Multiple protein kinases influence the
redistribution of fission yeast Clp1/Cdc14
phosphatase upon genotoxic stress
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ABSTRACT The Cdc14 phosphatase family antagonizes Cdk1 phosphorylation and is impor-
tant for mitotic exit. To access their substrates, Cdc14 phosphatases are released from nucleo-
lar sequestration during mitosis. Clp1/Flp1, the Schizosaccharomyces pombe Cdc14 ortho-
logue, and Cdc14B, a mammalian orthologue, also exit the nucleolus during interphase upon
DNA replication stress or damage, respectively, implicating Cdc14 phosphatases in the re-
sponse to genotoxic insults. However, a mechanistic understanding of Cdc14 phosphatase nu-
cleolar release under these conditions is incomplete. We show here that relocalization of Clp1
during genotoxic stress is governed by complex phosphoregulation. Specifically, the Rad3
checkpoint effector kinases Cds1 and/or Chk1, the cell wall integrity mitogen-activated protein
kinase Pmk1, and the cell cycle kinase Cdk1 directly phosphorylate Clp1 to promote genotoxic
stress-induced nucleoplasmic accumulation. However, Cds1 and/or Chk1 phosphorylate RxxS
sites preferentially upon hydroxyurea treatment, whereas Pmk1 and Cdk1 preferentially phos-
phorylate Clp1 TP sites upon H,O, treatment. Abolishing both Clp1 RxxS and TP phosphosites
eliminates any genotoxic stress-induced redistribution. Reciprocally, preventing dephosphory-
lation of Clp1 TP sites shifts the distribution of the enzyme to the nucleoplasm constitutively.
This work advances our understanding of pathways influencing Clp1 localization and may pro-
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vide insight into mechanisms controlling Cdc14B phosphatases in higher eukaryotes.

INTRODUCTION

The eukaryotic cell cycle is driven by the activity of cyclin-dependent
kinases (Cdks). Cdk1, bound to its cyclin B partner, controls entry
into and progression through mitosis (Morgan, 1997). For proper
mitotic exit and cytokinesis, a reduction in Cdk1 activity, as well as
dephosphorylation of its substrates, must occur. The conserved
Cdc14 phosphatase family contributes to the reversal of Cdk1
substrate phosphorylation during anaphase, at least in yeasts
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(Stegmeier and Amon, 2004; Queralt and Uhlmann, 2008; Mocciaro
and Schiebel, 2010).

The founding family member, Cdc14, was identified in Saccharo-
myces cerevisiae as an essential cell cycle phosphatase necessary
for Cdk1 inactivation (Stegmeier and Amon, 2004). Further studies
on Cdc14 orthologues from yeast to humans have characterized ad-
ditional roles for this enzyme family in cytokinesis (Clifford et al.,
2008a), chromosome segregation (Stegmeier and Amon, 2004,
Mocciaro and Schiebel, 2010; Clemente-Blanco et al., 2011), tran-
scription (Clemente-Blanco et al., 2009, 2011; Papadopoulou et al.,
2010; Guillamot et al., 2011), centrosome duplication (Mocciaro and
Schiebel, 2010), and ciliogenesis (Clement et al., 2011).

In line with their multiple roles during anaphase, Cdc14 phos-
phatases undergo dynamic subcellular localization changes that are
dependent on the cell cycle (Stegmeier and Amon, 2004; Mocciaro
and Schiebel, 2010). During interphase, Cdc14 phosphatases are
sequestered within the nucleolus and at the spindle pole body/cen-
trosome and are released from these locales during mitosis. The
release from sequestration during mitosis is considered an activa-
tion step allowing Cdc14 phosphatases access to their substrates.
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Nucleolar release of Cdc14 in S. cerevisiae during anaphase involves
two networks, the Cdc Fourteen Early Anaphase Release (FEAR)
network and the Mitotic Exit Network (MEN; Stegmeier and Amon,
2004; Liang et al., 2009; Mohl et al., 2009; Rock and Amon, 2009;
Tomson et al., 2009; Waples et al., 2009; Manzoni et al., 2010).

Unlike budding yeast Cdc14, the Schizosaccharomyces pombe
orthologue, Clp1/Flp1 (hereafter referred to as Clp1), and mamma-
lian Cdc14B exit the nucleolus before anaphase (Cueille et al., 2001;
Trautmann et al., 2001; Kaiser et al., 2002; Nalepa and Harper, 2004;
Cho et al., 2005; Berdougo et al., 2008). In addition, S. pombe
orthologues of the FEAR network or MEN (known as the Septation
Initiation Network [SIN] in S. pombe) components are not required
for Clp1 nucleolar release (Chen et al., 2006). These observations
suggest that the mechanisms controlling Clp1 and Cdc14B nucleo-
lar release may differ from those controlling nucleolar release of
S. cerevisiae Cdc14. However, the SIN does prohibit return of Clp1
to the nucleolus until the completion of cytokinesis (Mishra et al.,
2005; Chen et al., 2008). This is due to direct phosphorylation on
RxxS (x can be any amino acid) sites by the SIN kinase Sid2 and
consequent association between Clp1 and the S. pombe 14-3-3
proteins, Rad24 and Rad25 (Mishra et al., 2005; Chen et al., 2008).
A Clp1 mutant that cannot be phosphorylated by Sid2 returns to the
nucleolus before the completion of cytokinesis, which results in in-
creased cytokinetic failure (Chen et al., 2008).

In addition to roles in mitosis, one mammalian orthologue,
Cdc14B, is believed to participate in the DNA damage checkpoint
by dephosphorylating Cdh1, an activator of the anaphase-promot-
ing complex/cyclosome (APC/C); premature APC/C activation pro-
motes a cell cycle delay at the G2/M transition (Bassermann et al.,
2008; Takahashi et al., 2012). Other reports indicate that when
Cdc14A, a second mammalian orthologue, or Cdc14B genes are
deleted, repair of DNA double-strand breaks is prolonged, sug-
gesting that Cdc14 phosphatases play a role in DNA damage re-
pair but not checkpoint arrest (Mocciaro et al., 2010; Wei et al.,
2011b). Despite the lack of clarity regarding Cdc14 phosphatase
function in response to genotoxic stress, there is agreement that
this stimulus results in nucleolar release of Cdc14B during inter-
phase (Bassermann et al., 2008; Mocciaro et al., 2010; Takahashi
et al., 2012). Similarly, Clp1 moves out of the nucleolus during
interphase when DNA replication is blocked by treatment with
hydroxyurea (HU), and Clp1 release is required for a normal check-
point response to HU (Diaz-Cuervo and Bueno, 2008).

Interphase nucleolar release of Clp1 and Cdc14B in cells treated
with HU or DNA-damaging agents, respectively, depends on check-
point effector kinases (Diaz-Cuervo and Bueno, 2008; Peddibhotla
et al., 2011), suggesting that relocalization of these two phos-
phatases may occur through a conserved mechanism. In S. pombe,
the ATR orthologue Rad3 is the major sensor of genotoxic insults
and is essential for arresting the cell cycle in response to stalled
replication forks or DNA damage (Langerak and Russell, 2011). Rad3
activates two downstream effector kinases—Cds1 in response to
genotoxic insults during DNA replication, and Chk1 in response to
genotoxic insults during G2 (Walworth and Bernards, 1996; Lindsay
et al., 1998; Martinho et al., 1998; Brondello et al., 1999). Of inter-
est, in response to HU treatment, Cds1 phosphorylates Clp1 on the
same sites as does Sid2 during mitosis, and a Clp1 phosphomutant
that abolishes these RxxS phosphosites prevents HU-induced nucle-
oplasmic relocalization (Diaz-Cuervo and Bueno, 2008). However,
the RxxS phosphomutant does exit the nucleolus normally during
mitosis (Chen et al., 2008; Diaz-Cuervo and Bueno, 2008).

In this work, we examined whether interphase nucleolar release
of S. pombe Clp1 is a general response to cellular stress and found
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that it occurs in response to peroxide, as well as to hydroxyurea,
suggesting that it is a specific response to genotoxic stress. We in-
vestigated the pathways triggering interphase nucleolar release af-
ter these treatments and found that in addition to Chk1 and Cds1,
the cell wall integrity mitogen-activated protein kinase (MAPK) Pmk
and the cell cycle kinase Cdk1 are involved, although the relative
effect of these kinases on Clp1 localization is dependent on the type
of genotoxic insult. Accordingly, a Clp1 phosphomutant that abol-
ishes Chk1, Cds1, Pmk1, and Cdk1 phosphosites prevented inter-
phase nucleoplasmic accumulation of Clp1 upon either type of
genotoxic stress. Reciprocally, a Clp1 mutant that is constitutively
phosphorylated on TP sites cannot be retained in the nucleolus. This
study advances our understanding of Clp1 phosphatase regulation
and may provide insight into the mechanisms controlling Cdc14B
localization in higher eukaryotes.

RESULTS

Clp1 relocalizes to the nucleoplasm after genotoxic stress
Because Clp1 relocalizes from the nucleolus to the nucleoplasm dur-
ing interphase when cells encounter a block to DNA replication (Diaz-
Cuervo and Bueno, 2008), we explored whether other cellular stresses
would have the same effect. To answer this question, we treated
asynchronously growing clp1-GFP gar2-mCherry cells (Gar2 is a nu-
cleolar marker; Sicard et al., 1998) with various cellular stresses for
1h. As previously reported, HU induced relocalization of Clp1-GFP to
the nucleoplasm (Figure 1, A and B; Diaz-Cuervo and Bueno, 2008).
This could be readily seen in line scans measuring the relative fluores-
cence intensity of Clp1-GFP and Gar2-mCherry through the nucleus.
Cells treated with HU had a lower, broader peak of Clp1-GFP than
those of untreated cells, where Clp1-GFP intensity mirrored that of
Gar2-mCherry (Figure 1C). In contrast, Clp1-GFP did not relocalize to
the nucleoplasm in either thermally or osmotically stressed cells
(Figure 1, A-C) suggesting that nucleolar release is not a general re-
sponse to cellular stress. Although not the topic of this study, we note
that thermal stress caused release of Clp1 from spindle pole bodies
(Figure 1A). The addition of 1 mM H,O,, however, did cause Clp1-
GFP to accumulate within the nucleoplasm at the expense of nucleo-
lar localization (Figure 1, A-C). Because H,O, can cause DNA dam-
age (Cadet et al., 2010), Clp1 nucleoplasmic accumulation may be a
common response to different forms of genotoxic stress.

Release of Clp1 from the nucleolus upon replication stress
depends on the checkpoint effector kinases Chk1 and Cds1
(Diaz-Cuervo and Bueno, 2008), which are activated by Rad3
(Walworth and Bernards, 1996; Lindsay et al., 1998; Martinho et al.,
1998; Brondello et al., 1999). To determine whether the same mecha-
nism contributed to HyOs-induced Clp1-GFP relocalization, we ex-
amined clp1-GFP gar2-mCherry or clp1-GFP gar2-mCherry rad3A
cells after the addition of 12 mM HU or 1 mM H,O, over time (Figure
2, A and B). Because asynchronous cells were used in this analysis,
some cells have Clp1 released from the nucleolus before treatment
because they are in mitosis (Cueille et al., 2001; Trautmann et al.,
2001). Late mitotic cells (e.g., cells with Clp1 on the mitotic spindle)
were excluded from our analysis; however, residual cells with Clp1
released from the nucleolus at time O are likely early mitotic cells
(Supplemental Figure S1). As expected, Clp1-GFP accumulated
throughout the nucleoplasm of cells after HU treatment. Nearly 100%
of these cells had nucleoplasmic Clp1 by 105 min, whereas mock-
treated cells did not relocalize Clp1-GFP (Figure 2A). HU-induced
Clp1 nucleoplasmic accumulation was not observed in cells lacking
rad3*, consistent with previously reported results (Diaz-Cuervo and
Bueno, 2008; Figure 2A). In response to H,O,, Clp1-GFP also accu-
mulated within the nucleoplasm and to the same extent per cell
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Genotoxic stress induces Clp1-GFP nucleoplasmic accumulation. (A) Live-cell images of clp1-GFP gar2-
mCherry cells after treatment with the specified stress for 1 h. Scale bar, 5 pm. Asterisks indicate nuclei with Clp1-GFP
relocalized from the nucleolus to the nucleoplasm. Arrowheads point to spindle pole bodies. (B) Zoomed views of the
boxed nuclei from the merged images in A. Scale bar, 1.5 um. Arrowheads point to spindle pole bodies. (C) Line scans
of Clp1-GFP and Gar2-mCherry fluorescence, each spanning a distance of 5 pm, in which the paths are represented in A
by a white line with a black circle to indicate the origin of the line scan. Arrowheads point to spindle pole bodies.

(Figure 1 and unpublished data); however, the response was faster ~ HU-treated cells, HyO-induced relocalization of Clp1-GFP was not
(Figure 2B). The largest percentage of cells showing nucleoplasmic  abolished in the absence of rad3*, although the response was altered
Clp1 occurred at 20 min after H,O, addition (Figure 2B). Unlike  interms of both timing and the percentage of cells responding at any
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FIGURE 2: Multiple kinases affect genotoxic stress-induced
Clp1-GFP nucleoplasmic accumulation. (A) The graphs show the
percentage of nuclei with Clp1-GFP detected in the nucleoplasm of
clp1-GFP gar2-mCherry or clp1-GFP gar2-mCherry rad3A cells as
judged by live-cell microscopy after the addition of 12 mM HU or H,O
(mock treatment) at t = 0 min, indicated by the arrow. (B) Same as A,
except that 1 mM H,0; was used to induce cellular stress. (C) Similar
to B; the graph shows the percentage of nuclei with Clp1-GFP
detected in the nucleoplasm after oxidative stress (1 mM H;0,) in the
indicated strains. (D, E) Same as in B and C, except that 5 uM
1NM-PP1 was added at t = —30 min, indicated by arrow 1, to
asynchronous cultures before H,O, addition at t = 0 min, indicated by
arrow 2. Dimethyl sulfoxide was added instead of 1NM-PP1 for
mock-treated cells. (F) As in D and E, except that 12 mM HU was used
to induce stress at t = 0 min. In A-F, each curve represents the
average of four experiments, and each time point represents 2132
cells. Standard error of the mean is shown for each time point.

given time point (Figure 2B). Of interest, after the peak accumulation
of nucleoplasmic Clp1-GFP, the percentage of cells with nucleoplas-
mic Clp1-GFP decreased, suggesting that the maintenance of Clp1
nucleoplasmic distribution was affected (Figure 2B). To examine
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whether these changes in the response to H,O, were due to loss of
checkpoint effector kinase activation, we examined Clp1 localization
in a chkT1A cdsTA strain. As in rad3A cells, the appearance of Clp1-
GFP in the nucleoplasm was delayed relative to wild-type cells; only
68% of the nuclei simultaneously accumulated Clp1-GFP in the nucle-
oplasm during the time course (Figure 2, B and C). In addition, after
the peak, the percentage of nuclei containing nucleoplasmic Clp1-
GFP decreased (Figure 2, B and C). We therefore conclude that the
relocalization defects seen in rad3A cells are due to loss of Cds1 and/
or Chk1 activities. Of note, these results indicate that whereas the
Rad3 pathway contributes to Clp1-GFP relocalization induced by oxi-
dative stress, additional signaling pathways must contribute.

Multiple protein kinases contribute to Clp1

nucleoplasmic relocalization

Clp1 is a highly phosphoregulated protein (Wolfe et al., 2006; Chen
et al., 2008; Diaz-Cuervo and Bueno, 2008). Because H,O5-induced
Clp1-GFP relocalization was still observed in the absence of rad3*
(Figure 2, B and C), we reasoned that additional protein kinases
might contribute to oxidative stress—induced relocalization of Clp1-
GFP.

First, we looked at the possible influence of MAPKs, which be-
come activated by various environmental stresses (Roux and Blenis,
2004). In S. pombe, there are three MAPKs: Spk1, Sty1, and Pmk1.
Spk1 and Sty1 are involved in the mating response and stress sens-
ing, respectively, whereas Pmk1 functions in the cell wall integrity
pathway (Toda et al., 1996). Of the three MAPKSs, only pmk1* loss
affected H,0O5-induced Clp1-GFP relocalization, delaying nucleolar
release by 5 min compared with pmk1* cells (Figure 2C and unpub-
lished data). However, pmk1A cells did reach the same high level of
Clp1 release as wild-type cells, suggesting that Pmk1 likely has a
role in timing Clp1-GFP nucleoplasmic accumulation during oxida-
tive stress but not its maintenance within the nucleoplasm (Figure
2C). To test whether the Rad3 and cell wall integrity pathways act in
concert to influence Clp1 localization, we examined Clp1-GFP in
rad3A pmk1A cells. Clp1 redistribution was delayed by 10-15 min,
with a decreased percentage of Clp1-GFP nucleoplasmic-localized
nuclei in rad3A pmk1A cells, although the peak was still reached at
20 min after H,O, addition (Figure 2C). In addition, similar to other
rad3A cells examined, the percentage of nuclei that contained nu-
cleoplasmic Clp1-GFP was not maintained. These results suggest
that whereas both Rad3 and Pmk1 contribute to Clp1 relocalization
from the nucleolus to the nucleoplasm during oxidative stress, they
do so independently of each other, and still additional pathways or
factors contribute.

We then examined whether Cdk activity had a role in Clp1 relo-
calization, since Cdk1 had previously been shown to directly phos-
phorylate Clp1 to modulate the phosphatase’s activity, but the ef-
fect on Clp1 localization was not examined (Wolfe et al., 2006).
Because Cdk1 (Cdc2 in S. pombe) is an essential kinase, we used an
analogue-sensitive mutant, cdc2-F84G (cdk1-as), which is inhibited
by the ATP analogue 4-amino-1-tert-butyl-3-(1"-naphthylmethyl)
pyrazolo(3,4-d)pyrimidine (INM-PP1; Dischinger et al., 2008). Inac-
tivation of Cdk1-as by TNM-PP1 caused a drop in the number of
cells with Clp1-GFP localized to the nucleoplasm at t= 0 min due to
the cells” inability to enter mitosis (Figure 2D). After the addition of
1 mM H,O; there was a 5-min delay in Clp1-GFP nucleoplasmic ac-
cumulation, similar to pmk1A cells (Figure 2, C and D), indicating a
potential role for Cdk1 in regulating Clp1 relocalization.

To assess the collective roles of the Rad3 pathway, the cell wall
integrity pathway, and Cdk1, we examined Clp1-GFP nucleoplasmic
relocalization in strains with combinations of the kinase mutants.
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FIGURE 3: Clp1 is phosphorylated at TP sites upon genotoxic stress. (A) Immunoblots of lysates

from the indicated strains arrested in prometaphase with the cold-sensitive B-tubulin mutant
nda3-km311. Anti-MYC or anti-T453p, a Clp1 phospho-specific antibody, were used for
immunoblotting. Asterisks indicate nonspecific bands. (B) Immunoblots of immunoprecipitated
Clp1-MYC13 from the indicated strains over time treated at t = 0 min with 1 mM H,0, or H,O
(mock treatment). Immunoblots were probed with anti-MYC or anti-T453p. To inhibit Cdk1-as,
cells were treated with 5 yM 1NM-PP1 at t = —30 min, and then at t = 0 min with either 1 mM
H,0; or H,0 (mock treatment). (C) Same as B, except that 12 mM HU was used to stress cells.
(D, E) The ratios of the relative intensities of anti-T453p to that of anti-MYC signals normalized
to the prestress time points. Intensities were calculated using an Odyssey instrument from the
immunoblots in B and C. (F) Immunoblot analysis of GST or GST-Pmk1 purified from cells treated
with 1 mM H,0; for 30 min with anti-GST or anti-P44/P42. (G) MBP or MBP-Clp1 was incubated
with GST or GST-Pmk1 in an in vitro kinase reaction. The inputs, detected by Coomassie blue
(CB) staining, and the corresponding autoradiographs are shown. (H) Recombinantly produced
MBP, MBP-Clp1, or MBP-Clp1(3A) were incubated with either recombinantly produced Cdk1-
Cdc13/cyclin B or activated and immunoprecipitated GST-Pmk1. The inputs, detected by CB
staining, and the corresponding autoradiographs are shown. The asterisks indicate a

phosphoshifted form of MBP-Clp1.

Although combining rad3A and cdk1-as had a significant effect on
Clp1-GFP relocalization to the nucleoplasm, it did not completely
eliminate it (Figure 2D). In both pmkTA cdk1-as and rad3A pmk1A
cdk1-as cells, however, the ability of Clp1-GFP to relocalize from the
nucleolus to the nucleoplasm upon oxidative stress was abolished
(Figure 2E). These results indicate that Pmk1 and Cdk1 cooperate to
promote Clp1-GFP relocalization during oxidative stress and suggest
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Cds1 and/or Chk1, Pmk1, and Cdk1
phosphorylate Clp1 upon HU and
H,0, stress treatment

As introduced earlier, Cds1 and Sid2 directly
phosphorylate Clp1 on its multiple RxxS
sites; this promotes Clp1's association with
the two S. pombe 14-3-3 proteins, Rad24
and Rad25, which, at least in the case of
Sid2, prevents the return of Clp1 to the nu-
cleolus until the completion of cytokinesis
(Mishra et al., 2005; Chen et al., 2008; Diaz-
Cuervo and Bueno, 2008). In addition, Cdk1
directly phosphorylates Clp1 on TP sites pri-
marily in early mitosis and inhibits Clp1 cata-
lytic activity (Wolfe et al., 2006). To deter-
mine whether phosphorylation on Clp1
RxxS and/or TP sites occurred during genotoxic stress, we first gen-
erated a phosphospecific antibody to one Cdk1 phosphosite, T453.
To test the specificity of anti-T453p, we analyzed lysates of clpT*,
clp1-MYC13, or clp1(3A)-MYC13 cells arrested in mitosis, when
Clp1 is highly phosphorylated by Cdk1 (Figure 3A; Wolfe et al.,
2006). The Clp1(3A) mutant abolishes three Cdk1 phosphorylation
sites, including T453 (see later discussion of Figure 5A; Wolfe et al.,
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FIGURE 4: Clp1 is phosphorylated at RxxS sites upon genotoxic stress. (A) Clp1-MYC13 was
captured by Rad24-HA3-TAP at different times after stress induction by the addition of 1 mM
H,0; or H,0 (mock treatment) at t = 0 min to asynchronous cultures of the indicated genotypes.
Anti-MYC or anti-HA antibodies were used to detect Clp1-MYC13 or Rad24-HA3-TAP,
respectively. Cdk1-as was inhibited by first incubating cells with 5 yM 1NM-PP1 at t = -30 min
before the addition of H,O, at t = 0 min. (B) Same as in A, except that 12 mM HU was used to
induce stress. (C, D) The ratios of the relative intensities of anti-MYC to that of anti-HA signals,
normalized to the prestress time points, calculated using an Odyssey instrument from the
immunoblots in A and B, respectively. (E) Cells were treated with 5 uM 1NM-PP1 for 30 min to
inhibit Cdk1-as and then with 1 mM H,0, for 45 min or 12 mM HU for 210 min. Clp1-MYC13
immunoprecipitates from the indicated strains were treated with (+) or without (-) A~

phosphatase and then examined by anti-MYC immunoblotting.

2006). Clp1 and Clp1-MYC13 were detected by anti-T453p; how-
ever, Clp1(3A)-MYC13 was not (Figure 3A), indicating that anti-
T453p is specific for Clp1 phosphorylated at T453.

Next we used anti-T453p to probe immunoblots of immunopre-
cipitated Clp1-MYC13 protein from asynchronous cultures of either
wild-type or rad3A pmk1A cdk1-as cells treated with T mM H,O,,
12 mM HU, or H,O (mock). Clp1-MYC13 phosphorylation at T453 in
wild-type cells increased over time after the induction of stress by
either H,O, or HU compared with mock-treated cells; however, the
H,O,-treated cells show a more robust phosphorylation at T453
than HU-treated cells (Figure 3, B-E). In contrast, Clp1-MYC13 im-
munoprecipitated from rad3A pmk1A cdk1-as cells first treated with
5 uM 1INM-PP1 and then with H,O, or HU did not show an increase
in T453 phosphorylation (Figure 3, B-E). These results suggest a
correlation between genotoxic stress-mediated Clp1 nucleoplasmic
relocalization and accumulation of Clp1 T453 phosphorylation.

MAPKSs, like Cdk1, are proline-directed kinases (Roux and Blenis,
2004). Because deleting pmk1* affected Clp1-GFP nucleoplasmic
relocalization (Figure 2C), we investigated whether Pmk1 could
phosphorylate Clp1 and whether it did so at sites overlapping with
Cdk1. Glutathione S-transferase (GST) or GST-Pmk1 was produced
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To observe Clp1 RxxS phosphorylation,
we followed the RxxS phospho-dependent
association between Rad24 and Clp1 as an
indirect measure of Clp1 phosphorylation
at RxxS sites (Chen et al., 2008; Diaz-Cuervo
and Bueno, 2008). In accord with Clp1
phosphorylation correlating with nucleo-
plasmic accumulation, we saw an increase
in the Rad24-Clp1 association after the ad-
dition of 1T mM H,O, or 12 mM HU, sug-
gesting that Clp1 is phosphorylated at RxxS
sites after induction of genotoxic stress
(Figure 4, A-D). Of interest, HU treatment
promoted a more robust association be-
tween Rad24 and Clp1 than did H,O; treat-
ment, the converse of what we observed
with Clp1 T453 phosphorylation (Figures
3, B-E, and 4, A-D ). The H,O,- and/or HU-induced Rad24-Clp1
association was disrupted in rad3A pmk1A cdk1-as cells (Figure 4,
A-D). These results suggest a correlation between genotoxic stress—
induced Clp1 relocalization, and the accumulation of RxxS phos-
phorylation. Furthermore, the timing in which T453 phosphoryla-
tion and Clp1-Rad24 interactions accumulate directly parallels Clp1
nucleoplasmic accumulation upon H,O, or HU stress, suggesting a
direct relationship.

To examine Clp1's overall phosphostate, we analyzed the SDS-
PAGE mobility of Clp1-MYC13 in wild-type, rad3A, pmk1A cdk1-as,
and rad3A pmk1A cdk1-as cells first treated with 5 pM TNM-PP1 and
then with 1 mM H,05, 12 mM HU, or H,O (mock). Clp1-MYC13 im-
munoprecipitated from mock-treated cells had a slower mobility
than its A-phosphatase—collapsed counterpart (Figure 4E). This is
likely due to the mitotic fraction of cells within the asynchronous
culture in which Clp1 is known to be phosphorylated (Wolfe et al.,
2006). Clp1-MYC13 immunoprecipitated from either H,O,- or HU-
treated cells had an even slower mobility than Clp1-MYC13 from
mock-treated cells (Figure 4E), indicating that the population of
Clp1 is more heavily phosphorylated in genotoxically stressed cells.
In addition, whereas Clp1 from genotoxically stressed rad3A cells
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FIGURE 5: Mutation of RxxS and TP phosphosites abolishes Clp1 nucleoplasmic accumulation
due to genotoxic stress. (A) A schematic of Clp1 with its TP (above) and RxxS (below)
phosphosites indicated. (B) Same as in Figure 2, B and C, except that the indicated Clp1
phosphomutants were examined for their ability to accumulate within the nucleoplasm after
genotoxic stress induced at t = 0 min (indicated by arrow) by the addition of 1 mM H,O,.

(C) Same as in B, except that 12 mM HU was used to induce stress at t = 0 min (indicated by
arrow). (D, E) A live-cell image of unstressed clp1-GFP gar2-mCherry (D) or clp1(D257A)-GFP
gar2-mCherry (E) cells. Scale bar, 5 ym. Asterisks indicate nuclei with Clp1-GFP relocalized from
the nucleolus to the nucleoplasm. Arrowheads point to spindle pole bodies. (F, G) Zoomed views
of the boxed nuclei from the merged images in D and E, respectively. Scale bar, 1.5 um.
Arrowheads point to SPBs. (H, I) Line scans of either Clp1-GFP (H) or Clp1(D257A)-GFP (1) and
Gar2-mCherry fluorescence, each spanning a distance of 5 pm, in which the paths are
represented in D and E, respectively, by a white line with a black circle to indicate the origin of
the line scan. (J) The percentage of nuclei with Clp1-GFP or Clp1(D257A)-GFP localized to the
nucleoplasm was determined in asynchronous cultures of the indicated strains. The experiment
was repeated three times, and SE of the mean is shown. n > 429. (K) Immunoblot of Clp1-
MYC13 and Clp1(6A3A)-MYC13 immunoprecipitates from cells treated with 1 mM H,05, 12 mM
HU, or H,O (mock). Immunoprecipitates were treated with (+) or without (-) A-phosphatase.

had a similar mobility as stressed wild-type cells, Clp1-MYC13 im-
munoprecipitated from either pmk1A cdki-as or rad3A pmk1A
cdk1-as cells migrated significantly faster than that from wild-type
cells (Figure 4E). Together with the Rad24-binding experiments,
these results indicate that inhibiting the Rad3 pathway, the cell wall
integrity pathway, and Cdk1 affects the phosphostate of Clp1-
MYC13 during genotoxic stress and indicates a correlation between
genotoxic stress—-mediated Clp1 nucleoplasmic relocalization and
the accumulation of Clp1 phosphomodifications mediated by Cds!
and/or Chk1, Pmk1, and Cdk1 kinases.
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Clp1 phosphosite mutants do not
relocalize properly in response to
genotoxic stress

Given the foregoing results, we expected
that abolishing Clp1 TP and/or RxxS phos-
phosites would prevent Clp1 relocalization
during genotoxic stress. To test this, we first
used previously characterized Clp1 phos-
phomutants that were integrated at the
clpT1* endogenous locus and tagged at their
C-terminus with GFP (Figure 5A; Wolfe
et al., 2006; Chen et al., 2008).

Because Cdk1 and Pmk1 likely phospho-
rylate the same Clp1 phosphosites, we an-
ticipated that Clp1(3A)-GFP (Figure 5A)
would act similarly to Clp1-GFP in pmk1A
cdk1-as cells after stress induction. Indeed,
although Clp1(3A)-GFP still relocalized to
the nucleoplasm upon H,O, treatment, its
ability to relocalize was severely hindered
(Figure 5B). In addition, in HU-stressed cells,
Clp1(3A)-GFP was delayed between 60 and
90 min in the ability to accumulate within
the nucleoplasm (Figure 5C). These results
support the idea that Pmk1 and Cdk1 coop-
erate to phosphorylate the same TP sites to
promote Clp1 relocalization to the nucleo-
plasm upon genotoxic stress.

Given that Clp1 autodephosphorylates
its Cdk1 phosphorylations (Wolfe et al.,
2006), we next considered whether Clp1
activity contributed to its nucleolar seques-
tration. To test this idea, we examined the
distribution of a catalytically compromised
Clp1 mutant, clp1(D257A), which is consti-
tutively phosphorylated on multiple Cdk1
sites due to its inability to autodephospho-
rylate (Wolfe et al., 2006). On examining
unstressed clp1(D257A)-GFP gar2-mCherry
cells, we observed that Clp1(D257A)-GFP
was present in the nucleoplasm in a much
higher percentage of cells compared with
unstressed clp1* cells (Figure 5, D-J). This is
consistent with Clp1 hyperphosphorylation
on Cdk1 sites promoting nucleoplasmic
accumulation.

A second mutant, clp1(6A)-GFP, has six
Ser residues essential for the phospho-de-
pendent association of Rad24 with Clp1 mu-
tated to Ala (Figure 5A; Chen et al., 2008).
After HyO, treatment, much like Clp1-GFP
in rad3A cells, Clp1(6A)-GFP showed a de-

lay in release, fewer nuclei contained nucleoplasmic Clp1 at the
peak of release, and there was a decrease in the percentage of nu-
clei with nucleoplasmic Clp1 after the peak (Figure 5B). However,
the decrease in percentage of nuclei accumulating Clp1(6A)-GFP
was greater than that for Clp1-GFP in rad3A cells treated with H,O».
Among other possibilities, this difference may reflect modulation of
Clp1 phosphorylation at TP sites and/or Clp1 conformation result-
ing from the six mutations. In HU-treated cells, Clp1(6A)-GFP never
accumulated in the nucleoplasm, a result similar to that for Clp1-
GFP in rad3A cells (Figures 2A and 5C).
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Although mutating the six RxxS sites abolished HU-induced Clp1
nucleoplasmic accumulation, Clp1(6A)-GFP and Clp1(3A)-GFP still
relocalized in response to peroxide treatment in a population of
cells. Thus we reasoned that combining the phosphosite mutants
to make clp1(6A3A) might affect this response more significantly.
Indeed, Clp1(6A3A)-GFP did not relocalize to the nucleoplasm in
response to either H,O, or HU (Figure 5, B and C). In addition,
Clp1(6A3A)-MYC13 immunoprecipitated from cells treated with
1 mM H,0O; for 45 min or 12 mM HU for 210 min had a faster mobil-
ity than did wild-type Clp1-MYC13 (Figure 5K). These data further
support the model that direct phosphorylation of Clp1 RxxS and TP
sites by Cds1 and/or Chk1, Pmk1, and Cdk1 upon genotoxic stress
facilitates the relocalization of Clp1 from the nucleolus to the nucle-
oplasm during interphase.

DISCUSSION

Nucleolar release of the Cdc14 phosphatases is a major activation
step allowing access to substrates. The redistribution of S. pombe
Clp1 from an exclusively nucleolar to nucleoplasmic localization
pattern after HU treatment of interphase cells was previously de-
scribed (Diaz-Cuervo and Bueno, 2008). Here we extended this ob-
servation by showing that Clp1 also accumulates in the nucleoplasm
upon treatment of interphase cells with H,O,. Using these treat-
ments as assays for Clp1 redistribution, we were able to dissect the
signaling networks capable of controlling Clp1 localization during
interphase. We identified multiple kinase pathways that directly
phosphorylate Clp1 to regulate the nucleolar-to-nucleoplasmic tran-
sition and showed that the type of genotoxic stress influences the
contribution to Clp1 regulation provided by each network. Further-
more, we found that Clp1 regulates its own nucleolar sequestration
by antagonizing a subset of these networks. Collectively, our results
reveal unexpected complexities in the regulation of Clp1 nucleolar
localization.

At the single-cell level, the response of Clp1 to genotoxic stress
appeared to be all-or-none; Clp1-GFP was either obviously restricted
to the nucleolus or clearly diffuse within the nucleus in each cell
(Figure 1 and Supplemental Figure S2). All-or-none responses are
typical outputs produced by phosphoregulated systems and have
been extensively studied within the context of MAPK networks
(Ferrell, 2002; Ferrell et al., 2009; Kholodenko et al., 2010). In multi-
ple eukaryotic systems, MAPK signaling networks turn graded inputs
into switch-like outputs (Bagowski et al., 2003; Mackeigan et al.,
2005; Melen et al., 2005; Malleshaiah et al., 2010). This setup allows
MAPKs to filter out signaling noise and generate decisive cellular
responses. The Raf/MAPK kinase (MEK)/extracellular signal-regu-
lated kinase (ERK) network, which is most closely related to the cell
wall integrity pathway, also exhibits negative feedback control and
has been proposed to act similarly to a negative feedback amplifier
(Sturm et al., 2010) to limit the duration of responses and produce
more graded responses to a broad range of inputs (Birtwistle and
Kolch, 2011). When Clp1 was released from the nucleolus in a Pmk1-
dependent manner, an increasing number of cells responded to
H20, for 30 min; however, afterward Clp1 began to transition back
to the nucleolus. This indicates that Pmk1 signaling may be turned
off in cells after 30 min, even though H,O is still present. Indeed,
Pmk1 activation, as determined by activating phosphorylation on
Pmk1, decreases after 30 min even though an environmental stress
remains (Madrid et al., 2006). In addition, examples of negative feed-
back loops within Pmk1 signaling have been described (Madrid
etal., 2007; Takada et al., 2010). These observations suggest that the
cell wall integrity pathway likely functions similarly to the Raf/MEK/
ERK pathway in terms of limiting its effect on Clp1 localization.
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Cdk1-dependent redistribution of Clp1 upon H,O, addition also
stops responding after 20 min. However, when Cds1/Chk1 signaling
is functional along with either Pmk1 or Cdk1, cells accumulated
Clp1 within the nucleoplasm to levels similar to those for wild-type
cells, and this response was maintained in the presence of the geno-
toxic agent. Therefore it is likely that Pmk1 and Cdk1 induce the
initial nucleolar release of Clp1, whereas activity of the checkpoint
effector kinases are necessary to maintain Clp1 nucleoplasmic local-
ization and provide robustness during persistent genotoxic stress.
This is similar to the role of Sid2 in mitosis (Mishra et al., 2005; Chen
et al., 2008) and indicates that cells may use overlapping strategies
to localize Cdc14 phosphatases regardless of the situation.

That H,O, among the tested stresses was the only one to influ-
ence Clp1 nucleolar release like HU treatment is not entirely surpris-
ing, given that reactive oxygen species also cause DNA damage
(Cadet et al., 2010). However, the difference in overall time to accu-
mulate Clp1 within the nucleoplasm may reflect the distinct mecha-
nisms and time frames by which HU and H,O, cause DNA damage.
HU-treated cells may respond more slowly because the initial stalled
replication forks do not signal Clp1 redistribution, but DNA double-
strand breaks that result from unmaintained replication forks after
prolonged HU exposure may trigger Clp1 relocalization. More inter-
esting was that Rad3 was not required for Clp1 nucleoplasmic accu-
mulation upon H,O; treatment as in HU treatment. This finding led
us to identify Pmk1 and Cdk1 as additional kinases that function sep-
arately from Chk1 and Cds1 to facilitate Clp1 nucleoplasmic accumu-
lation. In accord with the involvement of Cdk1 in phosphorylating
Clp1 upon genotoxic insults and in promoting Clp1 redistribution,
Cdk activity is involved in the DNA replication/damage checkpoint
and promotes homologous recombination over nonhomologous
end joining repair in response to DNA double-strand breaks postrep-
lication (Ira et al., 2004; Cerqueira et al., 2009; Enserink et al., 2009;
Enserink and Kolodner, 2010; Chen et al., 2011; Langerak and Russell,
2011). In addition, Cdk1 phosphorylates the S. cerevisiae—specific
Cdc14 nucleolar tether Net1 (Azzam et al., 2004). This event assists
FEAR network—dependent nucleolar release of Cdc14 during mito-
sis, and the loss of this phosphorylation event modulates early-ana-
phase release of Cdc14 (Azzam et al., 2004). Thus the role of Cdk1 in
promoting nucleolar release of Cdc14 phosphatases appears con-
served between these two yeasts. Taken together, our results sup-
port a model in which, upon genotoxic stress during interphase,
Cds1 and/or Chk1 together with Pmk1 and Cdk1 ensure the redistri-
bution of Clp1 throughout the nucleoplasm (Figure 6).

Clp1 adopts both nuclear and cytoplasmic localizations during
mitosis. However, we observed that Clp1 did not accumulate in the
cytoplasm when genotoxic stress was applied during interphase
(see Figure 1). In addition, although Clp1(6A3A)-GFP did not relo-
calize from the nucleolus to the nucleoplasm in HU- or H,O,-treated
cells, Clp1(6A3A)-GFP still left the nucleolus and localized to kineto-
chores, mitotic spindle, and actomyosin ring during mitosis (Supple-
mental Figure S3). These results suggest that redistribution of Clp1
that occurs during mitosis requires additional modification to Clp1
and/or its regulators and interacting proteins.

Although strict regulation of Clp1 nucleolar release during
mitosis is important for the fidelity and timing of mitotic events
(Cueille et al., 2001; Trautmann et al., 2001, 2004; Trautmann and
McCollum, 2005; Mishra et al., 2004; Chen et al., 2008; Clifford
et al., 2008b), it is unclear why such complex regulation of geno-
toxic stress-induced Clp1 nucleolar release exists. Clp1 contributes
modestly to Cds1 activation (Diaz-Cuervo and Bueno, 2008); how-
ever, Clp1 is not important for cell viability in response to genotoxic
stress (Supplemental Figure S4). Given that Cdk1 phosphorylation
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FIGURE 6: Model of the phosphoregulatory networks that control
interphase genotoxic stress-induced redistribution of Clp1. Solid
orange lines represent the more dominant network response relative
to the dotted orange lines. Green lines indicate positive regulation,
and negative relationships are in red.

promotes Clp1 nucleoplasmic accumulation upon genotoxic stress
and Cdk1 phosphorylation inhibits Clp1 activity (Wolfe et al., 2006),
Clp1 may be only primed by its nucleolar release but not actually ac-
tive under these circumstances. Alternatively, Clp1 may be involved
in resetting the phosphostate of DNA replication/damage check-
point substrates after resolution of a genotoxic insult in combination
with other phosphatases, and its role may be masked by their pres-
ence. Given that mammalian Cdc14B is also mobilized from the nu-
cleolus by direct DNA damage (Bassermann et al., 2008; Diaz-Cuervo
and Bueno, 2008; Mocciaro et al., 2010; Guillamot et al., 2011; Wei
et al., 2011b) or H,O, treatment (D. McCollum, unpublished obser-
vations), our results may provide insight toward understanding its
relocalization upon genotoxic stress and contribute to a better un-
derstanding of Cdc14-family phosphatase regulation.

MATERIALS AND METHODS

Strains and general yeast methods

S. pombe strains used in this study (Supplemental Table S1) were
grown in yeast extract (YE) or Edinburgh minimal media (EMM) plus
supplements. For induction from the nmt41 promoter (Maundrell,
1993), cell were first grown overnight in media containing 5 pg/ml
thiamine, then washed three times with media lacking thiamine and
allowed to grow for 18 h in thiamine-free media. clp1*, clp1(D257A),
clp1(6A), clp1(3A), and clp1(6A3A) were tagged endogenously at
the 3’ end of the open reading frame with GFP:kan® or MYC13:kan®
cassettes as previously described (Bahler et al, 1998). The
clp1(D257A), clp1(6A), clp1(3A), and clp1(6A3A) mutants were con-
structed by site-directed mutagenesis of clpT* cDNA flanked by
clp1* 5" and 3’ genomic sequences in pIRT2 vector. Correct muta-
tions were verified by sequencing (GenHunter, Nashville, TN). Inte-
gration of phosphosite mutants at the clp7* endogenous locus and
subsequent tag insertions were done by lithium acetate transforma-
tion (Keeney and Boeke, 1994), and correct integrations were con-
firmed by whole-cell PCR and immunoblot or fluorescence micros-
copy as appropriate. Introduction of various clp1 alleles into other
genetic backgrounds was accomplished using standard S. pombe
mating, sporulation, and tetrad dissection techniques. For spot
assays, cells were grown to mid-log phase at 32°C, 8 million cells
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were resuspended in 1 ml of water, and 1:10 serial dilutions were
made. Then 2.5 pl of each dilution was plated on YE, YE plus 1.2 M
sorbitol, T mM H,O,, or 5 mM HU or EMM+ supplements, EMM+
supplements plus 1.2 M sorbitol, 1 MM H,0O,, or 5 mM HU. Plates
were incubated at 32°C for 3 d.

Microscopy

All images were taken using a personal DeltaVision microscopy sys-
tem (Applied Precision, Issaquah, WA). This system includes an IX71
microscope (Olympus, Center Valley, PA), 60x/numerical aperture
1.42 PlanApo objective, a CoolSnap HQ2 camera (Photometrics,
Tucson, AZ), and SoftWoRx imaging software (Applied Precision).
Z-series optical sections were taken at 0.5-pym steps.

Time-point analyses of clp1-GFP strains were performed on
asynchronous cultures grown in YE at 30°C with constant shaking. To
stress cells, we either shifted cultures from 30 to 40°C for thermal
stress, added sorbitol (Sigma-Aldrich, St. Louis, MO) to a final con-
centration of 1.2 M for osmotic stress, added H,O, (Sigma-Aldrich)
to a final concentration of 1 mM for oxidative stress, or added HU
(Sigma-Aldrich) to a final concentration of 12 mM. Mock treatment
was the addition of the same volume of H,O. Images were taken at
5-, 15-. or 30-min intervals, and nuclei with nucleoplasmic-localized
Clp1-GFP were determined by comparing Clp1-GFP to Gar2-
mCherry, a known nucleolar marker. Cells with Clp1 localized to mi-
totic spindles were not considered. Line scans 5 pm in length were
made using SoftWoRx imaging software. Experiments were re-
peated at least four times per strain and done on at least two sepa-
rate days. In addition, at least one experiment for each mutant strain
was done at the same time as the wild-type clp1-GFP gar2-mCherry
strain (Supplemental Figure S5).

To inhibit Cdk1 kinase activity, strains containing an analogue-
sensitive allele of Cdk1 (cdc2-F84G) were treated with 5 uM TNM-
PP1) (EMD Biosciences, San Diego, CA) for 30 min prior to the addi-
tion of stress agents, and dimethyl sulfoxide (Sigma-Aldrich) addition
served as mock treatment.

Protein methods

Whole-cell lysates were prepared in NP-40 buffer as previously
described (Gould et al., 1991). Lysates were subjected to immuno-
precipitation with anti-MYC (9E10), Novagen GST-Bind Resin (EMD
Millipore, Billerica, MA), orimmunoglobulin G-Sepharose (GE Health-
care, Uppsala, Sweden). Recombinant MBP-Clp1 protein was puri-
fied from bacterial cell lysates in 20 mM Tris-HCI, pH 7.4, 150 mM
NaCl, 2 mM EDTA, 1 mM DTT, 10 mM PMSF, and 0.1% Triton with
Amylose Resin (New England Biolabs, lpswich, MA) according to
manufacturer’s suggestions. Phospho-p44/42 XP rabbit monoclonal
antibody (Cell Signaling Technology, Danvers, MA) was used to de-
tect activated Pmk1. Polyclonal antibodies for the Clp1 T453 phos-
phorylated residue, anti-T453p, were raised against a phosphorylated
peptide (DETRTVGpTPTETISV) coupled to keyhole limpet hemocya-
nin in rabbits using the premium protocol by Invitrogen (Carlsbad,
CA). Immunoblot analysis and A-phosphatase assays were performed
as previously described (Tasto et al., 2003), except that primary anti-
bodies were detected by secondary antibodies coupled to IRDye
680LT or IRDye 800CW (LI-COR Biosciences, Lincoln, NE), visualized
and quantitated using an Odyssey scanner (LI-COR Biosciences).

Protein kinase assays

In vitro protein kinase assays were preformed as previously de-
scribed (Yoon et al., 2006), except that the kinase buffer consisted of
10 mM Tris-HCI, pH 7.4, 10 mM MgCl,, 150 mM NaCl, and 2 mM
dithiothreitol supplemented with 100 uM cold ATP and 5 pCi [y-32P]
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ATP (GE Healthcare, Piscataway, NJ). For Pmk1 kinase assays, GST-
Pmk1 on GST-Bind Resin was washed three times in 1 ml of NP-40
buffer and then three times in 1 ml of kinase buffer. For Cdk1,
~50 ng of recombinant Cdk1-Cdc13 purified from baculovirus-
infected insect cells was used as previously described (Yoon et al.,
2002). We used 1 pg of recombinant MBP-fusion substrates in all
experiments, and reactions were for 30 min at 30°C and were termi-
nated by the addition of 5x SDS-PAGE sample buffer and boiling.
Phosphorylation was analyzed by separation on SDS-PAGE and
visualization by Coomassie blue staining, autoradiography, and/or
immunoblotting.
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