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Abstract

Substrate dephosphorylation by the cyclin-dependent kinase (Cdk)-opposing phosphatase, Cdc14, is vital for many events
during budding yeast mitotic exit. Cdc14 is sequestered in the nucleolus through inhibitory binding to Net1, from which it is
released in anaphase following Net1 phosphorylation. Initial Net1 phosphorylation depends on Cdk itself, in conjunction
with proteins of the Cdc14 Early Anaphase Release (FEAR) network. Later on, the Mitotic Exit Network (MEN) signaling
cascade maintains Cdc14 release. An important unresolved question is how Cdc14 activity can increase in early anaphase,
while Cdk activity, that is required for Net1 phosphorylation, decreases and the MEN is not yet active. Here we show that the
nuclear rim protein Nur1 interacts with Net1 and, in its Cdk phosphorylated form, inhibits Cdc14 release. Nur1 is
dephosphorylated by Cdc14 in early anaphase, relieving the inhibition and promoting further Cdc14 release. Nur1
dephosphorylation thus describes a positive feedback loop in Cdc14 phosphatase activation during mitotic exit, required for
faithful chromosome segregation and completion of the cell division cycle.
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Introduction

Cellular reproduction is a highly regulated process that is

controlled on a multiplicity of levels, ensuring orderly progression

through the different phases of the cell cycle and accurate

partitioning of the genome. At the heart of eukaryotic cell cycle

control lie cyclin-dependent kinases (Cdks) and their opposing

phosphatases [1,2]. In Saccharomyces cerevisiae, the Cdk subunit

Cdc28 associates with a series of cell cycle stage-specific cyclins to

bring about Cdk activity. It is opposed by the main Cdk-

counteracting phosphatase Cdc14, which reverses Cdk phosphor-

ylation events during mitotic exit [3]. The changing balance

between Cdk and Cdc14 phosphatase activities at this stage of the

cell cycle serves to order mitotic exit events, such as spindle

elongation and chromosome segregation followed by spindle

disassembly and ultimately cytokinesis [2,4]. So far, only a few of

the Cdk substrates, whose dephosphorylation brings about mitotic

exit, have been characterized [5–9]. During mitotic exit, Cdc14 is

also essential for the downregulation of Cdk activity, on the one

hand by promoting mitotic cyclin degradation, via dephosphor-

ylation of the Anaphase Promoting Complex (APC) activator

Cdh1, and on the other by promoting accumulation of the Cdk

inhibitor Sic1 [3,10,11].

Cdc14 activity is stringently regulated. During most cell cycle

phases, Cdc14 is sequestered in the nucleolus, and thus inactive,

through inhibitory binding to Net1 [12–14]. It is thought that

Cdc14 release from Net1 occurs following phosphorylation of the

latter, which can be achieved by a series of kinases including Cdk,

Polo and MEN kinases, thus reducing Net1 affinity for Cdc14 [15–

17]. Net1 phosphorylation, and thus Cdc14 release, is prevented

until early anaphase by the action of the phosphatase PP2ACdc55,

which keeps Net1 under-phosphorylated. At anaphase onset, the

protease separase is activated after APC-mediated destruction of

its inhibitor securin. Separase now cleaves the chromosomal

cohesin complex to trigger sister chromatid segregation. At the

same time, separase uses a non-proteolytic activity to downregu-

late PP2ACdc55 [18,19]. This swings the phosphorylation balance

on Net1 towards phosphorylation by mitotic Cdk which, with

additional help from components of the FEAR network [17,20],

initiates Cdc14 release.

While Cdc14 release during the early stages of anaphase

depends on mitotic Cdk activity [17,19], mitotic cyclins are

being degraded at this time and Cdk activity is in decline. It is

thought that declining Cdk and increasing Cdc14 contribute to

activation of the MEN, a G-protein coupled signaling cascade

consisting of the GTPase Tem1, its regulators Lte1 and Bub2/

Bfa1, and its downstream kinases Cdc15 and Dbf2/Mob1 [21–

24]. Both Cdc15 and Mob1 are Cdk targets and their

dephosphorylation in mid anaphase contributes to MEN

activation [20,25,26]. Active MEN kinases in turn are thought

to have the potential to maintain Net1 phosphorylation.

However, how Cdc14 release is sustained while Cdk activity

declines between anaphase onset and MEN activation has

remained poorly understood.
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Timely Cdc14 activation in early anaphase is important for

successful chromosome segregation. It is required to stabilize the

anaphase spindle and is also required for completion of

chromosome segregation, in particular telomeres and the late

segregating rDNA locus [6,7,27,28]. Cdc14 promotes the

condensation and segregation of the repetitive rDNA region

during anaphase and cdc14 mutants display rDNA segregation

failure despite unobstructed cohesin cleavage. How Cdc14

promotes rDNA segregation is still being debated. Condensin is

recruited to the rDNA in anaphase in a Cdc14-dependent

manner, where it appears to promote decatenation of the locus,

making the condensin complex a prime candidate for Cdc14

regulation [28–30]. It has also been suggested that Cdc14

downregulates rDNA transcription by RNA polymerase I, which

could facilitate condensin access to the locus [31,32]. On the other

hand, rRNA synthesis continues unabated during mitotic exit,

making this hypothesis appear less likely [33]. In any event, a

Cdc14 target that is dephosphorylated to promote rDNA

condensation and segregation in anaphase remains unknown.

In this study, we take advantage of our recent phosphoproteome

analysis of budding yeast mitotic exit [34]. In the search for Cdc14

targets that have a role in regulating rDNA segregation, we

identified the nuclear rim protein Nur1 as a Cdc14 substrate.

Failure to dephosphorylate Nur1 causes rDNA missegregation,

however, this turns out to be the consequence of compromised

Cdc14 activation rather than a specific rDNA segregation defect.

This leads us to discover that Nur1 has a previously uncharacter-

ized role in Cdc14 inhibition, and that its inhibitory activity is

phosphorylation-dependent. Constitutive Nur1 phosphorylation

delays Cdc14 activation, while non-phosphorylatable Nur1 causes

premature Cdc14 activation. Thus, Cdc14-dependent Nur1

dephosphorylation in early anaphase forms a positive feedback

loop to promote further Cdc14 release, with important implica-

tions for faithful chromosome segregation.

Results

Nur1 is a Cdc14 target in anaphase
In the search for Cdc14 targets that promote rDNA conden-

sation and segregation during anaphase, we reviewed the

phosphoproteome of budding yeast mitotic exit. Cells were

arrested in metaphase by depletion of the APC coactivator

Cdc20, then synchronous mitotic exit progression was induced by

ectopic expression of the Cdc14 phosphatase. Mass spectrometry

was used to survey the disappearance of phosphopeptides over the

course of mitotic exit, with the original intention to identify

proteins whose dephosphorylation controls cytokinesis [34].

Among the proteins that were dephosphorylated in response to

Cdc14 expression, in addition to cytokinesis regulators, we

identified the nuclear rim protein Nur1 (Fig. 1A, B). Along with

its binding partner Src1, Nur1 is involved in tethering rDNA and

telomeres to the nuclear envelope, its absence leading to decreased

rDNA repeat stability, unequal rDNA segregation, as well as loss

of telomere stability and silencing [35–37]. Nur1 was previously

identified as a Cdk target, containing nine putative Cdk

phosphorylation sites, of which four have been confirmed in mass

spectrometry studies (Fig. 1A) [34,38]. Of these four, our

phosphoproteome analysis covered three phosphorylation sites

on two phosphopeptides. These disappeared with early to

intermediate timing, relative to the phosphopeptides of all detected

proteins, during Cdc14 induced mitotic exit (Fig. 1B).

To confirm cell cycle-dependent Nur1 phosphorylation, and the

role of Cdc14 in its dephosphorylation, we monitored the

electrophoretic mobility of Nur1 using Phos-tag gels during

synchronous cell cycle progression. Cells were arrested in G1 by

pheromone a-factor treatment, before release to progress through

the cell cycle at 35.5uC and either rearrest in the next G1 phase by

readdition of a-factor, or arrest in late mitosis following Cdc14

inactivation using the temperature sensitive cdc14-1 allele [39].

Protein extracts were prepared at the indicated times and cell cycle

progression was monitored by FACS analysis of DNA content

(Fig 1C). Phos-tag gel analysis of the protein extracts revealed the

appearance of slower migrating Nur1 isoforms 30 minutes after

release from G1 arrest, coincident with the time of S-phase,

presumably due to phosphorylation (Fig. 1C). During undisturbed

cell cycle progression, Nur1 reached its slowest migration at

45 minutes, in G2/M, before faster migrating forms appeared

again at 60–75 minutes. This pattern is consistent with dephos-

phorylation during early anaphase, before cells completed

cytokinesis at 90 minutes. When Cdc14 was inactivated, in the

cdc14-1 strain, dephosphorylation was no longer observed and

Nur1 accumulated in slow migrating forms in the late mitotic

arrest. To confirm that the mobility shift observed on the Phos-tag

gels is indeed due to Nur1 phosphorylation, Nur1 was immuno-

precipitated from cells arrested in mitosis by nocodazole treatment

and incubated in a control buffer, or in the presence of either l-

phosphatase or purified recombinant Cdc14 [4]. Incubation with

either phosphatase, but not control incubation, led to conversion

to faster migrating species on the Phos-tag gel, confirming that the

slower migrating forms are the consequence of phosphorylation

(Fig. 1D).

Nur1 dephosphorylation by Cdc14 is required for cell
survival at higher temperature

In order to examine the importance of Nur1 dephosphorylation,

we took advantage of a strategy to create constitutively Cdk

phosphorylated proteins by covalent fusion to a mitotic cyclin

(Fig. 1E) [34,40]. In brief, gene targeting was used to fuse the

NUR1 gene at its genomic locus with a mitotic cyclin Clb2 tagging

cassette. Clb2 is modified to lack localization and destruction

signals, so as not to interfere with Nur1 function. After gene

targeting, NUR1 remains initially separated from the cyclin tag by

a selectable marker, flanked by loxP recognition sites for the Cre

recombinase. The marker is then removed through the action of

b-estradiol-activatable Cre-ER recombinase, following hormone

addition to the growth medium. As a control, a similar tag was

Author Summary

During the cell cycle, a specific sequence of events leads to
the formation of two daughter cells from one mother cell.
Progression through the cell cycle is tightly controlled,
with events occurring in the right place at the right time.
Exactly how this is achieved is still being elucidated. In
budding yeast, the events occurring during the final cell
cycle phase – ‘‘mitotic exit’’ – are controlled by the
phosphatase Cdc14. It is kept sequestered and inactive
until it is needed for mitotic exit, at which time it is rapidly
released. In this study, we have identified a new regulator
of Cdc14 activity, the protein Nur1. In a series of
experiments, we saw that Nur1 acts both upstream and
downstream of Cdc14 activation, thereby creating a
positive feedback loop. On the one hand, Nur1 contributes
to inhibiting Cdc14 until the start of mitotic exit. On the
other hand, through the actions of Cdc14 itself, Nur1 is
disabled as an opponent of the phosphatase. This creates
a robust system, rapidly switching between two opposing
states and thus driving forward the mitotic exit transition.

Cdc14 Phosphatase Regulation by Nur1
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Fig. 1. Nur1 dephosphorylation by Cdc14 in anaphase. A. Schematic representation of Nur1. Putative (black) and confirmed (red) Cdk
phosphorylation sites, as well as other predicted landmarks, are indicated. P1, SLpSPLRKpTPLSAR; P2, NDINSILRpSPK. B. Nur1 phosphopeptide
abundance over the course of Cdc14-induced mitotic exit. Compare reference [34] for details. C. Nur1 phosphorylation-dependent mobility shifts

Cdc14 Phosphatase Regulation by Nur1
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created in which Clb2 harbors three additional point mutations

that prevent it from interacting with and recruiting the Cdc28

kinase subunit (denoted Clb2DCdk, see Materials and Methods for

details). An HA epitope is also included in the tag to facilitate

detection, both before and after excision of the marker.

We found there was virtually complete conversion of Nur1 to

Nur1-Clb2 and Nur1-Clb2DCdk, respectively, four hours follow-

ing b-estradiol addition (Fig. 1F). Furthermore, Western blotting

revealed a haze of slower migrating forms in case of the Nur1-Clb2

fusion protein, but a sharp, faster migrating band in case of Nur1-

Clb2DCdk, consistent with increased Nur1 phosphorylation due to

the Clb2 fusion.

We next examined the effect of the fusions on cell survival. Cells

expressing Nur1-Clb2 are viable at 25uC but unable to grow at a

higher temperature of 36uC (Fig. 1G). In comparison, Clb2DCdk

fusion did not affect cell growth at the high temperature,

suggesting that temperature sensitivity is caused by the continuous

presence of Cdk activity close to Nur1. As the Nur1-Clb2 fusion

appears to cause increased Nur1 phosphorylation, constitutive

phosphorylation could be the cause of temperature sensitive

growth. Alternatively, phosphorylation of proteins in the vicinity of

Nur1, due to the increased local Cdk concentration, could cause

the temperature sensitivity. To differentiate between these

possibilities, we created a version of Nur1, in which its 9 Cdk

consensus phosphorylation sites were replaced by alanines

(Nur1(9A)). We then repeated the process of generating

Nur1(9A)-Clb2 and Nur1(9A)-Clb2DCdk fusions. The absence of

Cdk phosphorylation sites on Nur1 restored temperature resistant

growth following Clb2 fusion (Fig. 1G). It also prevented the Nur1

mobility shift following Clb2 fusion. (Fig. 1H). This suggests that

indeed persistent Nur1 phosphorylation on its Cdk phosphoryla-

tion sites is the cause for a temperature sensitive growth defect.

Nur1 dephosphorylation promotes timely rDNA
segregation

In order to study the effect of persistent Nur1 phosphorylation

on rDNA segregation, we tagged the rDNA binding protein Net1

with YFP to visualize the behavior of the rDNA locus. We

synchronized a cell population by a-factor block and release at

36uC and monitored rDNA segregation as cells progressed

through mitosis. As an internal marker for segregation timing,

we recorded the length of the elongating anaphase spindle in each

cell, as well as whether or not the rDNA had separated and

segregated into two opposite cell halves. In both a wild type

control strain, as well as in the Nur1-Clb2DCdk or Nur1(9A)-Clb2

strain, rDNA segregation started at a spindle length of 5–6 mm and

was complete by the time spindles reached 8 mm in length. In

contrast, in Nur1-Clb2 cells, rDNA segregation only started at

spindle lengths of 7–8 mm and never reached completion even

when spindles were fully elongated (Fig. 2A). Cytological obser-

vation of the rDNA locus showed that it reached its expected

tightly condensed state in opposite cell halves in wild type and

Nur1-Clb2DCdk cells (Fig. 2B). In contrast, the rDNA often

appeared stretched and uncondensed in Nur1-Clb2 cells. These

observations are consistent with the possibility that Nur1

dephosphorylation promotes rDNA condensation, which in turn

is required for its timely segregation. Notably, an rDNA

segregation defect of similar extent to that in Nur1-Clb2 cells is

seen after inactivation of the chromosomal condensin complex

[27–30]. An rDNA segregation defect was also observed, albeit less

pronounced, in Nur1-Clb2 cells at 25uC (S1 Fig.). Taken together,

we conclude that constitutive phosphorylation of Nur1 leads to

delayed rDNA segregation, coincident with defective rDNA

condensation.

A consequence of rDNA segregation defects is unequal sister

chromatid exchange and consequent chromosomal instability. As

a measure for rDNA stability, we assessed the loss rate of an ADE2
marker within the rDNA repeats [36,41]. ADE2 loss causes

accumulation of a red intermediate metabolite in the adenine

biosynthesis pathway, thus causing the colony color to turn red.

ADE2 loss during the first cell division after plating on agar

medium will generate half red-sectored colonies. We therefore

counted the fraction of half red-sectored colonies, among all

colonies, as a measure for the ADE2 loss rate from the rDNA. The

loss rate was approximately five-fold elevated in the Nur1-Clb2

strain at 25uC, compared to a wild type and Nur1-Clb2DCdk

controls (Fig. 2C). This is indicative of rDNA instability, probably

as the consequence of rDNA segregation defects caused by the

Nur1-Clb2 fusion, even at a permissive temperature.

Persitent Nur1 phosphorylation delays mitotic
progression

Nur1 is a nuclear rim protein that makes contact with the

rDNA, so its phosphorylation status could directly affect rDNA

condensation. Alternatively, Nur1 phosphorylation could indirect-

ly affect rDNA condensation and segregation. In particular,

delayed rDNA segregation is a hallmark of mitotic exit defects, as

for instance observed in FEAR pathway mutants. In order to

differentiate between these possibilities, we monitored cell cycle

progression of Nur1-Clb2DCdk and Nur1-Clb2 cells. Cells were

synchronized in G1 by a-factor treatment, released to pass

through a synchronous cell cycle at 36uC, before being rearrested

in the following G1 by a-factor readdition. FACS analysis of DNA

content showed that Nur1-Clb2 cells spent at least 20 minutes

longer with a 2C DNA content (Fig. 3A), i.e. show delayed cell

cycle progression between G2 and cytokinesis, compared to the

control.

To delineate where Nur1-Clb2 cells are delayed in cell cycle

progression, we analyzed several cell cycle markers using Western

blotting at frequent time intervals during the time course (Fig. 3B).

Appearance of securin and Clb2 at around the time of S-phase was

indistinguishable between the control and Nur1-Clb2 cells, as was

phosphorylation of Orc6 that takes place at that time. However,

destruction of both securin and Clb2 were markedly delayed in

Nur1-Clb2 cells, as was Orc6 dephosphorylation during mitotic

exit and reaccumulation of the Cdk inhibitor Sic1. This pattern

suggests a delay of Nur1-Clb2 cells during mitosis and mitotic exit.

To distinguish whether the mitotic delay takes place before or after

the metaphase to anaphase transition, we monitored spindle

morphology during cell cycle progression (Fig. 3C). This revealed

that Nur1-Clb2 cells persisted for somewhat longer with short

metaphase spindles (1–3 mm in length), as well as a pronounced

during synchronous cell cycle progression at 35.5uC, in wild-type and cdc14-1 cells, were analyzed using Phos-tag gels and Western blotting. Cell cycle
progression was monitored by FACS analysis of DNA content. D. In vitro dephosphorylation of Nur1 by Cdc14. Immunopurified Nur1 was subjected to
the indicated phosphatase or control treatments and analyzed by Phos-tag gel electrophoresis. E. Design scheme of the Nur1-Clb2 fusion strains. F.
Western blot demonstrating replacement of endogenous Nur1 with Nur1-Clb2, or Nur1-Clb2DCdk, 4 hours after b-estradiol addition. G. Serial dilution
assay to compare survival of Nur1-Clb2, Nur1-Clb2DCdk, Nur1(9A)-Clb2 and Nur1(9A)-Clb2DCdk-expressing cells, at 25uC and 36uC. H. Western blot
demonstrating replacement of Nur1 or Nur1(9A) with Nur1-Clb2 and Nur1(9A)-Clb2, respectively, 4 hours after b-estradiol addition.
doi:10.1371/journal.pgen.1004907.g001
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prolongation of the time that cell persisted with long anaphase

spindles (.3 mm in length). These observations are consistent with

a delay of Nur1-Clb2 cells both at the metaphase to anaphase

transition as well as during mitotic exit. A similar delay in mitotic

progression, albeit less pronounced, was observed in Nur1-Clb2

cells at 25uC (S1 Fig.). To confirm that the mitotic delay due to

Nur1-Clb2 was caused by persistent Nur1 phosphorylation, we

used cells harboring Nur1(9A). Clb2 fusion to Nur1(9A) no longer

delayed cell cycle progression (S2 Fig.), indicating that indeed

persistent Nur1 phosphorylation slows down mitotic progression.

These findings further open the possibility that rDNA condensa-

tion and segregation defects seen in Nur1-Clb2 cells are a

consequence of a mitotic exit delay.

Nur1-Clb2 delays Cdc14 release
The mitotic delay observed in Nur1-Clb2 cells is reminiscent of

that seen in cells with an inactive FEAR pathway [42]. In those

cells, delayed Cdc14 phosphatase activation slows mitotic exit

progression and rDNA segregation [27,28]. Given the phenotypic

similarities, we examined the timing of Cdc14 release in Nur1-

Clb2, compared to wild type and Nur1-Clb2DCdk, cells. Again,

we synchronized cells in G1 and then measured the timing of

Cdc14 release as a function of spindle length as cells passed

through mitosis. In several repeats of this experiment, we detected

a small but statistically significant delay to Cdc14 release in the

Nur1-Clb2 strain (Fig. 4A). This suggests that phosphorylated

Nur1 impedes Cdc14 activation, a likely cause for delayed mitotic

exit and rDNA segregation defects.

To investigate whether delayed Cdc14 activation is indeed the

cause for mitotic defects in Nur1-Clb2 cells, we tested whether the

dominant active CDC14TAB6-1 allele, which leads to Cdc14 being

less tightly bound by Net1 [43], restores cell survival at high

temperature. Indeed, we found that CDC14TAB6-1 almost

completely restored temperature-resistant growth of the Nur1-

Clb2 strain (Fig. 4B). As a control, we confirmed that CDC14TAB6-

1 did not cause dephosphorylation of Nur1-Clb2, e.g. due to the

presence of higher than normal levels of Cdc14 activity. Western

blotting revealed that Nur1-Clb2 mobility, in particular its slower

migrating forms, remained unaffected by CDC14TAB6-1 (Fig. 4C).

This confirms that the temperature sensitive growth due to

persistent Cdk phosphorylation of Nur1 is caused by defective

Cdc14 activation.

We also monitored the dynamics of cell cycle progression in the

Nur1-Clb2 strain rescued by the CDC14TAB6-1 allele. This

revealed that the mitotic delay caused by Nur1-Clb2 is largely

reduced in cells carrying the CDC14TAB6-1 allele (Fig. 4D). Both

the delays at the metaphase to anaphase transition, as well as the

delay during mitotic exit, were ameliorated. FACS analysis of

DNA content as well as Western blotting analysis of Clb2 levels

and of Orc6 dephosphorylation during a synchronous cell cycle

confirmed that Nur1-Clb2 no longer affects mitotic progression in

CDC14TAB6-1 cells. This indicates that the mitotic defects and

Fig. 2. Nur1-Clb2 delays rDNA segregation. A. rDNA segregation as a function of spindle length, compared between Nur1-Clb2 and Nur1-
Clb2DCdk-expressing strains. At least 15, but typically more, cells were scored for each spindle length category. The mean and standard deviation
from three independent experiments is shown. Wild type and Nur1(9A)-Cdk strains were also included in one repeat of the experiment. B.
Representative images of rDNA segregation in a Nur1-Clb2DCdk cell, and of an anaphase bridge formed of undercondensed rDNA in a Nur1-Clb2 cell.
The rDNA was visualized by the rDNA binding protein Net1, fused to YFP, the spindle was detected with an antibody against a-tubulin, DNA was
stained with 4’,6-diamidino-2-phenylindole (DAPI). C. ADE2 marker loss from the rDNA repeats is shown as a percentage of half red-sectored colonies
after plating the indicated strains, with D. A representative field of colonies shown for each genotype. Around 500 colonies were scored for each
strain. The mean and standard deviation from four independent experiments is shown.
doi:10.1371/journal.pgen.1004907.g002

Cdc14 Phosphatase Regulation by Nur1
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associated loss of viability at high temperature in Nur1-Clb2 cells

are caused by defective Cdc14 activation.

Phospho-Nur1 counteracts Cdc14 release in early
anaphase

If Nur1, especially the Cdk phosphorylated form, prevents

Cdc14 release in early anaphase, then eliminating Nur1 or

removing its Cdk phosphorylation sites, should facilitate Cdc14

release. To investigate this possibility, we compared Cdc14 release

kinetics in synchronized populations of wild type, nur1D and

nur1(9A) cells. Strikingly, Cdc14 was released in over half of

nur1D and nur1(9A) cells in early anaphase at spindle lengths

below 3 mm, when Cdc14 release is almost never seen in wild type

cells (Fig. 5A). Even in metaphase cells with short (1-2 mm)

spindles, when Cdc14 is normally tightly sequestered, a substantial

fraction of nur1D and nur1(9A) cells displayed released Cdc14

(Fig. 5B). This suggests that phosphorylated Nur1 restricts Cdc14

release in early anaphase.

Cdc14 activation is promoted by the FEAR network in early

anaphase. To further study the impact of Nur1 on Cdc14 release

at this time, we introduced the nur1D and nur1(9A) alleles into a

spo12D strain, lacking a key component of the FEAR network

[20]. In the spo12D background, Cdc14 release is delayed until

spindles reach about 6 mm in length. Deletion of nur1, or its

replacement with nur1(9A), restored Cdc14 early anaphase

release (Fig. 5C). The Cdc14 release profile in the nur1D spo12D
and nur1(9A) spo12D double mutant strains approached that of

wild type cells. However, at short spindle lengths, nur1D spo12D
and nur1(9A) spo12D cells still showed premature Cdc14 release,

as compared to wild type, while at longer spindle lengths the

rescue did not fully match wild type release levels. These findings

confirm that phosphorylated Nur1 is a potent inhibitor of Cdc14

release in early anaphase and that the FEAR network acts to

overcome Cdc14 inhibition by Nur1. However, the incomplete

rescue of Cdc14 release in spo12D cells by Nur1 ablation suggests

that the FEAR network acts at least in part by a mechanism

different from inactivating Nur1.

We next compared the kinetics of mitotic progression between

wild type, nur1D and nur1(9A) strains. Despite the advanced

Cdc14 release in the latter strains, the timing of progression

through mitosis, as measured by the fractions of cells displaying

metaphase and anaphase spindles at each time point, was

indistinguishable from wild type (Fig. 5D). In a spo12D back-

ground, cells showed approximately a 20 minute delay in

anaphase. In this case, nur1D or nur1(9A) restored the kinetics

of mitotic progression close to wild type (Fig. 5D). This confirms

that Nur1, specifically its phosphorylated form, can delay mitotic

progression.

Nur1 inactivation does not compensate for MEN defects
Inactivation of Nur1, by deletion or mutation of its Cdk

phosphorylation sites, augments Cdc14 release in early anaphase

and almost completely compensates for loss of FEAR network

components. This could be because phospho-regulation of Nur1

has a role specific to early anaphase. Alternatively, Nur1 might be

a general Cdc14 inhibitor at all stages of mitotic exit. To

differentiate between these two possibilities, we tested whether

Nur1 inactivation can also compensate for partial loss of MEN

signaling. We used conditional thermosensitive alleles in two MEN

kinases cdc15-2 and dbf2-2 and asked whether nur1 deletion

Fig. 3. Nur1-Clb2 causes a mitotic exit defect. Nur1-Clb2 and Nur1-Clb2DCdk cells were synchronized in G1 by a-factor treatment and released
to progress through the cell cycle at 36uC, before being rearrested in the following G1. At time points throughout the cell cycle we monitored, A. Cell
cycle progression by FACS analysis of DNA content. B. Western blot analysis of the cell cycle markers securin, Clb2, Sic1 and Orc6, and C. The
percentages of cells displaying metaphase (1–3 mm) or anaphase (.3 mm) spindles were scored. 100 cells were counted at each time point.
doi:10.1371/journal.pgen.1004907.g003
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would improve cell growth at a semi-permissive temperature when

MEN signaling is partially compromised. However, cdc15-2
nur1D and dbf2-2 nur1D double mutants lost viability at

increasing temperatures in a fashion indistinguishable from the

parental cdc15-2 and dbf2-2 strains (Fig. 6A). Thus, Nur1 does

not appear to act later during mitotic exit, when the MEN takes

control of Cdc14 release. Instead, Nur1 function as a Cdc14

inhibitor appears to be restricted to early anaphase. This

conclusion is consistent with the Nur1 phosphorylation pattern

during mitotic exit. Nur1 is Cdk phosphorylated during early

mitosis, when it counteracts Cdc14. In anaphase, Nur1 becomes

dephosphorylated due to Cdc14 action and thus looses its

inhibitory effect on Cdc14.

Nur1 is a Net1-binding protein
To investigate the mechanism of how Nur1 counteracts Cdc14,

we asked whether Nur1 is physically linked to components of

mitotic exit control. Affinity purified fractions of Nur1, analyzed

by sensitive mixture mass spectrometry, contained Heh1 and

mitotic monopolin, as well as a Net1 peptide [36]. However, while

mitotic monopolin resides in the nucleolus, Nur1 could not be

detected on the rDNA together with Net1 by chromatin

Fig. 4. Nur1-Clb2 delays Cdc14 release. A. Quantification of Cdc14 release, in experiments performed as in Fig. 3, relative to spindle length. At
least 15, but typically more, cells were counted for each spindle length category. The mean and standard deviation from 3 independent experiments
is shown. A logistic regression analysis showed that Cdc14 release timing in the Nur1-Clb2 strain was significantly delayed. B. Serial dilution assay
demonstrating rescue of cell survival of Nur1-Clb2 cells by dominant active Cdc14TAB6-1. C. Western blot samples taken of the cells in B, before they
were plated, shows that Cdc14TAB6-1 did not alter the Nur1-Clb2 phosphorylation status. D.-F. Active Cdc14 rescues mitotic progression of Nur1-Clb2
cells. As Fig. 3A-C, but strains carried the CDC14TAB6-1 allele.
doi:10.1371/journal.pgen.1004907.g004
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immunoprecipitation [36,44]. To clarify whether Nur1 interacts

with Net1, we performed a co-immunoprecipitation experiment. A

Net1-myc strain was synchronized in G1 and cell extracts

prepared at regular time intervals following release into synchro-

nous cell cycle progression. Net1 was immunoprecipitated from

the extracts using an a-myc antibody. Nur1 coprecipitated with

Net1 at all stages of the cell cycle, with little fluctuation to the

efficiency of the interaction (Fig. 6B). No Nur1 was recovered in a

parallel control immunoprecipitation from extracts of a strain

lacking the Net1 myc epitope. In addition, we detected Cdc14 in

immunoprecipitates of Nur1 throughout the cell cycle. While we

do not currently know with which of Net1 and/or Cdc14 Nur1

makes direct contact, this finding opens the possibility that Nur1

directly influences Cdc14 inhibition in conjunction with Net1.

A key event during Cdc14 activation in early anaphase is Cdk

phosphorylation of Net1 on at least six Cdk consensus phosphor-

ylation sites. It could therefore be that Nur1 antagonizes Cdc14 by

counteracting Net1 phosphorylation. As a start to investigate this,

we took advantage of the net1-6Cdk allele that lacks these six Cdk

phosphorylation sites and, as a consequence, delays Cdc14

activation and causes a short mitotic exit delay [17]. If Nur1

impacts on Cdc14 by counteracting Net1 phosphorylation, then

Nur1 inactivation will not be able to correct the mitotic exit delay

of net1-6Cdk cells. In contrast, if Nur1 counteracts Cdc14 in a

pathway different from Net1 phosphorylation, then its deletion

should be able to advance Cdc14 activation in net1-6Cdk cells, just

as it did in the spo12D background. However, nur1 deletion did

not improve Cdc14 release nor reduce the mitotic exit delay of

net1-6Cdk cells (S3 Fig.). This suggests that Nur1 contributes to

Cdc14 regulation most likely by influencing Cdk phosphorylation

of Net1. It will be an important task to directly study the influence

of Nur1 on Net1 phosphorylation.

Discussion

Nur1, a new player in budding yeast mitotic exit
The paramount importance of the Cdc14 phosphatase during

budding yeast mitotic exit is well established, with the list of its

targets and functions increasing. For instance, the incompletely

understood role of Cdc14 in cytokinesis has recently come into

focus [34,45,46]. Concomitantly, our understanding of the

regulation of nucleolar release and activation of this phosphatase

is deepening [17,19,47–50].

In this study, we set out to further our molecular knowledge of

the role of Cdc14 in rDNA condensation and segregation. A

candidate Cdc14 target with potential to impact on rDNA

segregation was identified as the nuclear rim protein Nur1 in

our recent phosphoproteome screen of budding yeast mitotic exit.

Nur1 has been previously linked to regulating rDNA stability. We

confirmed Nur1 as Cdc14 substrate in vivo and in vitro, that is

dephosphorylated in early anaphase. To study the role of Nur1

dephosphorylation, we created a constitutively phosphorylated

form of Nur1, by fusing it to a cyclin Clb2 moiety. The fusion led

to an rDNA segregation delay and reduced viability, which was

dependent on the Cdk phosphorylation sites, especially at high

temperatures. This confirms Nur1 as a Cdc14 target whose

dephosphorylation is critical for successful mitotic exit progression.

Further investigation revealed that the overt rDNA segregation

defect in Nur1-Clb2 cells was likely a secondary consequence of a

primary defect in Cdc14 activation. While the Cdc14 substrate(s)

that govern rDNA condensation, resolution and segregation in

anaphase therefore remain elusive, we have uncovered a

previously unknown Cdc14 substrate that acts to sustain Cdc14

activation, thus creating positive feedback of Cdc14 release in

early anaphase (Fig. 7).

While inhibition of Cdc14 release by Nur1 is normally restricted

to early anaphase while Nur1 is phosphorylated, our Nur1-Clb2

fusion likely extends that period, potentially throughout mitotic exit.

Nur1-Clb2 may thus elicit phenotypic consequences beyond the

delayed Cdc14 release characteristic of FEAR network mutants. An

example of a difference is the temperature sensitive growth of Nur1-

Clb2 cells, which is not typically shared by FEAR network mutants.

A higher temperature causes cells to progress faster through the cell

cycle, presumably rendering them less tolerant to delays or

alterations to cell cycle signaling pathways. Phenotypes of late

mitotic exit mutants, in particular those involved in cytokinesis, are

known to be exacerbated at high temperatures [34], consistent with

an impact of Nur1-Clb2 at later stages.

Intriguingly, defective Cdc14 activation in Nur1-Clb2 cells caused

not only a mitotic exit delay, but also a delay at the metaphase to

anaphase transition. A small amount of Cdc14 is likely to be active by

the time of metaphase, when it contributes to dephosphorylation of

proteins like Dsn1 and possibly Spo12 [49,51]. Furthermore, securin

dephosphorylation by Cdc14 has been suggested to sharpen the

timing of anaphase [52]. Nur1-dependence of regulating these

earliest Cdc14 targets might play a role at the metaphase to anaphase

transition. We cannot exclude that Nur1 performs additional

functions at this time, that might be affected by Nur1-Clb2 fusion

and that might contribute to explaining the lethality of Nur1-Clb2

fusion strains at high temperatures.

A relationship between Nur1 in cell cycle regulation and
genome stability?

Our results demonstrate that Nur1, through regulating Cdc14,

plays an important role in promoting the accurate timing of

mitotic exit events. Nur1 was previously characterized as

chromosome linkage protein, connecting chromatin and the inner

nuclear membrane, with functions in the maintenance of genome

stability and replicative life span [36,37]. Are these independent

functions of this protein, or are they related?

Constitutive Nur1 phosphorylation, caused by the Nur1-Clb2

fusion, increased marker loss at the rDNA, likely due to unequal

sister chromatid exchange. A similar level of marker loss at the

rDNA was previously reported in nur1D cells [36]. It will be

therefore interesting to examine whether Nur1’s role in tethering

the rDNA to the nuclear envelope is regulated by its phosphor-

ylation status. It is as yet unknown whether rDNA tethering is

modulated during the cell cycle, for instance during rDNA

Fig. 5. Phosphorylated Nur1 contributes to Cdc14 sequestration in early anaphase. A. Quantification of Cdc14 release versus spindle
length, as in Fig. 4A, in wild type, nur1D and nur1(9A) cells. Cdc14 release was subdivided into ‘Partial release’, when Cdc14 was detectably released
into the nucleus but some nucleolar enrichment persisted and ‘Full release’, when no nucleolar Cdc14 enrichment remained detectable. The mean
and standard deviation from three independent experiments is shown. B. Images of Cdc14 in wild type and nur1D cells. The metaphase state is
confirmed by the presence of a short spindle, stained with an a-tubulin antibody. Cdc14-GFP was detected with an a-GFP antibody, DNA was
counterstained with DAPI. C. As A, but cells carried compromised FEAR network activity due to the spo12D allele. D. Progression through mitosis of
the strains above was measured by counting percentages of cells displaying metaphase (1–3 mm) or anaphase (.3 mm) spindles during synchronous
cell cycle progression.
doi:10.1371/journal.pgen.1004907.g005
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condensation and segregation, and how the rDNA moves relative

to the nuclear envelope during anaphase. It has been speculated

that cell cycle-dependent Nur1 phosphorylation within a putative

nuclear localization signal might affect the nucleocytoplasmic

shuttling of the protein, with possible implications both for Cdc14

regulation and rDNA tethering [37]. Our initial observations of

Nur1 localization revealed faint Nur1 enrichment at the nuclear

envelope, consistent with previous reports [36,53]. This localiza-

tion did not noticeably change during cell cycle progression and

was not altered as consequence of Clb2 fusion or Cdk phosphosite

Fig. 6. Nur1 acts in early anaphase and interacts with Net1. A. Nur1 deletion does not reduce the requirement for the MEN. Strains of the
indicated genotypes were streaked on YPD agar plates and grown at the temperatures shown. B. Nur1 interacts with Net1 throughout the cell cycle.
Cell extracts were prepared from aliquots of a culture passing through a synchronous cell cycle at the indicated times. Co-immunoprecipitation of
Nur1-Pk with Net1-myc was examined. A strain expressing Nur1-Pk but lacking the Net1-myc epitope served as a control. Cell cycle progression was
monitored by FACS analysis of DNA content, the prevalent cell cycle stages are indicated.
doi:10.1371/journal.pgen.1004907.g006
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mutations. Nevertheless, the possibility of Nur1 regulation by

localization merits further investigation.

Nur1 interacts with Net1 and, in addition to Net1’s role as a

Cdc14 inhibitor, one of the phenotypes reported for net1-1
mutants is a high rate of chromosome loss [54]. This indicates that

Net1 plays a role in accurate chromosome segregation that might

go beyond its role as cell cycle regulator. The relationships

between Net1, Nur1, the phosphoregulation of both proteins and

their roles in Cdc14 phosphatase regulation and genome stability

are an important topic for further studies.

Nur1 adds positive feedback to Cdc14 release in early
anaphase

Removing Nur1 (nur1D), or its Cdk phosphorylation sites

(nur1(9A)), resulted in premature Cdc14 release. Phosphorylated

Nur1 therefore fulfills a role in attenuating Cdc14 activation in early

anaphase. In a quantitative model in which Cdc14 substrate

dephosphorylation timing is determined by the ratio of phosphatase

activity versus Cdk kinase activity [2,4], phospho-Nur1 ensures that

Cdc14 activity is kept low and only its earliest targets are

dephosphorylated in early anaphase.

While preventing Nur1 phosphorylation causes premature

Cdc14 activation, maintaining persistent Nur1 phosphorylation

delays Cdc14 release and mitotic exit. Nur1 dephosphorylation by

Cdc14 in early anaphase thus engages a positive feedback loop in

which phospho-Nur1 as a Cdc14 inhibitor is removed by the very

action of Cdc14 itself (Fig. 7). Whether Nur1 dephosphorylation

actually stimulates release of Cdc14, or just stops Nur1 from

counteracting it, is still an open question. In either case, failure to

turn off phospho-Nur1 results in a mitotic exit delay, compromised

rDNA segregation and inability to survive at higher temperature.

Thus, Nur1 dephosphorylation plays an important role in shaping

the Cdc14 activation pattern in early anaphase, until the MEN takes

over to sustain Cdc14 release. Additional players might contribute

to Cdc14 feedback regulation, including Tof2 [50] or Spo12 [49].

Although we have found that Nur1 interacts with Net1 and

Cdc14, the molecular mechanism by which Nur1 counteracts

Cdc14 release is not yet understood. The fact that Nur1 no longer

influences Cdc14 activation in a net1-6Cdk strain suggest that

Nur1 acts at the level of Cdk-dependent Net1 phosphorylation. A

possible mechanism that is consistent with this observation takes

into consideration that Net1 itself is a Cdc14 target in vivo and in
vitro [12,25]. Cdc14 could prevent its own release if it were

allowed access to Cdk phosphorylation sites on Net1. A scenario

can be envisaged in which phospho-Nur1 promotes dephosphor-

ylation of Net1 by Cdc14. The required change in accessibility of

Net1 phosphorylation sites could be accomplished through

conformational changes within a Net1/Nur1/Cdc14 protein

complex, depending on the Nur1 phosphorylation state.

In summary, we describe a positive feedback loop, in which

Nur1 attenuates Cdc14 release until Nur1 itself is dephosphory-

lated by Cdc14. This feedback imposes a requirement for the

FEAR network to initiate Cdc14 release. Once Cdc14 becomes

active, Nur1 dephosphorylation helps to sustain Cdc14 release

while Cdk activity declines, until the MEN pathway takes over. In

this model, Nur1 can be seen as a bridge between the FEAR

network and the MEN signaling cascade.

Methods and Materials

Yeast strains and techniques
All strains were of the W303 background and are listed in S1

Table. A strain containing ADE2 integrated within the rDNA

repeats was a kind gift from M. Kaeberlein [41]. Epitope tagging

of endogenous genes and gene deletions were performed by gene

targeting using polymerase chain reaction (PCR) products [55,56].

The nur1(9A) mutant was engineered by endogenous gene

replacement using an integrative plasmid, based on a synthetic

DNA construct (GeneArt, Life Technologies). The conditional

Nur1-Clb2 and Nur1-Clb2DCdk fusions were created as described

[34]. In brief, Clb2 lacking its destruction and KEN-boxes [57], as

well as its nuclear localization sequence [58], was fused to Nur1,

separated by an unstructured 10-mer GGSGTGGSGT linker. In

addition, the Clb2DCdk mutant contained further 3 point

mutations that prevent it from interacting with the Cdc28 kinase

subunit, as described [59]. Strains harboring the conditional Clb2-

fusion cassettes were grown on medium lacking uracil to maintain

the selectable marker and to prevent spontaneous recombination.

Marker loop-out was then induced by b-estradiol-dependent

activation of Cre recombinase fused to an estradiol binding

domain (Cre-EBD78; [60]), by addition of 1 mM b-estradiol to the

growth medium.

Yeast cultures were grown in rich YP medium supplemented

with 2% glucose [61]. Cell synchronization using a-factor was as

described [62]. For cell synchronization at higher temperatures,

using the cdc14-1 or NUR1-CLB2 backgrounds, cultures were

shifted to the higher temperatures at the time of release from a-

factor arrest.

Western blotting, immunoprecipitation and phosphatase
assay

Protein extracts for Western blotting were prepared following

cell fixation using trichloroacetic acid, as described [63], and

analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE).

Antibodies used for Western detection were, a-Clb2 (Santa Cruz,

sc9071), a-Orc6 (clone SB49); a-Sic1 (Santa Cruz, sc50441), a-

Tub1 (clone YOL1/34, AbD Serotec), a-HA (clone 12CA5), a-

myc (clone 9E10), a-Pk (clone SV5-Pk1, AbD Serotec). Phos-tag

was purchased from Wako Chemicals and added to SDS-

polyacrylamide gels along with MnCl2 according to the manufac-

turer’s instructions.

For immunoprecipitation, cell extracts were prepared in EBXG

buffer (50 mM HEPES pH 8.0, 100 mM KCl, 2.5 mM MgCl2,

10% glycerol, 0.25% Triton X-100, 1 mM DTT, protease

inhibitors) using glass bead breakage in a Multi Bead Shocker

(Yasui Kikai). Extracts were precleared, incubated with antibody

and finally adsorbed to Protein A Dynabeads. Beads were washed

and elution was carried out in SDS-PAGE loading buffer. For the

in vitro Nur1 dephosphorylation assay, immunoprecipitation was

performed as above, then beads were resuspended in phosphatase

buffer and 1 mg l phosphatase (New England Biolabs), or 8 mg

purified recombinant Cdc14 [4], were added, followed by

incubation at 30uC for 30 minutes before the reaction was

stopped and proteins eluted by addition of SDS-PAGE loading

buffer.

Immunofluorescence microscopy
Indirect immunofluorescence was performed on formaldehyde-

fixed cells using the following antibodies, a-GFP, (clone TP401,

Torrey Pines Biolabs or ab6556, Abcam), a-Tub1 (clone YOL1/

34, AbD Serotec) and FITC and Cy3-dye labeled secondary

antibodies (Sigma and Chemicon, respectively). Cells were

counterstained with the DNA binding dye 4’,6-diamidino-2-

phenylindole (DAPI). Fluorescent images were acquired using an

Axioplan 2 imaging microscope (Zeiss) equipped with a 100x

(NA = 1.45) Plan-Neofluar objective and an ORCA-ER camera

(Hamamatsu). Spindle length measurements were carried out in

ImageJ.
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Supporting Information

S1 Fig An rDNA segregation and mitotic exit delay in Nur1-

Clb2 cells at a permissive temperature of 25uC. A. rDNA

segregation is delayed in Nur1-Clb2, as compared to Nur1-

Clb2DCdk cells. Completion of rDNA segregation is plotted as a

function of spindle length. B. Progression through mitosis is

delayed in Nur1-Clb2 cells, as seen by FACS analysis of DNA

content of cultures passing through a synchronous cell cycle

following a-factor arrest and release at 25uC. C. Cells from the

timecourse shown in B were processed to visualize spindle

microtubules by indirect immunofluorescence using an antibody

against a-tubulin. A mitotic exit delay in Nur1-Clb2 cells is

manifest by the longer persistence of cells containing elongated

anaphase spindles.

(TIF)

S2 Fig Nur1 phosphorylation is responsible for the mitotic exit

delay seen in Nur1-Clb2 cells. Nur1-Clb2 and Nur1(9A)-Clb2 cells

were synchronized in G1 by a-factor treatment and released to

progress through the cell cycle at 36uC, before being rearrested in

the following G1. At time points throughout the cell cycle we

monitored, A. cell cycle progression by FACS analysis of DNA

content. B. levels of the cell cycle markers Clb2, Sic1 and Orc6 by

Western blot analysis, and C. the percentages of cells displaying

metaphase (1–3 mm) or anaphase (.3 mm) spindles. 100 cells were

counted at each time point.

(TIF)

S3 Fig Nur1’s effect on Cdc14 is dependent on Net1’s

phosphorylation status. A. Progression through mitosis of wild

type, nur1D, net1-6cdk and nur1D net1-6cdk cells was measured

by counting percentages of cells displaying metaphase (1–3 mm) or

anaphase (.3 mm) spindles during synchronous cell cycle

progression following a-factor arrest and release. B. Quantification

of Cdc14 release versus spindle length, as in Figure 5, during the

experiment above.

(TIF)

S1 Table List of yeast strains used in this study.
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