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Zds1 regulates PP2AC9°%° activity and Cdc14 activation
during mitotic exit through its Zds_C motif
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Summary

At anaphase onset, highly active mitotic cyclin-dependent kinase (Cdk) is inactivated to promote exit from mitosis and completion of
cytokinesis. The budding yeast Cdc14p phosphatase is a key mitotic regulator that counteracts cyclin-dependent kinase (Cdk) activity
during mitotic exit. Separase, together with Zds1p, promotes the downregulation of the protein phosphatase 2A in conjunction with its
Cdc55p regulatory subunit (PP2A9*%) in early anaphase, enabling accumulation of phosphorylated forms of Netlp and release of
Cdc14p from the nucleolus. Here we show that the C-terminal domain of Zdsl1p, called the Zds_C motif, is required for Zds1-induced
release of Cdcl4p, and the N-terminal domain of the protein might be involved in regulating this activity. More interestingly, Zdslp
physically interacts with Cdc55p, and regulates its localization through the Zds_C motif. Nevertheless, expression of the Zds_C motif at
endogenous levels cannot induce timely release of Cdc14p from the nucleolus, despite the proper (nucleolar) localization of Cdc55p.

Our results suggest that the activity of PP2ACIS

additional regulatory step is probably required. These results suggest that Zdslp recruits PP2

inactivation by an unknown mechanism.

cannot be modulated solely through regulation of its localization, and that an

AC933 1o the nucleolus and induces its
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Introduction

Mitotic exit involves an intricately ordered series of events, from
the splitting of sister chromatids at anaphase onset to completion
of cell division by cytokinesis. Cells enter mitosis when cyclin-
B-Cdk (CIb2p—Cdc28p in budding yeast) reaches peak kinase
activity (reviewed by Morgan, 2007). An essential step during
mitotic exit is the activation of the mitotic Cdk-counteracting
phosphatase Cdc14p in budding yeast, Saccharomyces cerevisiae
(reviewed by Mocciaro and Schiebel, 2010; Stegmeier and
Amon, 2004). Cdc14p contributes to the downregulation of Cdk
activity by dephosphorylating mitotic Cdk substrates.

Cdcl4p is kept inactive in the nucleolus by binding to its
nucleolar inhibitor Netlp (also called Cfilp) (Shou et al., 1999;
Visintin et al., 1999) for most of the cell cycle. During anaphase,
Cdk-dependent phosphorylation of Netlp releases active Cdc14p.
After release from the nucleolus, Cdcl4p initially appears
throughout the nucleus, and shortly thereafter, spreads
throughout the cytoplasm. Phosphorylated Netlp has less
affinity for, and cannot inhibit, Cdc14p (Azzam et al., 2004;
Shou and Deshaies, 2002; Yoshida and Toh-e, 2002). There are
two essential, complementary regulatory pathways for Cdcl4p
activation: the Cdc fourteen early anaphase release (FEAR)
pathway (reviewed by Queralt and Uhlmann, 2008a; Rock and
Amon, 2009) and a G-protein-coupled kinase signaling cascade
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called the mitotic exit network (MEN). During early anaphase,
the main FEAR component, separase, initiates Netlp
phosphorylation and Cdcl4p release in conjunction with the
proteins Slk19p, Spo12p and Foblp (Azzam et al., 2004; Queralt
et al., 2006; Stegmeier et al., 2002; Sullivan and Uhlmann, 2003;
Tomson et al., 2009). At anaphase onset, the release of separase
from its inhibitor securin triggers proteolytic cleavage of cohesin,
and at this point, separase exhibits a second non-proteolytic
activity to release Cdcl4p from the nucleolus (Sullivan and
Uhlmann, 2003). Initial Cdcl4p release is promoted by Cdk-
dependent phosphorylation of Netlp (Azzam et al., 2004), which
is counteracted in metaphase by type 2A protein phosphatase in
conjunction with its Cdc55p regulatory subunit (PP2AS9%)
(Queralt et al., 2006; Yellman and Burke, 2006). Separase-
dependent downregulation of PP2ACIS at anaphase onset
enables Cdk-dependent Netlp phosphorylation as well as
release of Cdcl4p from the nucleolus. At this point, the MEN
is activated by declining Cdk activity and by released Cdcl4p
(Jaspersen et al., 1998; Lee et al., 2001). MEN is a GTPase-
driven signaling cascade that is associated with the spindle-pole
body (SPB) (Monje-Casas and Amon, 2009; Pereira et al., 2000;
Valerio-Santiago and Monje-Casas, 2011). It includes the Ras-
like GTPase Temlp, and its downstream kinases Cdc15p and
Mob1p—Dbf2p. The MEN keeps Cdcl4p active during the later
stages of anaphase, when mitotic Cdk activity declines (Jaspersen
and Morgan, 2000; Mohl et al., 2009; Queralt et al., 2006;
Stegmeier et al., 2002). Kinases in the MEN, including Polo
kinase, help sustain Netlp phosphorylation at this time (Lee et al.,
2001; Liang et al., 2009; Shou and Deshaies, 2002; Visintin et al.,
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2008; Yoshida and Toh-e, 2002). The MEN is inhibited by high
Cdk levels and activated by Cdcl4p, at the level of Cdcl5p
kinase (Jaspersen and Morgan, 2000; Konig et al., 2010;
Stegmeier et al., 2002).

Our previous work revealed that separase cooperates with Zds
(zillion different screens) 1 and 2 to activate Cdc14p phosphatase
in early anaphase (Queralt and Uhlmann, 2008b). Ectopic Zdslp
expression is sufficient to trigger PP2ACISS downregulation,
Cdk-dependent phosphorylation of Netlp and release of Cdcl4p
from the nucleolus. Furthermore, Zds1p physically interacts with
separase, and separase-induced Cdcl4p activation requires the
presence of Zdslp and Zds2p. These observations indicate that
separase acts through Zdslp and Zds2p to cause PP2ACY™?
downregulation at anaphase onset. No sequence motifs have been
detected in the primary amino acid sequences of Zdslp and
Zds2p that could yield any hints as to their activity. Orthologs of
Zdslp and Zds2p can be found in most ascomycetes and in some
Basidiomycota, with the strongest similarity between them
confined to a C-terminal motif: the Zds_C motif (Pfam Zds_C
PF08632) (Finn et al., 2008). It was recently reported that the Zds
proteins control mitotic entry as putative regulators of the kinase
Swelp (Weel in higher eukaryotes) (Yasutis et al., 2010) and
guide PP2A to Mihlp phosphatase (Wicky et al., 2011). These
observations define a role for the Zds proteins as controllers
of specific functions of PP2AS%. Their ability to regulate
PP2ACISS suggests that they act as common PP2A modulators.

Here we demonstrate that the Zds C-terminal region of Zdslp
is required to regulate release of Cdcl4p from the nucleolus,
which occurs through regulation of PP2AC5 activity. Ectopic
expression of the C-terminal Zds_C motif in metaphase-arrested
cells releases Cdcl4p from the nucleolus. However, ectopic
expression of the N-terminal region of Zdslp does not promote
Cdcl4 activation. Interestingly, a truncated Zdsl protein,
comprising the Zdsl N-terminal region (resides 1-460) fused to
the Zds_C motif, induces timely nucleolar Cdcl4p release at
endogenous levels. Nevertheless, when expressed at endogenous
levels, the Zdslp N-terminal and C-terminal domains are both
necessary for timely release of Cdcl4p from the nucleolus in
early anaphase. Here, we demonstrate that Zdslp physically
interacts with, and regulates the localization of, Cdc55p through
the Zds_C motif. These findings imply that Zdslp acts as a
regulator of PP2A by regulating PP2A“Y*>® localization to the
nucleolus by their physical interaction through its Zds_C motif.
However, when expressed at endogenous levels, the Zds_C motif
alone does not induce timely release of Cdcl4, despite proper
localization of Cdc55p in the nucleolus. This fact suggests that
the activity of PP2A““*>® cannot be modulated solely through its
localization, and that an additional regulatory step is probably
required. These results suggest that Zdslp recruits PP2ACIeSS
to the nucleolus and induces its inactivation by an unknown
mechanism.

Results

The Zds_C motif is required for phosphorylation of Netip
and for release of Cdc14p from the nucleolus

We have previously demonstrated that ectopic Zdslp expression in
metaphase downregulates PP2AC>® and releases Cdcl4p in a
Netlp phosphorylation-dependent reaction (Queralt and Uhlmann,
2008b). However, the mechanism by which Zdslp impinges on
PP2AY5 activity, and how this mechanism is controlled by
separase, are not known. In budding yeast the two sequence paralogs

Zdslp and Zds2p share 37.5% sequence identity, concentrated in
five regions of homology (Bi and Pringle, 1996). However, no
sequence motifs have been detected in their primary amino acid
sequence that could yield any hints as to their activity. Orthologs of
Zdslp and Zds2p can be found in most ascomycetes and in some
Basidiomycota, with the strongest similarity confined to the Zds_C
motif. To elucidate the molecular mechanism by which Zdslp
downregulates PP2AS>> activity, we employed a functional
protein domain approach to identify the regions within Zdslp that
are required for mitotic exit. We prepared strains expressing
truncated versions of Zdslp lacking different regions of homology
between Zdslp and Zds2p (Fig. 1, the black boxes indicate the
homology regions). First, we deleted the homology regions located
in the C-terminal half of the proteins, to generate two truncated
Zds1p proteins: one lacking the Zds_C motif (hereafter referred to as
zds14804-916) and one lacking two regions of homology in the
C-terminal (zds1A4461-916). We arrested cells in metaphase (by
depletion of Cdc20p), and induced expression of the different
truncated Zdslp proteins under control of the galactose-inducible
promoter GALI (Fig. 1A). As we previously described (Queralt
and Uhlmann, 2008b) (supplementary material Fig. S1), ectopic
expression of full-length Zdslp leads to accumulation of the
phosphorylated forms of Netlp and to release of Cdc14p from the
nucleolus. By contrast, after induction of zds/A804-916 and
zds14461-916, Netlp mobility shift is no longer observed and
Cdc14p remains in the nucleolus. This suggests that the C-terminal
region of Zdslp containing the Zds_C motif is needed to promote
Netlp phosphorylation and release of Cdc14p from the nucleolus.
To further study the domain within the Zds1p protein involved
in the downregulation of PP2AS“% we constructed a new
truncated Zds1p protein (referred to as zds141-72) lacking the N-
terminal region (which contains the first region of homology
between Zdslp and Zds2p). To analyze whether the N-terminal
region of Zdslp is also important for promoting Cdc14p release,
we induced ectopic expression of zdsIA1-72 in metaphase-
arrested cells (Fig. 1B). Zdslp protein expression levels were
equivalent to those of the Zdslp full-length protein, after
galactose induction. Expression of either full-length Zdslp or
zds1A41-72 led to release of Cdcl4p from the nucleolus with
similar kinetics, although in the case of the former, Cdc14p was
released at higher levels at later time points. Consistent with this
discrepancy, ectopic expression of full-length Zdslp was also
more effective at promoting Netlp phosphorylation. Thus, we
concluded that the N-terminal region of Zdslp helps regulate
Netlp phosphorylation and release of Cdc14p from the nucleolus,
but is not essential for the Zdslp activity during mitotic exit.

The Zds_C motif induces partial release of Cdc14p from
the nucleolus

The aforementioned results suggest that the C-terminal region of
Zdslp, which contains the Zds_C motif, is required for promotion
of Netlp phosphorylation and release of Cdcl4p from the
nucleolus. We next sought to determine if ectopic expression of
the Zds_C motif alone is able to activate Cdcl4p. Thus, we
prepared strains expressing either the Zds_C-terminal region
containing the Zds_C motif (zdsIA41-802), or the Zds_C motif
alone (zds141-840_4894-916). We induced ectopic expression of
zds1A1-802 or zdslAI1-840_A894-916 in metaphase-arrested
cells (Fig. 2). In cells containing full-length Zdslp, release of
Cdcl14p from the nucleolus occurred as expected. Interestingly,
induction of zds1 A1-802 or zds1 A1-840_A894-916 led to Cdcl4p
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Fig. 1. The C-terminal region of Zdslp is necessary for inducing phosphorylation of Netlp and release of Cdc14p from the nucleolus. (A) Ectopic
expression of truncated Zdslp proteins lacking the C-terminal domain of the protein fails to promote release of Cdc14p from the nucleolus. Strains Y496 (MATa
MET-CDC20 GALI-Flags-ZDS1 CDC14-Pkg NET1-mycg), Y497 (as Y496, but GALI-Flags-zds14804-916) and Y498 (as Y496, but GALI-Flags-zds1A461-916)
were arrested in metaphase by Cdc20p depletion, and then Zdslp expression was induced in them. Release of Cdcl14p from the nucleolus was monitored by
immunofluorescence. Zds1p expression and Netlp phosphorylation were analyzed by western blotting. Samples for determination of Netlp phosphorylation status
were run in the same protein gel. Western blots used to study the Zds1p protein levels were from different gels, because each truncated Zds! protein is best visualized
in a gel of a different acrylamide percentage. (B) The N-terminal region of Zds1p is not required for Zds1p-induced Net1p phosphorylation and Cdc14p release. As in
A, but using strains Y496 (MATa MET-CDC20 GALI-Flags;-ZDS1 CDC14-Pky NETI-mycy) and Y501 (as Y496, but GALI-Flags-zds1A1-72).

release from the nucleolus in 40% of cells. At the time of Zdsl
accumulation, after induction of either zds/A1-802 or zdslAl—
840_4894-916, no slower-migrating forms of Netlp were
detected by western blotting. This can be explained by the
different experimental approaches employed: protein extracts give
information on a mixed population of cells and sometimes the
Netl-phosphorylated forms are below the threshold of detection
by western blotting, whereas in situ immunofluorescence entails
counting of single cells. We concluded that ectopic expression of
the Zds_C motif in metaphase-arrested cells is able to cause release
of Cdcl4p from the nucleolus. As a control, we maintained the
cultures without Zdslp induction, and did not observe either
release of Cdcl4p from the nucleolus or Netlp phosphorylation
(supplementary material Fig. S2). Because of difficulties we
encountered cloning the truncated versions of Zds1p, and because
the C-terminal fragments zds/A1—-802 and zds1A1-840_4894-916

aa1
Zds1 (C BN BN B

zds1A1-802

zds1A1-840_A894-916

aa 841 aa 893
-

yielded the same results, we chose to use the fragment zds1 41-802
as the Zds_C motif for the majority of subsequent experiments.

The Zds1p domain, comprising residues 74-460, is

required for complete release of Cdc14p from the nucleolus
On the basis of the aforementioned results we hypothesized that
the role of the N-terminal region of Zdslp is either to regulate
the activity of the protein or to target protein—protein
interactions. Thus, to analyze the contribution of the N-
terminal region of Zdslp, we constructed new truncated
versions of Zdslp containing the first N-terminal homology
domain between Zdslp and Zds2p. First, we expressed only
residues 1-73 of the Zdslp protein (zds/474-916; Fig. 3A). We
induced ectopic expression of zdslA74-916 in metaphase-
arrested cells. In the cells expressing full-length Zdslp, slower
migrating forms of Netlp accumulated and Cdc14p was released

aa 916

aa 803 aa 916
D)

Fig. 2. The Zdslp Zds_C motif induced
partial release of Cdcl4p from the
nucleolus. Strains Y496 (MATa MET-
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from the nucleolus, as expected. By contrast, after induction of
zds1A474-916, Netlp mobility shift was no longer observed and
Cdc14p remained in the nucleolus. This result further confirmed
that the N-terminal region of Zdslp is not sufficient to induce
either phosphorylation of Netlp or release of Cdcl14p from the
nucleolus.

Secondly, we prepared a new construct (zdsliA74-802)
containing the first homology domain between Zdslp and
7ds2p fused to the Zds_C motif. We induced ectopic
expression of zdsIA74-802 in metaphase-arrested cells. Netlp
phosphorylation was not detected, but in 50% of the cells,
Cdcl4p was released from the nucleolus: thus, zdsiA74-802
behaved similarly to the Zds_C motif alone (compare Fig. 3A
with Fig. 2). This result indicated that the region comprising the
first 73 residues of Zdslp, which encompasses one region of
homology between Zdslp and Zds2p, does not contribute to
Cdc14p activation.

Lastly, to further study whether the N-terminal region of Zdslp
helps regulate Cdc14p release, we induced ectopic expression of
a second fusion construct (zdslA461-802) between the N-
terminal and the C-terminal regions of Zdslp: it contained the
three N-terminal homology regions in Zdslp and Zds2p, plus the
Zds_C motif (Fig. 3B). As previously observed, after induction
of the truncated Zdslp protein zds/4461-916 (Fig. 1A), Netlp
mobility shift was no longer observed and Cdc14p remained in
the nucleolus. This indicated that the N-terminal domain of
Zdslp cannot promote release of Cdcl4p from the nucleolus.
Interestingly, when we ectopically expressed the fusion construct
zds14461-802, Netlp phosphorylation and release of Cdcl4p
from the nucleolus each occurred with similar kinetics to those of
the full-length protein. These results indicated that the fusion
construct is able to induce both Netlp phosphorylation and
release of Cdcl4p from the nucleolus. Together, these findings
are consistent with the premise that the N-terminal region of
Zdslp helps regulate Zdslp activity during mitotic exit.

We used a recently developed quantitative single-cell assay to
quantify nucleolar localization of Cdc14p (Lu and Cross, 2009;

Zdslp expression.

Lu and Cross, 2010), determining the value from the ratio
between the coefficients of variation (CV) of the Cdc14p—eGFP
signal and of the Netlp—mCherry signal: when Cdcl4p remains
in the nucleolus, this ratio is high (values close to 1), and when
the Cdc14p—eGFP signal is redistributed to the whole cell, this
ratio is low (values close to 0.5). We repeated the above
experiments for all the truncated Zdslp proteins in strains
containing Cdc14p—eGFP and Netlp—mCherry. We arrested cells
in metaphase by depletion of Cdc20p and then induced ectopic
expression of the different truncated Zdslp proteins (Fig. 4). As
shown previously, expression of the full-length Zdslp induced
release of Cdcl4p from the nucleolus. The ratio CV Cdc14:CV
Netl was equal to 0.35, indicating a high level of release of
Cdc14p from the nucleolus. By contrast, after induction of the N-
terminal-truncated Zdslp proteins zds/A74-916 and zds1A461—
916, the ratios values were close to 1, indicating that Cdcl4p
remained in the nucleolus. However, ectopic expression of either
the Zds_C motif (zds141-802) or the Zds_C motif fused to the
smaller N-terminal region of Zdslp (zdslA474-802) gave a ratio
of roughly 0.62, which is consistent with partial release of
Cdcl4p. Finally, induction of the larger fusion construct
zds14461-802, which contains the three N-terminal homology
regions in Zds1p and Zds2p, plus the Zds_C motif, gave a ratio of
approximately 0.4, which is similar to the value obtained with the
full-length protein. These quantifications paralleled the results
that we obtained in the immunofluorescence assays (Figs 1-3),
thereby reinforcing our earlier conclusions.

The Zds1p N-terminal and C-terminal domains are both
necessary for timely release of Cdc14p from the nucleolus
in early anaphase

To further characterize the functional Zdslp domains involved in
timely release of Cdcl4p from the nucleolus, we studied the
truncated Zdslp proteins expressed at endogenous levels. We
constructed a centromeric plasmid containing the different
versions of truncated Zdslp under the control of the ZDSI
promoter and then introduced them into a zdsiA strain. We
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Fig. 4. Quantification of Cdc14p release. Strains Y715 (MATa MET-
CDC20 GALI-Flags-ZDS1 CDC14-eGFP NETI-mCherry), Y712 (as Y715,
but GALI-Flag;-zds1A4461-916), Y713 (as Y715, but GALI-Flag;-
zds14461-802), Y709 (as Y715, but GALI-Flags;-zds1A1-802), Y711 (as
Y715, but GALI-Flags-zds1A74-916) and Y716 (as Y715, but GALI-Flag;-
zds1474-802) were arrested in metaphase by Cdc20p depletion, and then
treated with galactose to induce Zdslp expression. Cdc14p was quantified at
each time point as described in Materials and Methods. At least 30 cells were
measured for the quantification at each time point. Representative images of
cells in metaphase and at 180 minutes after Zds1p induction are shown. Zds1p
expression levels were checked by western blotting.

quantified release of Cdcl4p from the nucleolus relative to an
internal marker for mitotic progression: anaphase spindle length.
Cdcl4p was released in 60% of the cells expressing the full-
length Zdslp protein at a spindle length of 3—4 um (Fig. 5A),
which is similar to wild-type cells, as we previously reported
(Queralt and Uhlmann, 2008b). By contrast, Cdc14p was only
released in 26% of control zdsI4 cells bearing an empty plasmid
(pYCplac22) — again, consistent with what we previously
reported (Queralt and Uhlmann, 2008b). Cdcl14p was released
in 22% and 28% of zdsiA cells containing the N-terminal
truncated Zdslp proteins zdsIA74-916 and zdslA461-916,
respectively; these values are similar to the ones that we
obtained with the zds/4 mutant cells. Cdcl4p was released in
36% of the cells expressing the Zds_C motif, either alone
(zds141-802) or fused to the Zdslp N-terminal region between
residues 1 and 73 (zdsiA74-802). Interestingly, Cdcl4p was
released in 52% of the cells containing the Zdslp N-terminal
region from residues 1 to 460 fused to the Zds_C motif
(zds14461-802), similar to what we observed with the wild-

type protein at endogenous levels. Thus, both the N-terminal and
the C-terminal region of Zdslp participate in timely Cdcl4
activation in early anaphase. However, the Zds_C motif appears
to contribute more strongly than the N-terminal does: zds 4 cells
expressing the Zds_C motif alone or fused to the Zdslp N-
terminal region from residues 1 to 73 presented modest but
reproducible release of Cdcl4p from the nucleolus in early
anaphase cells (spindle length of 3 to 4 um).

To determine whether there was any delay in Cdcldp
activation with the truncated Zdslp proteins relative to the
wild-type protein, we studied single cells by time-lapse
microscopy. We determined Cdcl4p—eGFP localization and
compared it with the nucleolar Netlp—mCherry signal in
synchronized cells at the metaphase-to-anaphase transition, by
depletion and subsequent re-induction of Cdc20p. The zdsiA
cells containing a plasmid expressing the full-length Zdslp
protein released Cdcl4p on average 22*+2.6 minutes after
entering synchronous anaphase. Approximately 17 minutes
later, Cdcl4p—eGFP was re-sequestered into the nucleolus
(Fig. 5B,D). By contrast, in the zds/A control cells (bearing
the empty vector pYCplac22), mean Cdcl4p release occurred
29+2.0 minutes after entering synchronous anaphase. Cells
expressing the Zds_C motif alone (zds141-802) released Cdc14p
approximately 27%*1.8 minutes after entering synchronous
anaphase. Remarkably, the Zdslp fusion construct zds/A461—
802, which encodes the Zds1p N-terminal region from residues 1
to 460, bound to the Zds_C motif, promoted release of Cdcl4p
from the nucleolus at the same time (mean: 22.5* 1.8 minutes) as
the full-length protein did. These results confirmed that zds/A4
cells experience delayed Cdcl4p activation (of approximately
5-9 minutes) compared with wild-type cells. All these findings
further corroborated that both the N-terminal and the C-terminal
region of Zdslp are necessary for timely release of Cdc14p from
the nucleolus in early anaphase.

We previously demonstrated that control of mitotic exit by
PP2AC%% s independent of Cdc28p inhibitory phosphorylation.
In S. cerevisiae and in higher eukaryotes mitotic entry is driven
by Cdkl activation. Full Cdkl activation is prevented by
phosphorylation of Cdc28 Y19 by the kinase Weel (Swelp in
S. cerevisiae). Cdc25 phosphatase (Mihlp in S. cerevisiae)
eliminates the inhibitory signal by dephosphorylating Cdc28
Y19, thereby enabling mitotic entry. Introduction of the
CDC28™%F allele is a good experimental technique for
distinguishing between PP2AC> functions in mitotic entry
(by Swelp regulation) and in mitotic exit (by controlling Cdc14p
activation) (Queralt et al., 2006). zdsIA zds2A double-mutant
cells are highly elongated because of prolonged G2 delay (Pal
et al., 2008; Rossio and Yoshida, 2011). zdsIA zds2A cells are
difficult to synchronize, and grow very slowly, and consequently,
lose synchrony quickly. Therefore, we introduced the CDC28""%"
allele, which is refractory to inhibition by phosphorylation at
Cdc28-Y19 and rescues the elongated morphology phenotype of
the zdsiA zds2A double mutant. We previously reported that
zdslA zds2A double-mutant cells experience an even longer
delay in Cdcl4p activation than the zds/A single-mutant cells
(Queralt and Uhlmann, 2008b). We synchronized cells at
the metaphase-to-anaphase transition by Cdc20p depletion.
Following entry into anaphase (triggered by Cdc20p re-
addition), the kinetics of release of Cdcl4p from the nucleolus
in zds1A zds2A cells were indistinguishable from those in zdsi A
zds24 CDC28""°F cells (supplementary material Fig. S3). Next,
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Fig. 5. Delayed release of Cdcl4p from the nucleolus in the absence of the N-terminal and the C-terminal domains of Zdslp. (A) Analysis of Cdcl4p
release in the different truncated Zdslp proteins at endogenous levels. Strains Y668 (MATa MET-CDC20 CDC14-Pky NETI-myc,g zds1A pYCplac22), Y702 (as
Y668, but pYCplac22-Flag;-ZDS1), Y674 (as Y668, but pYCplac22-Flags-zds141-802), Y703 (as Y668, but pYCplac22-Flags-zds1A461-916), Y706 (as Y668,
but pYCplac22-Flags;-zds1 4461-802), Y708 (as Y668, but pYCplac22-Flags-zds1A74-916) and Y701 (as Y668, but pYCplac22-Flags;-zds1A74-802) were
arrested in metaphase by Cdc20p depletion and then brought into synchronous anaphase. Release of Cdc14p from the nucleolus was quantified in at least 50 cells
with a spindle length of 34 um. As control, strain Y746 (MATa CDC14-HAs ZDS1-Flags), epitope-tagged in the C-terminus at the endogenous locus, was used.
(B) The truncated protein zds/A4461-802 functions similarly to full-length Zdslp in terms of mitotic exit. Left panel: the zds/4461-802-truncated Zdslp timely
release of Cdcl14p from the nucleolus. Strains Y765 (MATo MET-CDC20 CDC14-HAg CDC28""°F zds1A zds2A pYCplac22), Y766 (as Y765, but pYCplac22-
Flag;-ZDS1), Y767 (as Y765, but pYCplac22-Flags;-zds1A1-802) and Y768 (as Y765, but pYCplac22-Flags-zds14461-802) were arrested in metaphase by
Cdc20p depletion, and release of Cdcl4p from the nucleolus was quantified as in A. Right panel: suppression of the synthetic growth defect of the cdcl5-2 and
zdslA zds24 mutations by the zds/A4461-802 truncated Zdslp protein. Viability of the strains Y769 (MATa CDCI14-Pky NET1-mycg cdcl5-2 zds1A zds2A
pYCplac22), Y770 (as Y769, but pYCplac22-Flag;-ZDS1), Y771 (as Y769, but pYCplac22-Flags;-zds1A1-802) and Y772 (as Y769, but pYCplac22-Flags-
zds14461-802) was determined by spotting tenfold serial dilutions onto YPD plates and incubating at 31°C for 2 days. (C) Time-lapse microscopy of Cdc14p
release in cells with the truncated Zdslp proteins. Strains Y761 (MATa MET-CDC20 CDC14-eGFP NETI-mCherry zds1A pYCplac22-Flag;-ZDS1), Y764 (as
Y761, but pYCplac22), Y762 (as Y761, but pYCplac22-Flag;-zds1A1-802) and Y763 (as Y761, but pYCplac22-Flag;-zds14461-802) were brought into
synchronous anaphase by Cdc20p re-addition. Representative time-lapse images of the CDC14p—GFP and Netlp-mCherry experiments are shown for each strain.

Zds1

Cdc14 release
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(D) Release of Cdc14p from the nucleolus was timed in at least ten cells.

we introduced the aforementioned centromeric plasmids
(encoding the different truncated Zdslp proteins), and again
studied Cdc14p activation relative to anaphase spindle length (as
an internal marker for mitotic progression). Most zdsIA zds2A
CDC28™F control cells (with an empty vector) released Cdc14p
only at spindle lengths of 6—7 um and longer, as we previously
described (Queralt and Uhlmann, 2008b): only 13% of the cells
released Cdcl4p at spindle lengths of 3—4 um (Fig. 5B, left
panel). Cdcl4p was released in 64% of the cells expressing the
full-length Zdslp protein, which is similar to what we had
previously observed in wild-type and zds24 cells (Queralt and
Uhlmann, 2008b). By contrast, Cdc14p was only released in 26%
of the cells expressing the Zds_C motif alone (zdsIA1-802).
Interestingly, Cdc14p was released in 58% of the cells with the
fusion construct zds14461-802 (containing the Zds1p N-terminal
region from residues 1-460 fused to the Zds_C motif), which is
similar to what we observed for the cells with the wild-type
protein. All these results further support the premise that both the
N-terminal and C-terminal regions of Zds1p participate in timely
Cdcl4p activation in early anaphase.

To further ascertain the functions of Zds1p during mitotic exit,
we explored the genetic relationship between Zdslp and the
MEN. The MEN is essential to maintain Cdc14p activity during
mitotic exit and Cdc15p is an essential MEN kinase. The mutants
cdcl5-2 and zdslA zds2A exhibit a synthetic growth defect at
31°C (Queralt and Uhlmann, 2008b). We prepared cdcl5-2 zds14
zds2A strains containing different truncated Zdslp proteins at
endogenous levels, and then analyzed their growth at 31°C
(Fig. 5B, right panel). Cells expressing full-length Zdslp protein
rescued the synthetic growth defect of the cdcl5-2 and zdsiA
zds2/A mutations. Remarkably, the fusion construct zds/A461—
802 also rescued the synthetic growth defect of the triple mutant,
although to a lesser extent than the full-length protein. These
results indicated that during mitotic exit zdsl/A461-802
(containing the Zdsl N-terminal region, residues 1-460 fused
to the Zds_C motif) functions similarly to full-length Zdslp.

The Zds1p Zds_C motif recruits PP2AC9°55 {0 the nucleolus
Zdslp interacts with PP2AC%% throughout mitosis (Queralt and
Uhlmann, 2008b), through the Cdc55p subunit (Wicky et al.,
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2011) (our unpublished results). Moreover, the Zds2p C-terminal
domain is necessary and sufficient for interaction with CdcS5p
(Yasutis et al., 2010). This prompted us to study a possible
interaction between Cdc55p and the truncated versions of Zds1p.
Thus, we performed co-immunoprecipitation analyses with
Cdc55p and each of the truncated Zdslp proteins. We prepared
protein extracts from zds/A cells bearing centromeric plasmids
expressing (under control of the ZDSI promoter) full-length
Zdslp; the Zds_C motif (zds141-802); the N-terminal truncated
versions of Zdslp (zds1A474-916 and zds14461-916); the Zds_C
motif fused to the Zdslp N-terminal region between residues 1
and 73 (zds1474-802); and the Zds_C motif fused to the N-
terminal region between residues 1 and 460 (zds!A4461-802).
None of the truncations that contained the Zds_C motif had any
effect on the interaction between Cdc55p and Zdslp (Fig. 6A).
However, in immunoprecipitates of the Zdslp N-terminal
truncated versions (zds1A474-916 and zdsIA461-916), we were
not able to detect co-purification of the CdcS55p subunit.
Therefore, we concluded that Zdslp interacts predominantly
with Cdc55p through its Zds_C motif.

Cdc55p is located in the nucleolus to keep Netlp under-
phosphorylated in metaphase, and it remains in the nucleolus
throughout mitosis (Queralt et al., 2006). In order to further
corroborate our previous results, we visualized CdcS55p
localization from chromosome spreads at the metaphase to
anaphase transition. To detect nucleolar localization, the spread
chromosomes were washed to remove nucleoplasmic protein, and
then immunostained (Fig. 6B). The nucleolar Cdc55p signal was
relatively weak, which was probably because of the lower
amount of CdcS55p protein remaining in the nucleolus after
washing away the nucleoplasmic protein. Thus, we used the in
situ proximity ligation assay (PLA) method to stain for CdcS5p
protein. Colocalization with Netlp revealed similar nucleolar
enrichment of Cdc55p in metaphase and in cells released into
synchronous anaphase. In the chromosome spreads, the Cdc55p
signal was predominantly nucleolar; this was probably because
the nuclear Cdc55p detected in intact cells is a soluble nuclear
protein, and therefore, was washed away during spreading of the
samples. These results further confirm that Cdc55p is at the right
place to keep Netlp under-phosphorylated in metaphase, and

A QO D.)S:é‘v B B metaphase anaphase
2P NN -]
NOAY AW ® ® 5 gk
TS P & % 38
SEEHN SN 598
[= == [[= =4 Cdc55-ColP S =8
o-HA o-HA 3 ~5
Zds1-IP
no tag
o-Flag
HA-Cdc55
o-Flag
C no tag
=
D - metaphase anaphase
Nucleolar Cdc55 Zds1 328 80 80
NSE 5o 60
< 100 G o3
TE 8o o 2o 40 40
(k<] o9 GE
22 &0 2 SE 30 20
wg 40 2 ] 0 0
b3 [E]
S Azds? notag Zds1-HA notag Zds1-HA
o

N
A Azds1-802

)
&
&

Cdc55 Merge

DAPI  Net1

20
0 N "4 v
¥ Fa ® no tag
A5 o

Zds1-HA

Fig. 6. Zdslp recruits PP2AS?> into the nucleolus through its Zds_C motif. (A) Zdslp interacts with PP2A%>° through its Zds_C motif.
Co-immunoprecipitation between Zdslp and Cdc55p was analyzed in protein extracts from strains Y730 (MATa HA3-CDCS5S5 zds1A pYCplac22-Flags;-ZDS1),
Y727 (as Y730, but pYCplac22-Flag;-zds1 A41-802), Y728 (as Y730, but pYCplac22-Flag;-zds1474-916), Y729 (as Y730, but pYCplac22-Flag;-zds1474-802),
Y731 (as Y730, but pYCplac22-Flags-zds14461-916) and Y732 (as Y730, but pYCplac22-Flags;-zds1A461-802). Protein extracts from strain Y756 (MATa HAj3-
CDC55 zds1A pYCplac22) lacking a FLAG epitope on Zds1p served as control. IP, immunoprecipitation; ColP, co-immunoprecipitation. (B) Cdc55p localization
to the nucleolus. Strain Y692 (MATa GALI-CDC20 HA;-CDC55 NETI-GFP) was arrested in metaphase by the depletion of Cdc20p and released into
synchronous anaphase. Chromosome spreading was performed in metaphase, and 20 minutes after release, when 80% of cells were in anaphase (as seen by tubulin
staining). Strain Y2959 (MATa GAL1-CDC20 NETI-GFP) lacking an HA epitope on CdcS55p served as negative control. Netlp signal was used as a nucleolar
marker. (C) The Zds_C motif is required for proper localization of PP2A%> in the nucleolus. Strains Y838 (MATa MET-CDC20 HA;-CDC55 NET1-GFP zds1A
pYCplac22-Flags-ZDS1), Y837 (as Y838, but pYCplac22), Y833 (as Y838, but pYCplac22-Flag;-zds1A1-802) were arrested in metaphase by depletion of
Cdc20p. Strain Y818 (MATa zdsiA NET1-GFP pYCplac22-Flag;-ZDSI) lacking an HA epitope on Cdc55p served as negative control. (D) Zdslp nucleolar
localization. Strain Y3227 (MATa GALI-CDC20 ZDS1-HAs NET1-GFP) was arrested in metaphase and released into synchronous anaphase. Strain Y2959 (MATa
GALI-CDC20 NETI1-GFP) lacking an HA epitope on Zdslp served as negative control. Netlp signal was used as a nucleolar marker. Staining of the chromosome
spreads in B-D was performed using PLA probes, as described in Materials and Methods.
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no obvious localization changes during anaphase have
been observed that could explain the downregulation of the
PP2AC3 specifically at anaphase.

Our results described above suggested that the Zds_C motif
is required for the interaction between Cdc55p and Zdslp. Thus,
we first wondered whether Zdslp is necessary to maintain the
nucleolar localization of PP2AC% (Fig. 6C). zdslA cells
bearing a centromeric plasmid expressing full-length Zdslp at
endogenous levels colocalized with Netlp, revealing nucleolar
enrichment of Cdc55p, similarly to that previously reported
(Queralt et al., 2006) (Fig. 6B). Strikingly, in zds/ A mutant cells
(containing an empty vector), Cdc55p nucleolar localization was
impaired. This result suggests that in the absence of Zdslp
protein, Cdc55p nucleolar localization is dramatically reduced,
and therefore, that Zdslp is involved in maintaining Cdc55p in
the nucleolus. More interestingly, expression of the Zds_C motif
at endogenous levels in the zds/A mutant cells (zdsIA1-802)
rescued the Cdc55p nucleolar localization. Thus, we can
conclude that the Zds_C motif is required to interact with
Cdc55p and that this interaction is necessary to properly localized
Cdc55p to the nucleolus.

Our above results suggest that the interaction between Zdslp
and Cdc55p is necessary to stably maintain CdcS55p in the
nucleolus or to recruit Cdc55p into the nucleolus. Alternatively,
the Zdslp and Cdc55p interaction could occur in the cytoplasm
but it could be required for the posterior transport of Cdc55p
into the nucleolus. In order to distinguish between these two
possibilities we studied the localization of Zds1. Zds1p has been
previously described to be a cytoplasmic protein (Bi and Pringle,
1996; Rossio and Yoshida, 2011). However, nuclear and
nucleolar functions have been previously described for Zdslp
and Zds2p. For instance, Zdslp and Zds2p physically interact
with Sir proteins and with telomeric proteins such as Raplp (Roy
and Runge, 1999), and Zdslp and Zds2p are involved in
chromatin silencing at the rDNA (Roy and Runge, 2000).
Therefore, a putative Zdslp nuclear localization was expected.
We first checked the Zdslp localization in metaphase cells by
immunofluorescence (supplementary material Fig. S5). A Zdslp
staining was observed throughout the whole cell, suggesting a
cytoplasmic and nuclear localization of Zdsl. In addition, by
z-axis projection of confocal images, no nuclear exclusion was
observed in mitotic cells. Next, to detect nucleolar localization
we immunostained chromosomal spreads and colocalization with
nucleolar Netl was determined (Fig. 6D). Because Zdslp signal
was low, we had to concentrate more on the primary antibody
(see Materials and Methods). There was some signal from the
negative control, but a nucleolar Zds1p signal was detectable and
significant. Therefore, we can conclude that Zdslp is present in
the nucleolus in mitotic cells, suggesting that Zdslp and Cdc55p
interaction is important to recruit or maintain CdcS55p in the
nucleolus.

Discussion

The budding yeast phosphatase Cdcl4p is a key regulator of
mitotic exit. Cdc14p is kept inactive in the nucleolus during most
of the cell cycle, but is released throughout the cell to contribute
to Cdk downregulation. Cdc14p is activated early in anaphase, as
soon as sister chromatids split, and its activation is a prerequisite
for successful chromosome segregation. Cdcl4p is crucial to
successful anaphase progression: it leads to stabilization of
microtubules in the elongating anaphase spindle and to assembly

of a spindle midzone structure, and is required for condensation
and resolution of the late-segregating rDNA locus (D’Amours
et al., 2004; Higuchi and Uhlmann, 2005; Khmelinskii et al.,
2007; Pereira and Schiebel, 2003; Sullivan et al.,, 2004;
Woodbury and Morgan, 2007). Cdk substrates that are
dephosphorylated in these processes include the microtubule
regulators Aselp, Asklp, Finlp and Slil5p (D’Amours et al.,
2004; Khmelinskii et al., 2007; Pereira and Schiebel, 2003;
Woodbury and Morgan, 2007). During anaphase progression in
budding yeast, at least two pathways are required to activate
Cdc14p during states of high and low Cdk activity: the FEAR and
the MEN, respectively.

At the onset of anaphase, release of separase from its inhibitor
securin plays a crucial role in Cdcl4p activation as part of the
FEAR pathway (Queralt et al., 2006; Stegmeier et al., 2002;
Sullivan and Uhlmann, 2003). Separase-dependent PP2AC45
downregulation at anaphase onset allows Cdk-dependent
phosphorylation of the nucleolar Cdcl4p inhibitor Netlp, thus
promoting Cdcl4p release (Queralt et al., 2006). We have
previously shown that separase cooperates with two PP2A
interactors, Zdslp and Zds2p, to induce Cdcl4p activation
(Queralt and Uhlmann, 2008b). Zdslp is required for timely
Cdc14p activation during anaphase. Ectopic expression of Zdslp
or Zds2p is sufficient to trigger PP2A*> downregulation, Cdk-
dependent Netlp phosphorylation, and release of Cdcl4p from
the nucleolus. All the experiments in which we ectopically
expressed Zdslp were done in the presence of wild-type Zds2p
protein. Therefore, we cannot rule out the possibility that an
interaction between Zdslp and Zds2p could be required.

One of our objectives was to study how Zdslp regulates
PP2ACIeS3 activity. To this end, we performed a functional
domain study of Zdslp in order to investigate the mechanism by
which it compromises PP2AC%> activity. Our results suggest
that the functional domain involved in Cdcl4p activation is the
C-terminal domain (the Zds_C motif, Pfam086032), which
comprises residues 803 to 916. The Zds_C motif is required for
Zds1p-induced release of Cdc14p from the nucleolus, when ZDS/
is overexpressed from the GALI promoter. Ectopic expression of
the N-terminal region of Zdslp alone does not promote Cdcl4p
activation. However, a fusion construct containing the Zdslp N-
terminal region from residues 1 to 460 fused to the Zds_C motif
induces release of Cdc14p from the nucleolus to the same degree
as the wild-type protein does. Altogether, we concluded that the
Zds_C motif is the most important region of Zdslp for release of
Cdcl14p from the nucleolus and that the N-terminal region helps
regulate Zdslp activity during mitotic exit. More interestingly,
when we analyzed the different truncated Zdslp proteins at
endogenous levels, using a centromeric plasmid that expresses
Zdslp at similar levels as it does the endogenous epitope-tagged
protein (supplementary material Fig. S4), the Zds_C motif alone
could not induce timely release of Cdc14p from the nucleolus in
the zdsIA or zdslA zds2A background strains. Furthermore, the
Zds_C motif cannot suppress the synthetic growth defect of the
cdcl5-2 and zdslA zds2A mutations. Strikingly, the fusion
construct containing the Zdslp N-terminal region from residues 1
to 460 fused to the Zds_C motif (zds/4461-802) induces timely
nucleolar Cdc14 release at endogenous levels and can suppress
the synthetic growth defect of the cdcl5-2 and zdsiA zds24
mutations. Therefore, both the N-terminal and the C-terminal
regions of Zdslp are required for timely Cdcl4p activation at
anaphase onset. All these results are consistent with the
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C-terminal Zds_C motif being more important for the activity of
the Zdslp protein, and with the possibility that the N-terminal
region of the protein helps regulate this activity.

Zdslp forms a complex with PP2AS%* (Queralt and
Uhlmann, 2008b) and interaction of Zdslp with PP2AC43
depends on the presence of the Cdc55p regulatory subunit
(Wicky et al., 2011). We observed that all the Zdslp constructs
containing the Zds_C motif physically interact with Cdc55p
in co-immunoprecipitation experiments. Consistent with these
results, Yasutis et al. demonstrated that Zds2p directly binds to
Cdc55p in vitro through its conserved C-terminal region (Yasutis
et al., 2010). Moreover, we have shown that Zds1p regulates the
localization of Cdc55p through the Zds_C motif. Thus, in the
absence of Zdslp, Cdc55p nucleolar localization is impaired.
These results suggest that Zds1p exerts its biological function as
PP2A regulator by controlling the PP2A“9°>® Jocalization into the
nucleolus, through their physical interaction through the Zds_C
motif. Nevertheless, expression of the Zds_C motif at
endogenous levels does not induce timely release of Cdcl4p
from the nucleolus, despite the proper localization of Cdc55p (in
the nucleolus). This suggests that the activity of PP2A%4S
cannot be modulated solely through regulation of its localization,
and therefore, that an additional step of regulation might control
full PP2ACY°5 activation. Consistently with these observations,
we have described that in anaphase cells, when PP2AC45
activity is downregulated, Cdc55p remains in the nucleolus
(Queralt et al., 2006) (Fig. 6B). This observation argues against
the possibility that changes in Cdc55p localization are the
primarily regulatory mechanism inactivating PP2ACde3S during
anaphase. Moreover, like separase, Zdslp and Zds2p are
relatively low-abundance proteins (Ghaemmaghami et al.,
2003). Therefore, it seems unlikely that Zdslp and Zds2p act
as direct inhibitory components of the PP2ACY> complex.
Instead, they might be involved in regulating the status of post-
translational modifications or in controlling conformational
changes in the PP2A“Y>> holoenzyme that compromises the
activity of the complex (Hombauer et al., 2007).

Here, we have shown that Zds1p physically interacts with, and
regulates the localization of, Cdc55p through the Zds_C motif.
These results show that regulation of PP2A by Zdslp occurs
through a physical interaction between these two proteins, which
involves the Zds_C motif of the latter. Zds1p and Zds2p have been
implicated in various cellular processes that are or might be
influenced by PP2A, including cell cycle regulation, cell polarity
establishment and chromatin silencing. In fact, Zds1lp and Zds2p
have been revealed as PP2A regulators, not only during mitotic
exit, but also in diverse cellular settings. Fission yeast zds1, similar
to its budding yeast ortholog, has been found to contribute to
myriad cellular processes, including sexual differentiation, cell
wall integrity and cell morphology (Yakura et al., 2006). To date,
no homologs or orthologs of the Zds proteins in mammalian cells
have been characterized; however, some weak sequence homology
between the Zds proteins and the pseudouridine synthase 10 family
of proteins has been found (Yasutis et al., 2010). Future work will
be required to elucidate the mechanism by which separase and
Zdslp regulate PP2A*> activity to promote progression through
anaphase, which might serve as a paradigm for regulation of PP2A
by Zds1p and Zds2p in other cellular contexts. Recently, a role for
PP2AC%>5 during meiosis in budding yeast has been described
(Bizzari and Marston, 2011; Kerr et al., 2011). Whether Zds1p also

acts as a regulator of PP2A during meiosis would be interesting to
determine.

Materials and Methods

Yeast strains, plasmids and cell cycle synchronization procedures

All yeast strains used in this study were derivatives of W303. Epitope tagging of
endogenous genes and gene deletions were performed by gene targeting using
polymerase chain reaction (PCR) products. For ectopic expression of truncated
Zdslp proteins, the different ZDSI fragments were generated by PCR, introduced
into a YIp204-GALI1 plasmid, and induced by addition of galactose. To obtain the
various ZDSI fragments, the following amplified products were obtained:
zds1A804-916 (comprising nucleotides 1-2409); zdsl1A461-916 (1-1380);
zds1A1-72  (217-2748); zds1A1-802 (2407-2748); zdslA1-840_A4894-916
(2521-2679); and zds1A74-916 (1-219). Next, the truncated Zdsl proteins
containing internal deletions, zds/A74-802 and zds1A461-802, were created by
cloning a PCR fragment from nucleotides 2407 to 2748 into the previously
described zds1A74-916 and zds1A461-916, respectively. Three tandem FLAG
epitopes were inserted in front of the open reading frame, and plasmids were
integrated into the yeast genome after linearization within the 7TRPI marker gene.
For endogenous expression of the truncated Zds1 proteins, a fragment of the ZDS1
promoter from —314 was generated by PCR and subsequently introduced into the
centromeric plasmid YCplac22, and the different ZDS! fragments were added by
subcloning from the aforementioned integrative plasmids. Three tandem FLAG
epitopes were inserted between the promoter and the open reading frame, and yeast
strains containing the ZDS1 or ZDS1 ZDS?2 deletions were transformed and grown
in synthetic medium lacking tryptophan. N-terminal tagging of endogenous
CDC55 was performed as previously described (Queralt et al., 2006). CDC28""
mutant strains were created by integration and loop-out, using 5-fluoroorotic acid
selection, of the linearized pJM1054 plasmid (a gift from D. J. Lew) (McMillan
etal., 1999). Ectopic expression of Zds1p and each truncated Zds1p protein in cells
that had been arrested in metaphase by Cdc20p depletion was performed as
previously described (Queralt and Uhlmann, 2008b). Metaphase arrest by Cdc20p
depletion and entry into synchronous anaphase by Cdc20p re-induction were also
performed as previously described (Uhlmann et al., 1999). Functionality of all the
epitope-tagged proteins used in this work were checked by analyzing the kinetics
of Cdc14 release from the nucleolus during mitosis.

In vivo imaging and image analysis

Time-lapse microscopy was performed on a Leica TCS SP5 inverted confocal
spectral fluorescence microscope equipped with an environmental chamber.
Images were acquired every minute with LAS AF software (Leica Microsystems).
Z-stacks at 0.7 um intervals were taken for each fluorescence channel and
projected onto a single image per channel. For quantitative analysis of
fluorescence microscopy, Imagel software was used. Release of Cdcl4p from
the nucleolus was quantified as the ratio between the coefficient of variation (CV;
standard deviation divided by mean) of the Cdc14p—eGFP signal and the CV of the
Netlp—mCherry signal (Lu and Cross, 2009; Lu and Cross, 2010).

Immunoprecipitation assay

The immunoprecipitation assay was performed as previously described (Queralt
and Uhlmann, 2008b). Protein extracts were prepared by mechanical lysis using
glass beads. The clarified extracts were incubated with antibody, and the
immunocomplexes were adsorbed onto magnetic protein-A Dynabeads®
(Invitrogen). The beads were washed in extraction buffer and boiled with SDS-
PAGE loading buffer. The antibody used for immunoprecipitation was anti-FLAG
clone M2 (Sigma).

Other techniques

Protein extracts for western blots were obtained by TCA protein extraction. The
antibodies used for western blots were anti-HA clone 12CA5 (Roche), anti-myc
clone 9E10 (Babco), anti-FLAG clone M2 (Sigma) and anti-FLAG polyclonal
(Sigma). The primary antibodies used for immunofluorescence were anti-HA clone
16B12 (Babco), anti-Pk clone SV5-Pk1 (Serotec) and anti-o-tubulin clone YOL1/
34 (Serotec). The secondary antibodies were Cy3-labeled anti-mouse (GE
Healthcare) and fluorescein-conjugated anti-rat (Millipore). Cells were imaged
at room temperature using a DM6000B Leica microscope (Leica Microsystems)
equipped with a 63x objective and a DFC 360FX camera. The spindle lengths at
anaphase were measured with the quantitative analysis tools of the LAS AF
software (Leica Microsystems). Chromosome spreads were performed as
previously described (Michaelis et al., 1997). The primary antibody used for the
chromosome spreads was anti-HA clone 16B12 (Babco) at 1:500 for Cdc55p and
at 1:100 for Zdslp, and the secondary antibodies were Cy3-labeled anti-mouse-
PLA probes (Olink Bioscience). The in situ PLA method can be used to detect and
quantify low-abundance proteins. A pair of oligonucleotide-labeled secondary
antibodies (PLA probes) generates a signal only when the two PLA probes have
bound, in close proximity, the same primary antibody; the signal from each
detected pair is visualized as an individual fluorescent spot. Secondary antibody
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staining and detection were performed using Duolink II reagents (Olink
Bioscience), following the manufacturer’s instructions.

Acknowledgements

We wish to thank Daniel J. Lew for the generous gift of the
CDC2871°F construct; Jemina Moreté for help with confocal
microscopy and with the time-lapse experiments; and Frank
Uhlmann and all the members of our laboratory, for discussions
and critical reading of the manuscript.

Funding

This work was supported by the Ramon y Cajal program [grant
number RYC2006_BMC to E.Q.]; the Spanish Ministry of Science
and Innovation [grant number BFU2008-02432/BMC]; the
Catalonian Agencia de Gestio d’Ajuts Universitaris i de Recerca
[grant number 2009SGR1015]; and a Spanish Ministry of Science
and Innovation predoctoral FPI fellowship to B.B.; a Formacion de
Profesorado Univesitario fellowship to J.A.R.R.; and an Institut
d’Investigacions Biomedica de Bellvitge predoctoral fellowship to
I.C. Deposited in PMC for immediate release.

Supplementary material available online at
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.097865/-/DCA

References

Azzam, R., Chen, S. L., Shou, W., Mah, A. S., Alexandru, G., Nasmyth, K., Annan,
R. S., Carr, S. A. and Deshaies, R. J. (2004). Phosphorylation by cyclin B-Cdk
underlies release of mitotic exit activator Cdc14 from the nucleolus. Science 305,
516-519.

Bi, E. and Pringle, J. R. (1996). ZDS1 and ZDS2, genes whose products may regulate
Cdc42p in Saccharomyces cerevisiae. Mol. Cell. Biol. 16, 5264-5275.

Bizzari, F. and Marston, A. L. (2011). CdcS5 coordinates spindle assembly and
chromosome disjunction during meiosis. J. Cell Biol. 193, 1213-1228.

D’Amours, D., Stegmeier, F. and Amon, A. (2004). Cdc14 and condensin control the
dissolution of cohesin-independent chromosome linkages at repeated DNA. Cell 117,
455-469.

Finn, R. D., Tate, J., Mistry, J., Coggill, P. C., Sammut, S. J., Hotz, H. R., Ceric, G.,
Forslund, K., Eddy, S. R., Sonnhammer, E. L. et al. (2008). The Pfam protein
families database. Nucleic Acids Res. 36, D281-D288.

Ghaemmaghami, S., Huh, W. K., Bower, K., Howson, R. W., Belle, A., Dephoure, N.,
O’Shea, E. K. and Weissman, J. S. (2003). Global analysis of protein expression in
yeast. Nature 425, 737-741.

Higuchi, T. and Uhlmann, F. (2005). Stabilization of microtubule dynamics at
anaphase onset promotes chromosome segregation. Nature 433, 171-176.

Hombauer, H., Weismann, D., Mudrak, 1., Stanzel, C., Fellner, T., Lackner, D. H.
and Ogris, E. (2007). Generation of active protein phosphatase 2A is coupled to
holoenzyme assembly. PLoS Biol. 5, e155.

Jaspersen, S. L. and Morgan, D. O. (2000). Cdc14 activates cdcl5 to promote mitotic
exit in budding yeast. Curr. Biol. 10, 615-618.

Jaspersen, S. L., Charles, J. F., Tinker-Kulberg, R. L. and Morgan, D. O. (1998). A
late mitotic regulatory network controlling cyclin destruction in Saccharomyces
cerevisiae. Mol. Biol. Cell 9, 2803-2817.

Kerr, G. W., Sarkar, S., Tibbles, K. L., Petronczki, M., Millar, J. B. and
Arumugam, P. (2011). Meiotic nuclear divisions in budding yeast require
PP2A(Cdc55)-mediated antagonism of Netl phosphorylation by Cdk. J. Cell Biol.
193, 1157-1166.

Khmelinskii, A., Lawrence, C., Roostalu, J. and Schiebel, E. (2007). Cdc14-regulated
midzone assembly controls anaphase B. J. Cell Biol. 177, 981-993.

Konig, C., Maekawa, H. and Schiebel, E. (2010). Mutual regulation of cyclin-
dependent kinase and the mitotic exit network. J. Cell Biol. 188, 351-368.

Lee, S. E., Frenz, L. M., Wells, N. J., Johnson, A. L. and Johnston, L. H. (2001).
Order of function of the budding-yeast mitotic exit-network proteins Tem1, Cdcl5,
Mobl, Dbf2, and Cdc5. Curr. Biol. 11, 784-788.

Liang, F., Jin, F., Liu, H. and Wang, Y. (2009). The molecular function of the yeast
polo-like kinase Cdc5 in Cdcl4 release during early anaphase. Mol. Biol. Cell 20,
3671-3679.

Lu, Y. and Cross, F. (2009). Mitotic exit in the absence of separase activity. Mol. Biol.
Cell 20, 1576-1591.

Lu, Y. and Cross, F. R. (2010). Periodic cyclin-Cdk activity entrains an autonomous
Cdc14 release oscillator. Cell 141, 268-279.

McMillan, J. N., Sia, R. A., Bardes, E. S. and Lew, D. J. (1999). Phosphorylation-
independent inhibition of Cdc28p by the tyrosine kinase Swelp in the morphogenesis
checkpoint. Mol. Cell. Biol. 19, 5981-5990.

Michaelis, C., Ciosk, R. and Nasmyth, K. (1997). Cohesins: chromosomal proteins that
prevent premature separation of sister chromatids. Cell 91, 35-45.

Mocciaro, A. and Schiebel, E. (2010). Cdcl4: a highly conserved family of
phosphatases with non-conserved functions? J. Cell Sci. 123, 2867-2876.

Mohl, D. A., Huddleston, M. J., Collingwood, T. S., Annan, R. S. and Deshaies, R. J.
(2009). Dbf2-Mob1 drives relocalization of protein phosphatase Cdcl4 to the
cytoplasm during exit from mitosis. J. Cell Biol. 184, 527-539.

Monje-Casas, F. and Amon, A. (2009). Cell polarity determinants establish asymmetry
in MEN signaling. Dev. Cell 16, 132-145.

Morgan, D. O. (2007). The Cell Cycle: Principles of Control. London: New Science
Press.

Pal, G., Paraz, M. T. and Kellogg, D. R. (2008). Regulation of Mih1/Cdc25 by protein
phosphatase 2A and casein kinase 1. J. Cell Biol. 180, 931-945.

Pereira, G. and Schiebel, E. (2003). Separase regulates INCENP-Aurora B anaphase
spindle function through Cdc14. Science 302, 2120-2124.

Pereira, G., Hiofken, T., Grindlay, J., Manson, C. and Schiebel, E. (2000). The Bub2p
spindle checkpoint links nuclear migration with mitotic exit. Mol. Cell 6, 1-10.

Queralt, E. and Uhlmann, F. (2008a). Cdk-counteracting phosphatases unlock mitotic
exit. Curr. Opin. Cell Biol. 20, 661-668.

Queralt, E. and Uhlmann, F. (2008b). Separase cooperates with Zdsl and Zds2 to
activate Cdc14 phosphatase in early anaphase. J. Cell Biol. 182, 873-883.

Queralt, E., Lehane, C., Novak, B. and Uhlmann, F. (2006). Downregulation of
PP2A(Cdc55) phosphatase by separase initiates mitotic exit in budding yeast. Cell
125, 719-732.

Rock, J. M. and Amon, A. (2009). The FEAR network. Curr. Biol. 19, R1063-R1068.

Rossio, V. and Yoshida, S. (2011). Spatial regulation of Cdc55-PP2A by Zdsl/Zds2
controls mitotic entry and mitotic exit in budding yeast. J. Cell Biol. 193, 445-454.

Roy, N. and Runge, K. W. (1999). The ZDS1 and ZDS2 proteins require the Sir3p
component of yeast silent chromatin to enhance the stability of short linear
centromeric plasmids. Chromosoma 108, 146-161.

Roy, N. and Runge, K. W. (2000). Two paralogs involved in transcriptional silencing
that antagonistically control yeast life span. Curr. Biol. 10, 111-114.

Shou, W. and Deshaies, R. J. (2002). Multiple telophase arrest bypassed (tab) mutants
alleviate the essential requirement for Cdcl5 in exit from mitosis in S. cerevisiae.
BMC Genet. 3, 4.

Shou, W., Seol, J. H., Shevchenko, A., Baskerville, C., Moazed, D., Chen, Z. W. S.,
Jang, J., Shevchenko, A., Charbonneau, H. and Deshaies, R. J. (1999). Exit from
mitosis is triggered by Teml-dependent release of the protein phosphatase Cdcl4
from nucleolar RENT complex. Cell 97, 233-244.

Stegmeier, F. and Amon, A. (2004). Closing mitosis: the functions of the Cdcl4
phosphatase and its regulation. 4nnu. Rev. Genet. 38, 203-232.

Stegmeier, F., Visintin, R. and Amon, A. (2002). Separase, polo kinase, the
kinetochore protein Slk19, and Spol2 function in a network that controls Cdcl4
localization during early anaphase. Cell 108, 207-220.

Sullivan, M. and Uhlmann, F. (2003). A non-proteolytic function of separase links the
onset of anaphase to mitotic exit. Nat. Cell Biol. 5, 249-254.

Sullivan, M., Higuchi, T., Katis, V. L. and Uhlmann, F. (2004). Cdc14 phosphatase
induces rDNA condensation and resolves cohesin-independent cohesion during
budding yeast anaphase. Cell 117, 471-482.

Tomson, B. N., Rahal, R., Reiser, V., Monje-Casas, F., Mekhail, K., Moazed, D. and
Amon, A. (2009). Regulation of Spol2 phosphorylation and its essential role in the
FEAR network. Curr. Biol. 19, 449-460.

Uhlmann, F., Lottspeich, F. and Nasmyth, K. (1999). Sister-chromatid separation at
anaphase onset is promoted by cleavage of the cohesin subunit Sccl. Nature 400, 37-
42.

Valerio-Santiago, M. and Monje-Casas, F. (2011). Tem! localization to the spindle
pole bodies is essential for mitotic exit and impairs spindle checkpoint function. J.
Cell Biol. 192, 599-614.

Visintin, C., Tomson, B. N., Rahal, R., Paulson, J., Cohen, M., Taunton, J., Amon, A.
and Visintin, R. (2008). APC/C-Cdhl-mediated degradation of the Polo kinase Cdc5
promotes the return of Cdc14 into the nucleolus. Genes Dev. 22, 79-90.

Visintin, R., Hwang, E. S. and Amon, A. (1999). Cfil prevents premature exit from
mitosis by anchoring Cdc14 phosphatase in the nucleolus. Nature 398, 818-823.

Wicky, S., Tjandra, H., Schieltz, D., Yates, J., 3rd and Kellogg, D. R. (2011). The
Zds proteins control entry into mitosis and target protein phosphatase 2A to the Cdc25
phosphatase. Mol. Biol. Cell 22, 20-32.

Woodbury, E. L. and Morgan, D. O. (2007). Cdk and APC activities limit the spindle-
stabilizing function of Finl to anaphase. Nat. Cell Biol. 9, 106-112.

Yakura, M., Ozoe, F., Ishida, H., Nakagawa, T., Tanaka, K., Matsuda, H. and
Kawamukai, M. (2006). zds1, a novel gene encoding an ortholog of Zdsl and Zds2,
controls sexual differentiation, cell wall integrity and cell morphology in fission yeast.
Genetics 172, 811-825.

Yasutis, K., Vignali, M., Ryder, M., Tameire, F., Dighe, S. A., Fields, S. and
Kozminski, K. G. (2010). Zds2p regulates Swelp-dependent polarized cell growth in
Saccharomyces cerevisiae via a novel CdcS55p interaction domain. Mol. Biol. Cell 21,
4373-4386.

Yellman, C. M. and Burke, D. J. (2006). The role of Cdc55 in the spindle checkpoint is
through regulation of mitotic exit in Saccharomyces cerevisiae. Mol. Biol. Cell 17,
658-666.

Yoshida, S. and Toh-e, A. (2002). Budding yeast Cdc5 phosphorylates Netl and assists
Cdc14 release from the nucleolus. Biochem. Biophys. Res. Commun. 294, 687-691.


http://dx.doi.org/10.1126%2Fscience.1099402
http://dx.doi.org/10.1126%2Fscience.1099402
http://dx.doi.org/10.1126%2Fscience.1099402
http://dx.doi.org/10.1126%2Fscience.1099402
http://dx.doi.org/10.1083%2Fjcb.201103076
http://dx.doi.org/10.1083%2Fjcb.201103076
http://dx.doi.org/10.1016%2FS0092-8674%2804%2900413-1
http://dx.doi.org/10.1016%2FS0092-8674%2804%2900413-1
http://dx.doi.org/10.1016%2FS0092-8674%2804%2900413-1
http://dx.doi.org/10.1093%2Fnar%2Fgkm960
http://dx.doi.org/10.1093%2Fnar%2Fgkm960
http://dx.doi.org/10.1093%2Fnar%2Fgkm960
http://dx.doi.org/10.1038%2Fnature02046
http://dx.doi.org/10.1038%2Fnature02046
http://dx.doi.org/10.1038%2Fnature02046
http://dx.doi.org/10.1038%2Fnature03240
http://dx.doi.org/10.1038%2Fnature03240
http://dx.doi.org/10.1371%2Fjournal.pbio.0050155
http://dx.doi.org/10.1371%2Fjournal.pbio.0050155
http://dx.doi.org/10.1371%2Fjournal.pbio.0050155
http://dx.doi.org/10.1016%2FS0960-9822%2800%2900491-7
http://dx.doi.org/10.1016%2FS0960-9822%2800%2900491-7
http://dx.doi.org/10.1083%2Fjcb.201103019
http://dx.doi.org/10.1083%2Fjcb.201103019
http://dx.doi.org/10.1083%2Fjcb.201103019
http://dx.doi.org/10.1083%2Fjcb.201103019
http://dx.doi.org/10.1083%2Fjcb.200911128
http://dx.doi.org/10.1083%2Fjcb.200911128
http://dx.doi.org/10.1016%2FS0960-9822%2801%2900228-7
http://dx.doi.org/10.1016%2FS0960-9822%2801%2900228-7
http://dx.doi.org/10.1016%2FS0960-9822%2801%2900228-7
http://dx.doi.org/10.1091%2Fmbc.E08-10-1049
http://dx.doi.org/10.1091%2Fmbc.E08-10-1049
http://dx.doi.org/10.1091%2Fmbc.E08-10-1049
http://dx.doi.org/10.1091%2Fmbc.E08-10-1042
http://dx.doi.org/10.1091%2Fmbc.E08-10-1042
http://dx.doi.org/10.1016%2Fj.cell.2010.03.021
http://dx.doi.org/10.1016%2Fj.cell.2010.03.021
http://dx.doi.org/10.1016%2FS0092-8674%2801%2980007-6
http://dx.doi.org/10.1016%2FS0092-8674%2801%2980007-6
http://dx.doi.org/10.1242%2Fjcs.074815
http://dx.doi.org/10.1242%2Fjcs.074815
http://dx.doi.org/10.1083%2Fjcb.200812022
http://dx.doi.org/10.1083%2Fjcb.200812022
http://dx.doi.org/10.1083%2Fjcb.200812022
http://dx.doi.org/10.1016%2Fj.devcel.2008.11.002
http://dx.doi.org/10.1016%2Fj.devcel.2008.11.002
http://dx.doi.org/10.1083%2Fjcb.200711014
http://dx.doi.org/10.1083%2Fjcb.200711014
http://dx.doi.org/10.1126%2Fscience.1091936
http://dx.doi.org/10.1126%2Fscience.1091936
http://dx.doi.org/10.1016%2Fj.ceb.2008.09.003
http://dx.doi.org/10.1016%2Fj.ceb.2008.09.003
http://dx.doi.org/10.1083%2Fjcb.200801054
http://dx.doi.org/10.1083%2Fjcb.200801054
http://dx.doi.org/10.1016%2Fj.cell.2006.03.038
http://dx.doi.org/10.1016%2Fj.cell.2006.03.038
http://dx.doi.org/10.1016%2Fj.cell.2006.03.038
http://dx.doi.org/10.1016%2Fj.cub.2009.10.002
http://dx.doi.org/10.1083%2Fjcb.201101134
http://dx.doi.org/10.1083%2Fjcb.201101134
http://dx.doi.org/10.1007%2Fs004120050364
http://dx.doi.org/10.1007%2Fs004120050364
http://dx.doi.org/10.1007%2Fs004120050364
http://dx.doi.org/10.1016%2FS0960-9822%2800%2900298-0
http://dx.doi.org/10.1016%2FS0960-9822%2800%2900298-0
http://dx.doi.org/10.1186%2F1471-2156-3-4
http://dx.doi.org/10.1186%2F1471-2156-3-4
http://dx.doi.org/10.1186%2F1471-2156-3-4
http://dx.doi.org/10.1016%2FS0092-8674%2800%2980733-3
http://dx.doi.org/10.1016%2FS0092-8674%2800%2980733-3
http://dx.doi.org/10.1016%2FS0092-8674%2800%2980733-3
http://dx.doi.org/10.1016%2FS0092-8674%2800%2980733-3
http://dx.doi.org/10.1146%2Fannurev.genet.38.072902.093051
http://dx.doi.org/10.1146%2Fannurev.genet.38.072902.093051
http://dx.doi.org/10.1016%2FS0092-8674%2802%2900618-9
http://dx.doi.org/10.1016%2FS0092-8674%2802%2900618-9
http://dx.doi.org/10.1016%2FS0092-8674%2802%2900618-9
http://dx.doi.org/10.1038%2Fncb940
http://dx.doi.org/10.1038%2Fncb940
http://dx.doi.org/10.1016%2FS0092-8674%2804%2900415-5
http://dx.doi.org/10.1016%2FS0092-8674%2804%2900415-5
http://dx.doi.org/10.1016%2FS0092-8674%2804%2900415-5
http://dx.doi.org/10.1016%2Fj.cub.2009.02.024
http://dx.doi.org/10.1016%2Fj.cub.2009.02.024
http://dx.doi.org/10.1016%2Fj.cub.2009.02.024
http://dx.doi.org/10.1038%2F21831
http://dx.doi.org/10.1038%2F21831
http://dx.doi.org/10.1038%2F21831
http://dx.doi.org/10.1083%2Fjcb.201007044
http://dx.doi.org/10.1083%2Fjcb.201007044
http://dx.doi.org/10.1083%2Fjcb.201007044
http://dx.doi.org/10.1101%2Fgad.1601308
http://dx.doi.org/10.1101%2Fgad.1601308
http://dx.doi.org/10.1101%2Fgad.1601308
http://dx.doi.org/10.1038%2F19775
http://dx.doi.org/10.1038%2F19775
http://dx.doi.org/10.1091%2Fmbc.E10-06-0487
http://dx.doi.org/10.1091%2Fmbc.E10-06-0487
http://dx.doi.org/10.1091%2Fmbc.E10-06-0487
http://dx.doi.org/10.1038%2Fncb1523
http://dx.doi.org/10.1038%2Fncb1523
http://dx.doi.org/10.1534%2Fgenetics.105.050906
http://dx.doi.org/10.1534%2Fgenetics.105.050906
http://dx.doi.org/10.1534%2Fgenetics.105.050906
http://dx.doi.org/10.1534%2Fgenetics.105.050906
http://dx.doi.org/10.1091%2Fmbc.E10-04-0326
http://dx.doi.org/10.1091%2Fmbc.E10-04-0326
http://dx.doi.org/10.1091%2Fmbc.E10-04-0326
http://dx.doi.org/10.1091%2Fmbc.E10-04-0326
http://dx.doi.org/10.1091%2Fmbc.E05-04-0336
http://dx.doi.org/10.1091%2Fmbc.E05-04-0336
http://dx.doi.org/10.1091%2Fmbc.E05-04-0336
http://dx.doi.org/10.1016%2FS0006-291X%2802%2900544-2
http://dx.doi.org/10.1016%2FS0006-291X%2802%2900544-2
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.097865/-/DC1

	Fig 1
	Fig 2
	Fig 3
	Fig 4
	Fig 5
	Fig 6
	Ref 1
	Ref 2
	Ref 3
	Ref 4
	Ref 5
	Ref 6
	Ref 7
	Ref 8
	Ref 9
	Ref 10
	Ref 11
	Ref 12
	Ref 13
	Ref 14
	Ref 15
	Ref 16
	Ref 17
	Ref 18
	Ref 19
	Ref 20
	Ref 21
	Ref 22
	Ref 23
	Ref 24
	Ref 25
	Ref 26
	Ref 27
	Ref 28
	Ref 29
	Ref 30
	Ref 31
	Ref 32
	Ref 33
	Ref 34
	Ref 35
	Ref 36
	Ref 37
	Ref 38
	Ref 39
	Ref 40
	Ref 41
	Ref 42
	Ref 43
	Ref 44
	Ref 45
	Ref 46
	Ref 47
	Ref 48
	Ref 49
	Ref 50


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 30%)
  /CalRGBProfile (None)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed false
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /FRA <>
    /JPN <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Settings for the Rampage workflow.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


