that

sequential Cdk substrate dephosphorylation under the control

of phosphatase-to-kinase thresholds operates in most eukary-

otes and constitutes a conserved aspect of cell-cycle regulation.

Dependency of Events, Substrate Localization,
and Cyclin Specificity
To explore the basis for ordered Cdk substrate dephosphoryla-

tion, we initially considered other possible scenarios. We found
little evidence for a dependency of successive dephosphoryla-

tion events on progression of cytological hallmarks of mitotic

exit. Ectopic Cdc14 expression caused ordered substrate

dephosphorylation even though cells persisted in an apparent

metaphase-like state. Likewise, cells expressing uncleavable

cohesin progress throughmitotic exit despite a block to chromo-

some segregation and spindle elongation (Uhlmann et al., 1999).

A cytokinesis delay under these conditions is due to the NoCut

pathway that impinges on the cytokinetic furrow machinery but

probably not on Cdk substrate dephosphorylation (Mendoza

et al., 2009). These considerations do not exclude cases in which

dephosphorylation of a substrate depends on prior dephosphor-

ylation of another, e.g., if they regulate each other’s accessibility

or conformation. Such examples will be interesting to study but

are unlikely to order the overall progression of mitotic exit.

Protein localization is often named as a candidate mechanism

for regulated cell-cycle progression. Cdc14 is released from the

nucleolus into the nucleus in early anaphase, before spreading

throughout the cell in late anaphase when Cdc14 is phosphory-

lated by the mitotic exit kinase Dbf2 (Mohl et al., 2009). This

change in localization could contribute to sequential dephos-

phorylation of nuclear and cytoplasmic targets. However, con-

straining Cdc14 to the nucleus does not alter the ordering of

the majority of mitotic exit events (T. Kuilman and F.U., unpub-

lished data). This suggests that ordered dephosphorylation

timing of most Cdk substrates is achieved independently of

regulated Cdc14 localization. Clearly, Cdk substrates are

dephosphorylated with ordered timing even within the same

cellular compartment. In our examples all five proteins that dis-

played early, intermediate, or late dephosphorylation were local-

ized within the nucleus. Although protein localization has the

potential to influence dephosphorylation of certain targets, it

appears that the global control over dephosphorylation timing

is exerted independently of localization by a biochemical timer.

In our search for this timer, we considered whether the

sequential degradation of S phase and mitotic cyclins could

aid the sequential dephosphorylation of Cdk targets. Several

mitotic phosphoproteins are preferential targets for Clb5/Cdk.

However, preferential Clb5/Cdk targets are found among early

as well as among late dephosphorylated Cdk substrates. There-

fore, although Clb5 degradation by APCCdc20 might assist the

early dephosphorylation of certain substrates, this mechanism

does not appear to generally order substrate dephosphorylation.

Indeed, S phase cyclins are not essential in budding yeast, and

successful mitotic exit does not depend on them (Schwob and

Nasmyth, 1993). Eukaryotic cell-cycle regulation, e.g., in fission

yeast, can be accomplished by a single source of oscillating

Cdk activity (Coudreuse and Nurse, 2010). This makes it unlikely

that ordered destruction of cyclins provides the primary explana-

tion for ordered Cdk substrate dephosphorylation.

Quantitative Differences in the Catalytic Efficiencies
of Cdc14 for Its Substrates
We initially measured the kinetics of Cdk substrate phosphoryla-

tion but did not find large variations in the catalytic efficiencies of

Clb2/Cdk for the early or late dephosphorylated substrates in our

study. Only Ask1 was less efficiently phosphorylated. However,

we did find a striking difference in the catalytic efficiency of
Cell 147, 803–814, November 11, 2011 ª2011 Elsevier Inc. 811



Cdc14 for its early and late targets. Thus, differential targeting of

phosphosubstrates by the Cdk counteracting phosphatase

emerges as a mechanism that regulates dephosphorylation

timing during mitotic exit. A considerable spread of apparent

catalytic efficiencies of Clb2/Cdk, when measured against

a larger selection of its substrates, has been reported (Loog

and Morgan, 2005). This emphasizes that both the phosphatase

and the kinase reaction need to be taken into account to predict

the phosphorylation equilibrium of a substrate. In our examples

Cdc14 showed a relatively low catalytic efficiency for Ask1,

only marginally greater than for the late substrate Orc6.

However, taking into account its less efficient phosphorylation

by Clb2/Cdk, Ask1 is predicted to be an intermediate substrate,

consistent with its observed in vivo dephosphorylation timing.

Thus, the ratio of the catalytic efficiencies of phosphatase versus

kinase emerges as the defining feature controlling substrate

dephosphorylation during mitotic exit.

What could be the mechanistic basis for differential substrate

targeting by Cdc14? Our kinetic analysis provided us with the

catalytic efficiencies, kcat/KM, of Cdc14, which are over 20-fold

greater for Fin1 compared to Orc6. We do not currently know

whether these differences are due to a greater catalytic turnover,

kcat, or greater substrate affinity, i.e., lower KM, of Cdc14 for its

early substrates, or both. To determine kcat and KM individually,

dephosphorylation reactions would have to be performed at

substrate concentrations including and exceeding KM. An esti-

mate of the KM for Cdc14 dephosphorylation of human Cdh1 is

greater than 4 mM (Wang et al., 2004). If similar values apply in

budding yeast, these concentrations are beyond the reach of

our current abilities to generate phosphosubstrates.

The turnover rate kcat of the Cdc14 dephosphorylation reac-

tion consists of the rate constants k2 and k3 of two irreversible

steps. k2 describes the phosphate transfer from the substrate

onto Cdc14, the rate of which is largely governed by the leaving

group pKa, i.e., that of the deprotonated substrate serine or

threonine. Although the protein context may influence the

leaving group pKa, the scope for substrate differences is small,

especially because this reaction is facilitated by general base

catalysis (Wang et al., 2004). k3 in turn describes hydrolysis of

the phosphoenzyme intermediate, which is substrate indepen-

dent. Therefore, with little room for differences in kcat, the

substrate affinity KM might constitute the major difference

between substrates. Little is known about how Cdc14 interacts

with its substrates, apart from the immediate surroundings of

the catalytic pocket (Gray et al., 2003). Our preliminary results

have revealed that Cdc14 binds more strongly to its early

substrates. We also found evidence for phosphorylation-inde-

pendent substrate interactions, especially in case of the early

substrates. Previous work has identified residues in the

Cdc14 N terminus, outside the phosphatase domain, that affect

substrate dephosphorylation (Wang et al., 2004). It will be inter-

esting to investigate whether these residues contribute to

substrate recognition and how they may establish differences

in the relative affinities of Cdc14 for its early and late substrates.

A Quantitative Model for Cdk Control of the Cell Cycle
Stern and Nurse (1996) have put forward a quantitative model for

Cdk control of S phase and mitosis in fission yeast. In this model
812 Cell 147, 803–814, November 11, 2011 ª2011 Elsevier Inc.
S phase is initiated when Cdk activity increases from a very low

to a moderate level, whereas a further increase to high Cdk

activity initiates mitosis. Our investigation of budding yeast

mitotic exit provides another example where the quantitative

change in Cdk activity is linked to a temporally ordered series

of events, this time in the reverse order of decreasing Cdk

activity. We provide in vivo and in vitro evidence that this

ordering is based on phosphorylation equilibria between the

Cdk and its counteracting phosphatase. The quantitative change

of the phosphatase to kinase ratio over the course of mitotic exit

is read out by the substrates, which respond with dephosphory-

lation at their respective thresholds. We consider it likely that

a Cdk-counteracting phosphatase will play a crucial role in es-

tablishing Cdk activity thresholds also in the quantitative model

for Cdk control of S phase and mitosis. Progression through

S phase and mitosis, like mitotic exit, are irreversible transitions

between low and high Cdk activity, or vice versa, reinforced by

layers of feedback control (López-Avilés et al., 2009). Embedded

within these irreversible transitions in each case are a series of

sequential events. We propose that these are ordered by quan-

titative differences among the individual Cdk substrates in their

respective efficiency as substrate for the kinase and phospha-

tase. To complete our understanding of cell-cycle control, we

need to complement our knowledge of genetic circuits with

quantitative information about the biochemical reactions they

specify.
EXPERIMENTAL PROCEDURES

Yeast Strains and In Vivo Experiments

All strains used in this study were isogenic to W303 and are listed in the

Extended Experimental Procedures. Epitope tagging of endogenous genes

was performed by gene targeting using polymerase chain reaction (PCR) prod-

ucts (Knop et al., 1999). Cell synchronization inG1,metaphase arrest by deple-

tion of Cdc20 under control of the MET3 promoter, and ectopic expression of

Cdc14 under control of the GAL1 promoter were as described (Sullivan et al.,

2004). Details of the Clb2/Cdk and Cdc14 activity assays and of the antibodies

used for immunofluorescence and western blotting are found in the Extended

Experimental Procedures.

Recombinant Protein Expression and In Vitro Cdk Substrate

Phosphorylation by Clb2/Cdk and Dephosphorylation by Cdc14

Purification of Clb2/Cdk from yeast and of Cdc14 after expression in E. coli

was based on published procedures (Loog and Morgan, 2005; Wang

et al., 2004). The plasmid for bacterial expression of Fin1 was as described

(Woodbury and Morgan, 2007). The Sli15 expression plasmid was a kind

gift from I. Kingston. Ask1 was cloned for bacterial expression using PCR

from yeast genomic DNA, whereas a codon-optimized gene for expression

of Orc6 in E. coli was in vitro synthesized. Details of the constructs and

purification of each protein are contained in the Extended Experimental

Procedures.

Cdk substrate phosphorylation reactions were carried out in kinase buffer

(50 mM Tris/HCl [pH 7.5], 150 mM NaCl, 10 mM MgCl2, 0.25 mg/ml BSA,

100 mM ATP, including 0.5 mM g-33P-ATP, 3000 Ci/mmol, Hartmann Analytic,

where indicated). Reactions were terminated either by addition of SDS-PAGE

loading buffer for analysis of phosphate incorporation by gel electrophoresis,

or by addition of 15 mM EDTA if phosphosubstrates were prepared for

subsequent dephosphorylation. Cdk substrate dephosphorylation by Cdc14

took place in phosphatase buffer (50 mM Tris/HCl [pH 7.5], 100 mM NaCl).

The Extended Experimental Procedures give further details on the in vitro

Cdk substrate phosphorylation and dephosphorylation reactions and their

analyses.



SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures,

four figures, and one table and can be found with this article online at
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