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SUMMARY

Temporal control over protein phosphorylation and
dephosphorylation is crucial for accurate chromo-
some segregation and for completion of the cell divi-
sion cycle during exit from mitosis. In budding yeast,
the Cdc14 phosphatase is thought to be a major
regulator at this time, while in higher eukaryotes
PP2A phosphatases take a dominant role. Here, we
use time-resolved phosphoproteome analysis in
budding yeast to evaluate the respective contribu-
tions of Cdc14, PP2A°%% and PP2AR*'. This
reveals an overlapping requirement for all three
phosphatases during mitotic progression. Our time-
resolved phosphoproteome resource reveals how
Cdc14 instructs the sequential pattern of phosphor-
ylation changes, in part through preferential recogni-
tion of serine-based cyclin-dependent kinase (Cdk)
substrates. PP2AS9°®® and PP2AF'! in turn exhibit
a broad substrate spectrum with some selectivity
for phosphothreonines and a role for PP2AR*" in sus-
taining Aurora kinase activity. These results illustrate
synergy and coordination between phosphatases as
they orchestrate phosphoproteome dynamics during
mitotic progression.

INTRODUCTION

Cell-cycle progression is driven by waves of protein phosphory-
lation and dephosphorylation, mediated by the interplay of cell-
cycle kinases and phosphatases (Gelens et al., 2018; Morgan,
2007; Uhlmann et al., 2011). Together with cyclic protein synthe-
sis and degradation, these waves order the sequential events
during cell growth and division. The focus of this study lies on
the progression through mitosis, when metaphase, anaphase,
and cytokinesis have to occur in strict order to avoid cell division
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failure and consequent aneuploidy. In budding yeast, over 300
proteins are regulated by phosphorylation and dephosphoryla-
tion during this time (Touati et al., 2018). The phosphorylation
status of a substrate can affect its localization, interactions,
and activities, thereby enacting the intricate regulation of mitotic
events. Levels of the master cyclin-dependent kinase (Cdk)
peak in metaphase, after which anaphase-promoting complex
(APC)-mediated cyclin proteolysis initiates downregulation of
Cdk activity. Accumulation of a stoichiometric Cdk inhibitor,
Sic1, reinforces Cdk downregulation. Additional mitotic kinases
include members of the Polo-like kinases (Plks, Cdc5 in budding
yeast) and Aurora kinase (Ipl1) that are both also targeted for
degradation later on during mitotic exit. In contrast, “nuclear
Dbf2-related” (NDR) kinases Mob1-Dbf2 and Mob2-Cbk1 are
activated as Cdk activity decreases, thereby promoting late
mitosis-specific phosphorylation events that contribute to chro-
mosome segregation and cytokinesis (Afonso et al., 2017;
Botchkarev and Haber, 2018; Tamborrini et al., 2018; Weiss,
2012).

Phosphatases are the biological counterforce of kinases.
There are an order of magnitude fewer phosphatases encoded
in eukaryotic genomes than kinases (Chen et al., 2017). Conse-
quently, phosphatases are thought to be more promiscuous
than kinases. However, compared to kinases, their substrate
specificities have been less well explored. The Cdc14 phospha-
tase is thought to provide the major source for protein dephos-
phorylation during budding yeast mitotic exit (Queralt and
Uhlmann, 2008a; Stegmeier and Amon, 2004). It is sequestered
by its inhibitor Net1 in the nucleolus for most of the cell cycle.
Net1 phosphorylation by a combination of Cdk and Plk releases
active Cdc14 at anaphase onset, triggered by separase-medi-
ated downregulation of the PP2A9°%® phosphatase that coun-
teracts Net1 phosphorylation (Azzam et al., 2004; Queralt
et al., 2006). Additional late mitotic kinases probably sustain
Net1 phosphorylation and thus Cdc14 activity through mitotic
exit. Numerous candidate Cdc14 substrates have been identi-
fied using genetic, protein interaction, and phosphoproteomic
studies (Bloom and Cross, 2007; Breitkreutz et al., 2010; Kao
et al., 2014; Kuilman et al., 2015; Visintin et al., 1998). In vitro,
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Figure 1. Cdc14, PP2AC9°%% and PP2AR'! All Contribute to Mitotic Exit Progression

(A) Control and cdc14%9°" cells were arrested in metaphase by Cdc20 depletion and then released to progress through synchronous mitosis following Cdc20
reinduction. o factor was added to arrest the cells following completion of mitotic exit in G1. Cell-cycle progression was monitored by fluorescence-activated cell
sorting (FACS) analysis of DNA content. Protein extracts were prepared at the indicated times and processed for western blotting against the indicated proteins.
(B) The fraction of cells with long anaphase (>2 um) spindles was scored in aliquots from the experiments in (A), (D), and (E). The mean + SD of three independent

experiments is shown. One hundred cells were scored at each time point in each experiment.

(legend continued on next page)
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Cdc14 shows a strong preference for dephosphorylating serine-
proline motifs, additionally facilitated by a positive charge at
the +3 position (SPx(K/R)) (Bremmer et al., 2012; Eissler et al.,
2014). This pattern coincides with the preferred recognition
motif for Cdk phosphorylation. The order in which Cdc14 de-
phosphorylates its substrates during mitotic exit correlates
with the relative catalytic efficiencies of Cdc14 and Cdk toward
their substrates. Substrates that are better Cdc14 than Cdk sub-
strates are dephosphorylated first (Bouchoux and Uhimann,
2011). A PxL substrate docking motif contributes to Cdc14 sub-
strate affinity (Kataria et al., 2018).

Cdc14 has important roles in higher eukaryotes, including cili-
ated sensory cell function, making Cdc14 essential for hearing
and male fertility in mouse and humans (Imtiaz et al., 2018; Neit-
zel et al., 2018). However, organisms aside from budding yeast
survive and successfully complete cell division cycles without
Cdc14. Instead, a major mitotic exit role has been assigned to
members of the abundant PP2A family (Cundell et al., 2016;
Manchado et al., 2010; Mochida et al., 2009; Nilsson, 2019;
Schmitz et al., 2010). PP2As are heterotrimeric holoenzymes
composed of a scaffold and a catalytic subunit, as well as one
of a range of regulatory subunits that are thought to provide sub-
strate specificity. Budding yeast PP2A is made up of the scaffold
Tpd3; two alternative, but largely interchangeable, catalytic sub-
units Pph21 or Pph22; as well as one of three regulatory subunits
Cdc55 (homolog to human B55), Rts1 (homolog to human B56),
and Rts3. PP2AR' participates in cell size regulation at the G1/S
transition and opposes Aurora kinase to promote chromosome
biorientation in mitosis (Peplowska et al., 2014; Zapata et al.,
2014). During cytokinesis, PP2AR®! is involved in the reorganiza-
tion of septin rings (Dobbelaere et al., 2003). Budding yeast
PP2AS9% in turn has been invoked in Cdk regulation during
interphase (Harvey et al., 2011; Minshull et al., 1996). By the
time cells enter mitosis, PP2A®4°%® modulates cell-cycle pro-
gression by counteracting phosphorylation of the APC as well
as of the Cdc14 inhibitor Net1 (Lianga et al., 2013; Queralt
et al., 2006). Proteome-wide surveys uncovered a plethora of
PP2ACH5® sybstrates. Consistent with its biochemical charac-
teristics, PP2AC9°®® preferentially targets threonine residues,
thereby establishing a temporal order of serine before threonine
phosphorylation as cells progress from S phase to mitosis (Baro
et al., 2018; Godfrey et al., 2017). Little is known about the
possible roles of PP2AR®3, Despite the importance of protein
dephosphorylation during mitotic exit, it is not yet known what
relative contributions these various phosphatases make at this
time.

Here, we use time-resolved phosphoproteome analysis to sur-
vey the respective contributions of Cdc14, PP2AC%%® and
PP2AR to mitotic progression. We take advantage of recent
methods that utilize tandem mass tags to allow side-by-side

comparison of phosphorylation changes during mitotic progres-
sion in the presence or absence of either of these phosphatases.
We extend the notion that Cdc14 controls protein dephosphory-
lation during budding yeast mitotic exit by revealing key contri-
butions of PP2AS9°%5 and PP2AR®!. The three phosphatases
act, in part, redundantly, but they also contribute specific and
additive roles. Our findings portray mitotic exit as a time when
multiple phosphatases cooperate to bring about the phosphory-
lation changes that orchestrate the completion of faithful chro-
mosome segregation.

RESULTS

Cdc14, PP2A%9°%%, and PP2AR*! All Contribute to
Mitotic Exit Progression

We set out to compare the contributions of three major phospha-
tases to budding yeast mitotic progression: Cdc14, PP2ACe5S,
and PP2AR'S"_ Cdc14 inactivation is usually achieved using tem-
perature-sensitive alleles, leading to a telophase-like, late mitotic
arrest with persistent Cdk activity (Visintin et al., 1998). Under
these conditions, it is hard to know whether Cdk inactivation fail-
ure, compromised Cdc14 function, or both, are the reason for
persistent substrate phosphorylation. We therefore engineered
a yeast strain in which Cdc14 was fused to an auxin-inducible
degron tag (cdc149%9°") (Nishimura et al., 2009). 90 minutes
following auxin addition, Cdc14 levels were reduced to around
20% of wild-type levels (Figure S1A). We now observed cells
passing through mitosis, synchronized by depletion and reinduc-
tion of the APC coactivator Cdc20. The S-phase cyclin Clb5 was
degraded and chromosome segregation, visualized by an elon-
gating anaphase spindle, occurred with equal kinetics in control
and Cdc14-depleted cells (Figures 1A and 1B). We then followed
overall Cdk activity, measured against the model substrate his-
tone H1 after immunoprecipitation of the Cdk kinase subunit
Cdc28. Cdk downregulation was slightly retarded following
Cdc14 depletion, but reached completion after a short delay
(Figures 1C and S1B). Mitotic cyclin CIb2 degradation, spindle
disassembly, and cytokinesis were all delayed in cdc1499°"
cells (Figures 1A and 1B). After longer times, the formation of
cell chains as the consequence of cytokinesis failure was
observed (Figure S1C). This confirms a role of Cdc14 in late
mitosis that involves direct protein dephosphorylation (Kuilman
et al., 2015; Powers and Hall, 2017).

We next assessed the contribution of PP2A phosphatases. Of
the three PP2A regulatory subunits Cdc55, Rts1, and Rts3, we
found the first two expressed at all cell-cycle phases, while
Rts3 was preferentially expressed in stationary phase cells (Fig-
ure S1D). Consistently, Rts3 made no detectable contribution to
mitotic progression (Figure S1E). We therefore turned our atten-
tion to PP2AC4°%% and PP2ARST,

(C) Cdc28 was immunoprecipitated at the indicated times and its associated kinase activity against histone H1 was measured in control and mutant cells.
A representative autoradiogram and quantification of H1 phosphorylation relative to time point 0 of three independent experiments is presented. The means + SD
are shown. See also Figure S1B for the cell-cycle progression analysis by FACS analysis of DNA content

(D) As in (A), but swe74 and swe14 cdc554 cells were used
(E) As in (A), but swe14 and swe14 rts14 cells were used.

See also Figure S1 for characterization of the cdc 1499 allele, an abundance analysis of the three phosphatases, and characterization of PP2AR'3, as well as

Figure S2 for cell-cycle analyses following synchronization in G1.
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Figure 2. Evidence for Substrate Specificity
and Overlap of Cdc14, PP2ACY°%% and
PP2ARts1

(A) Control and cdc1499" cells were arrested
and released as described in Figure 1A. Protein
extracts were prepared at the indicated times from
strains in which Ask1, Orc6, or Cbk1 were fused to
an HA epitope tag. A representative FACS analysis
of DNA content is shown.

(B) As in (A), but sweT4 and swel4 cdc554 cells
were used.

(C) As in (A), but sweT4 and swel4 rts14 cells
were used.
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Budding yeast cells lacking PP2A%°%® show gross morpho-
logical defects and poor growth due to Cdk inhibitory tyrosine
kinase Swe1 activation. For all our experiments with strains lack-
ing Cdc55 or Rts1, we therefore employed a budding yeast strain
background lacking Swe1 (swe14), which ameliorates many of
these defects (Godfrey et al., 2017; Wang and Burke, 1997).
We again synchronized cells at the metaphase-to-anaphase
transition using Cdc20 depletion and reinduction. This revealed
markedly delayed progression through mitosis in cells lacking
either PP2AC°%® or PP2ARS! |n cells lacking Cdc55, Clo5
degradation and anaphase onset were delayed by 5-10 min (Fig-
ures 1D and 1E), maybe due to a role for PP2A in Cdc20 activa-
tion (Hein et al., 2017). Spindle disassembly was further delayed
and cytokinesis remained inefficient in the absence of PP2AC4°%®
or PP2AR! (Figure 1B). Cdk downregulation was retarded in
the absence of either phosphatase, but it finally reached comple-
tion (Figure 1C). This reveals that all three phosphatases—
Cdc14, PP2AC%®  and PP2ARS! —are jointly required to pro-
mote efficient mitotic progression in budding yeast. We came
to the same conclusion when we observed cell-cycle progres-
sion using cells synchronized by arrest and release from G1
(Figure S2).

Evidence for Substrate Specificity and Overlap of
Cdc14, PP2AC9°%5, and PP2AR'!

Given that Cdc14, PP2ACY%5 and PP2AR'! are all required for
timely completion of mitotic exit, we examined if the three phos-
phatases have overlapping or distinct substrate specificities.
The kinetochore protein Ask1, the pre-replicative complex
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partially dephosphorylated (Figure 2A).
The absence of PP2ACI°%® or pP2ARts
also delayed Ask1 dephosphorylation,
but only for a short time (Figures 2B and 2C). PP2A®°%® |oss de-
layed Orc6 dephosphorylation to a similar extent as Cdc14
depletion; however, Orc6é dephosphorylation remained unaf-
fected by the absence of PP2AR'!  Dephosphorylation of
Cbk1 in turn was obliterated in the absence of PP2ACY%5, an
effect even greater than following Cdc14 depletion. PP2ARS
loss only slightly impeded Cbk1 dephosphorylation. These ob-
servations suggest that Cdc14, PP2AS9%5 and PP2AR®! have
overlapping substrate specificities. Their relative contributions
vary depending on the individual substrate.

Phosphoproteomics Reveals Phosphatase

Contributions to Mitotic Exit

To globally define the in vivo substrate ranges of Cdc14,
PP2ACY% and PP2ARS! we performed time-resolved phos-
phoproteome analyses. Pairs of strains depleted for, or lacking,
the three phosphatases and their respective controls were syn-
chronized as before by Cdc20 depletion and reinduction. Ten
samples were collected, spanning from metaphase to G1.
Following cell breakage and trypsin digestion, peptides were
labeled using 10 isobaric tandem mass tags (TMT10plex).
Each pair of two sequential time points received the same label,
then sets of five alternating time points of control and mutant
were combined to yield two TMT10plex groups (Figure 3A).
Phosphopeptides were enriched and liquid chromatography-
tandem mass spectrometry (LC-MS/MS) data acquired. The
data were filtered to contain only singly phosphorylated pep-
tides, with a phosphosite localization probability score of greater
than 0.75. The majority of phosphosites were detected in both of
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the TMT10plex groups, covering all 10 time points. Phosphosites
that were detected in only one of the two groups were also
included in the analysis and values for the missing alternating
time points were filled by imputation (approximately 20% of all
values were imputed; see STAR Methods for details). This
yielded three datasets that document the impact of the three
phosphatases on phosphopeptide dynamics during mitotic pro-
gression. They contained 2,390, 3,659, and 4,877 phosphosites
in the Cdc14, PP2ASY® and PP2AR'S! datasets, respectively,
each representing over 1,000 proteins (Figure 3B; Data S1, S2,
and S3). 1,700 phosphosites were common within all three ex-
periments (Figure 3C). We previously found that fewer than 4%
of budding yeast proteins change in abundance during mitotic
exit (Touati et al., 2018). We therefore expect the majority of
phosphosite changes to be the consequence of protein phos-
phorylation or dephosphorylation.

To categorize phosphosite behavior, abundance at time zero
was normalized to 1 (i.e., 0 on a log, scale). Phosphosites that
decreased 1.5-fold over at least two consecutive time points
(i.e., below two-thirds of the time zero value) were classed as de-
phosphorylated (Figure 3D). Phosphosites that increased in
abundance by at least 1.5-fold were considered phosphorylated
(Figure 3E). As previously observed (Touati et al., 2018), approx-
imately equal numbers of phosphosites (10%-14% of sites)
gained or lost phosphorylation during the course of mitotic
exit. In addition, a smaller set of sites showed transient changes.
The latter passed the change threshold for at least two consec-
utive time points but then returned below the threshold for two or
more time points (Figures 3F and 3G; see also Data S1, S2, S3,
S4, and S5). The distribution of phosphosites between cate-
gories and the overlap between the three datasets can be found
in Figures S3A-S3C.

For each phosphosite category, we plotted the median and
the ranges of the central 90% of sites. The median and ranges
of the same sites in the phosphatase mutants were plotted
alongside (Figures 3D-3G). This revealed that Cdc14,
PP2ACI%5  and PP2ARS! all make substantial contributions to
the phosphorylation changes seen during mitotic progression.
Absence of any of the three phosphatases delayed and attenu-
ated overall protein dephosphorylation during mitotic exit.
Equally, protein phosphorylation events were subdued when

any of the phosphatases were missing. This suggests that
Cdc14, PP2AC9%55  and PP2AR™! cooperate during protein
dephosphorylation, as well as probably during activation of
mitotic kinases that bring about late mitotic phosphorylation.
Among the shared contributions of the three phosphatases, we
noted a particularly important role of PP2A°9°%% in enacting tran-
sient phosphorylation or dephosphorylation events (Figures 3F
and 3G), which we will further explore below.

To analyze phosphosite behavior in more detail, we performed
unsupervised hierarchical clustering of all the phosphosites that
displayed a greater than 1.5-fold change (Figures S3D-S3F).
This confirmed grouping of transient and lasting changes. While
the dendrogram shows fine detail of phosphosite behavior, we
will limit our current analysis to the two broad categories of tran-
sient or lasting phosphorylation changes (Figure 3D-3G).

Cdc14 Enacts Dephosphorylation Order by Targeting
the Cdk Signature Motif
Cdc14 is thought to sequentially dephosphorylate substrates
that play roles during the consecutive phases of mitotic exit
(Jin et al., 2008; Bouchoux and Uhlmann, 2011; Kuilman et al.,
2015). Our phosphoproteome survey allowed us to come to a
global assessment of dephosphorylation timings. We classified
all dephosphorylated sites according to their time of dephos-
phorylation, i.e., when they first passed the 1.5-fold threshold,
and plotted their mean dephosphorylation timing (Figure 4A).
This confirmed sequential protein dephosphorylation throughout
mitotic progression. Plotting the behavior of the phosphosites in
the three phosphatase mutants revealed a dramatic impact of
Cdc14 depletion. The distinction between early and late dephos-
phorylation vanished and most phosphosites were concomi-
tantly dephosphorylated with intermediate timing. The dynamic
range of dephosphorylation timings was also reduced in cells
lacking PP2AC9°%5 although the order of dephosphorylation
was maintained (Figure 4B). PP2AR'" had the least impact on
protein dephosphorylation timing (Figure 4C). This suggests
that Cdc14 plays a key role in controlling sequential protein
dephosphorylation during mitotic exit.

In the above comparison, the dynamic range of protein
dephosphorylation was smaller in the control strain for Cdc14
depletion, compared to the control strains for cells lacking

Figure 3. Phosphoproteomics Reveals Phosphatase Contributions to Mitotic Exit

(A) Schematic of the experiment using TMT10plex to analyze phosphoproteome changes in a time-resolved manner. Two TMT10plex sets were used to generate
each experimental dataset. Each isobaric mass tag is represented by a different color. One set was used to label the control and the mutant samples at times 0,
10, 20, 30, and 60 min. The other set was used to label samples at 5, 15, 25, 40, and 90 min. After mixing, phosphopeptide enrichment and liquid chromatography-
tandem mass spectrometry (LC-MS/MS) were performed.

(B) Table summarizing the three experimental datasets. See Data S1, S2, and S3 for all phosphosite intensities in the cdc149°9°", cdc554, and rts14 datasets,
respectively. The numbers before and after filtration for singly phosphorylated sites with a localization probability score of > 0.75 are indicated. The number of
represented proteins is indicated in parentheses.

(C) Overlap of phosphosites between the three experimental datasets.

(D) Normalized median intensity profile and distribution of the central 90% of the phosphosites that undergo a 1.5-fold decrease in phosphorylation abundance
through mitotic exit in the control. The respective controls are in black, cdc149°9"°" in red, cdc55 4 in blue, and rts74 in green. The number of phosphosites in each
category is indicated.

(E) As in (D), but phosphosites that show a 1.5-fold abundance increase in the control are shown.

(F) As in (D), but phosphosites undergoing a transient 1.5-fold decrease in the control are shown.

(G) As in (D), but phosphosites undergoing a transient 1.5-fold increase in the control are shown.

See also Figure S3 for further details of the phosphoproteome analysis, including heatmap and cluster analysis, as well as Data S1, S2, and S3 (sheets 2-8) for a
full list of the phosphosites.
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Figure 4. Cdc14 Enacts Dephosphorylation Order by Targeting the Cdk Signature Motif
(A) Normalized mean intensity profiles of phosphosites dephosphorylated during mitotic exit in the control strain. Sites were classified according to dephos-
phorylation timing (left). The same group of phosphosites in the cdc14929™" strain are plotted (right). The number of sites in each group is indicated.

(B) As in (A), but comparing control and cdc554 datasets.
(C) As in (A), but comparing control and rts14 datasets.

(D) Normalized median intensity profiles over time of phosphosites dephosphorylated in the control strain that adhere to the three indicated kinase consensus
motifs (left). The same phosphosites in the cdc 14997 strain are plotted (right). The number of sites in each group is indicated.

(E) As in (D), but comparing the control and cdc554 datasets.
(F) As in (D), but comparing the control and rts74 datasets.

See also Figure S4 and Data S4 for a biological replicate of this analysis and for the temporal analysis of protein phosphorylation.

PP2ACY%5 and PP2AR®!, This might have contributed to the
apparently greater effect seen upon Cdc14 depletion. However,
note that Cdc14 depletion is incomplete under our conditions, so
that this experiment provides a lower estimate for the contribu-
tion of Cdc14. To further test the robustness of our results, we
confirmed the impact of PP2AC%%® and to a lesser extent
PP2AR! on dephosphorylation dynamics in a biological repli-
cate analysis (Figures S4A-S4C; Data S4). This repeat analysis
further extended the number of phosphosites covered in our
analysis and reconfirmed several of our key observations (Fig-
ures S4A-S4C).

Cdc14 prefers a full Cdk consensus motif (S/T)Px(K/R) for
dephosphorylation, with a marked in vitro preference for serine
over threonine residues (Bremmer et al., 2012; Kuilman et al.,
2015; Powers and Hall, 2017). To address whether this speci-
ficity shapes the global dephosphorylation order, we classified
phosphosites by their kinase consensus motif signatures. Plot-
ting the median dephosphorylation timing of full Cdk consensus
motifs confirmed that SPx(K/R) sites are dephosphorylated
before TPx(K/R) sites and that both in turn are dephosphorylated
before (D/E/N)x(S/T) Plk consensus motifs (Touati et al., 2018).
Cdc14 depletion caused loss of this order, with serine-directed
sites losing their early dephosphorylation advantage (Figure 4D).

Again, PP2AS9%5 and PP2ARS™ had a smaller impact (Figures
4E, 4F, and S4B). This suggests that Cdc14 controls dephos-
phorylation timing in part by its selectivity for serine-based Cdk
phosphomotifs.

Cdc14 controls the activation of several late mitotic kinases
(Brace et al., 2011; Jaspersen and Morgan, 2000). Consistently,
the temporal order of mitotic phosphorylation events was also
greatly impaired following Cdc14 depletion. PP2ACY% also
participated in setting up the correct phosphorylation order,
while PP2AR! made only a small contribution (Figure S4C).
Together, the three phosphatases provide key input to the accu-
rate order of phosphoproteome changes seen during mitotic
exit.

PP2AC9°%5 Shapes a Transient Anaphase-Specific
Phosphorylation Pattern

Anaphase-specific attenuation of PP2 activity, by a mech-
anism that involves separase and the PP2AC°%® interactors
Zds1 and Zds2 (Queralt et al., 2006; Queralt and Uhlmann,
2008b; Jativa et al., 2019), permits Cdk and Plk phosphorylation
of Cdc14’s stoichiometric inhibitor Netl1, thereby releasing
Cdc14 inhibition. The high temporal resolution of our resource
allowed us to follow the phosphorylation patterns of 21 Net1
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phosphosites. Nine of these fell into the transiently phosphory-
lated category, showing characteristic anaphase-specific hyper-
phosphorylation, followed by dephosphorylation when Net1
resequesters Cdc14 at the end of mitotic exit. In cells lacking
PP2AC9°%8 six of these sites were prematurely phosphorylated,
likely explaining precocious Cdc14 release (Figure 5A). The
three other sites were only mildly affected by the absence of
PP2ACY°%® (Figure 5B). Cdc14 and PP2AR™! impacted Nett
phosphorylation only to a lower degree.

We next asked whether the anaphase-specific phosphorylation
pattern is unique to Net1, or whether other proteins might be simi-
larly regulated. We designed an expected phosphorylation profile
based on the six PP2A%9%5_regulated Net1 phosphosites and
searched for sites with a similar behavior (Figure S5A). This iden-
tified 29 phosphosites with anaphase-specific phosphorylation in
control cells and premature phosphorylation in the absence of
PP2ACY% (Figures 5C and S5B). Among these were known
mitotic cell-cycle regulators, including the Cdc14 Early Anaphase
Release (FEAR)-network component Spo12, cytokinesis regu-
lator Hof1, mitotic spindle protein She1, as well as the cell-wall
assembly factor Smi1. The Spo12 and Hof1 sites are previously
known Cdk-dependent phosphosites important for mitotic
regulation (Meitinger et al., 2011; Tomson et al., 2009). These
sites were impacted by PP2A®°%® and to a lower degree by
PP2AR®! (Figure S5C). This suggests that PP2AS9°%® downregu-
lation at anaphase onset provides an opportunity to shape an
anaphase-specific phosphorylation pattern that is used to regu-
late several biological pathways.

To gain insight into how these anaphase-specific targets are
specified, we considered the sequence context of the affected
sites. We noticed that five out of the six regulated Net1 phospho-
sites carry a Cdk or Plk phosphomotif signature, while the three
unaffected Net1 sites did not (Figures 5A and 5B). Many of the 29
additionally identified phosphosites also adhere to a Cdk or Plk
kinase consensus motif (Figure S5B). To explore this further,
we generated a sequence logo of these sites. Enrichment anal-
ysis revealed a threonine-directed Plk consensus motif NxT (Fig-
ure 5D). We now turned to all 319 transiently phosphorylated
sites that we had initially identified (Figure 3F). These contained
12 threonine PIk sites, 16 threonine Cdk sites, and 29 additional
threonine-directed sites. Plotting their median and interquartile
ranges revealed a general trend that metaphase phosphorylation
is counteracted by PP2AC9%5 (Figures 5E and S5D). This
demonstrates how a time-resolved phosphoproteome resource
allows the characterization of an anaphase-specific phosphory-
lation wave.

Lastly, we tested whether we can detect a global phosphor-
amino-acid preference of PP2ASY°®® during mitotic exit. This
revealed a substantial threonine preference irrespective of
sequence context and mitotic exit stage, consistent with previous
observations during interphase (Godfrey et al., 2017). In vivo thre-
onine specificity was to a lesser extent also observed in the case
of PP2AR'T byt not in the case of Cdc14 (Figures 5F and S5E).

PP2A°9°5% and PP2AF's! Target an Overlapping
Substrate Range

To identify additional dephosphorylation targets of PP2ACe5®
and PP2AR®! we looked for phosphosites that are dephosphory-
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lated in control cells but remain stable without either PP2AC9%°

or PP2ART (Figure S6A). We selected the 40 most affected sites,
whose persistent phosphorylation until the end of the time course
cannot be explained solely by delayed Cdk downregulation.
These sites provide a resource for future studies into how
PP2ACY°%5 and PP2ARS! promote mitotic exit (Figures S6B and
S6C; Data S2 and S3, sheet 10). One of the phosphosites identi-
fied in cells lacking PP2A®9°% was Orc6 T146, confirming that
PP2AC9°% contributes to Orcé dephosphorylation (compare Fig-
ure 2B). Additional substrates implicated in DNA replication were
also PP2AC9°%® targets, including the DNA replication licensing
factor Mcm4 and the large DNA polymerase o subunit Pol1. Sub-
strates implicated in cytoskeletal organization included the actin
regulators Abp1 and Pan1, as well as the septin Shs1 and formin
Bni1. The identification of these substrates contributes to ex-
plaining the role of PP2A®°%® during mitotic exit.

31 of the 40 PP2AC9°% target sites were also contained in our
PP2AR*! dataset. We therefore plotted the behavior of these
phosphosites in control and both phosphatase deletion back-
grounds (Figure S6D). This revealed that PP2AR! is required
together with PP2AC9°% for efficient dephosphorylation of all
PP2ACY® target sites.

We next explored the substrates most affected by the
absence of PP2AR!. These included the mitotic exit kinase
Gin4, the mitotic exit network component Lte1, as well as the
F-box protein Ufo1 (Figure S6C). All phosphosites affected by
PP2AR! were also subject to regulation by PP2AC%® (Fig-
ure S6E). We reached the same conclusion from our replicate
experiment (Figure S6F; Data S4). This suggests that PP2AC4°%S
and PP2AR! have an overlapping substrate spectrum during
mitotic exit, despite their distinct regulatory subunits.

Small linear interaction motifs are thought to provide phospha-
tase substrate specificity. PP2AR! recognizes an LxxIxE motif
([LCVMIF][ST]IP[ILVM]XE) (Hertz et al., 2016). 98 budding yeast
proteins harbor at least one LxxIXE motif, of which 33 proteins
were represented in our PP2AR! dataset. In the control, phos-
phosites on only 10 of these proteins were dephosphorylated
during mitotic exit. Their dephosphorylation depended on
PP2ARST (Figure S6G). This is consistent with a contribution of
the LxxIXE motif for PP2AR®! recognition, but also highlights
the difficulty with predicting functional small linear interaction
motifs based on the amino acid sequence alone. Cdc14 recog-
nizes a PxL motif (Kataria et al., 2018). Four dephosphorylated
substrates in the Cdc14 dataset contained a PxL motif and these
depended on Cdc14 for dephosphorylation. Their number was
too small to allow a meaningful analysis of a possible contribu-
tion of the PxL motif to their dephosphorylation timing.

PP2A®?°*% and PP2AR's" Sustain NDR and Aurora Kinase
Motif Phosphorylation

While investigating phosphoproteome dynamics in cells lacking
PP2AR®! we noticed 264 phosphosites that are stable in control
cells, but are dephosphorylated in the absence of PP2AR®! (Fig-
ure 6A). Therefore, PP2AR'S! might be important to sustaining
certain kinase(s), which maintain these phosphorylation events
during mitotic exit. A sequence logo of the 264 affected sites
revealed that an (R/K)x(S/T) Aurora kinase motif was enriched
(Figure 6B). This suggests that PP2AR*! supports Aurora kinase



OPEN

ACCESS
CellPress

A
Control cdc55A rts1A cdc14 degron Net1
815 15 15 15 o S60
] 10 - T62
S 1.0 1.0 1.0 : & T212
205 0.5 0.5 0.5 -+ S280
©
. 0.0 0.0 - N - T288
% 0.0 0.0 05 = T304
5-0.5 -0.5 -0.5 -0.
<
2-1.0 -1.0 -1.0 -1.0
N7 I E——— - IR R e s e
O OREPPPRPSP O OREPPP PRSP O OREPPPOPSP O oRLPPPRSS
time after release (min) time after release (min) time after release (min) time after release (min)
B Net1
g 3. Control 3. cdch5A 3, Ms1A 3. cdc14 deoon o S259
] -+ S270
EE 2 2 2 & S362
21 1 1 1
20 0 0 0
2
5 -1 -1 -1 4
3
Q © ONDARR PSP Q % O D OSSP Q & PP ROSS O © OPAPP PP
time after release (min) time after release (min) time after release (min) time after release (min)
c D 287 29 phosphosites
Control cdcb5A
815 . n=29
e - 14
g 1.0 oo
205 S g Q V R
200 g M
S 05 3¢
3 -1.0 ] 'og
215 a ¥y
Q g
2 -2.0
£ -25 — T .
06 OPPD OSSP QOB PPD RS -28] 3659 phosphosites (all dataset)
time after release (min) time after release (min) g
E
-+ Control ~+ Control
[ Thr Plk motifs (12) (3 Thr Pik motifs (9)
-e- Control
-@- Control y
[_Thr Cdk motifs (16) 3 DT"; Cdk motifs (13)
) -+ rts1A
~# cdc55A = y
2 I Thr Plk motifs (12) é EEThr Pik moifs (9)
1. o ris1A
Z-1. o cdc55A 2 )
fsl Cirwmatis(e) 15 [ITOMK et (1)
O ONOPPRRSS O ONLPPPRSS
. . time after release (min)
time after release (min)
F
© Ser Thr Ser Thr
2 P P NS *
S 1.1 1.1
5 Control Control
® H cdc55A E ns1A
()
= 1. . =
g 1.0 E] E| E] 1.0 = |4
<
]
£09 0.9

Figure 5. PP2A®9°%® Shapes an Anaphase-Specific Phosphorylation Wave

(A) Profile plot of six Net1 phosphosites transiently phosphorylated in the control (black) and hyperphosphorylated in the cdc55 4 strain. The same phosphosites
are also plotted in rts714 and cdc149€9°" cells.

(B) Profile plot of three Net1 phosphosites transiently phosphorylated in the control (black) as well as in the cdc554 strain.

(C) 29 sites identified by correlation analysis in control and cdc554 cells.

(D) IceLogo motif analysis of the 29 phosphosites identified in (C). The phosphorylated residue is at position 0. Larger letter size indicates increasing enrichment;
the threshold for enrichment detection was p = 0.01.

(E) Median intensity profile and interquartile range of transiently phosphorylated phosphosites that adhere to the two indicated kinase consensus motifs.

(F) Median phosphosite abundance over all 10 time points in control, cdc554, and rts14 cells, grouped by phosphoacceptor amino acid. 2,948 and 3,491 serine
sites and 711 and 880 threonine sites entered the analysis from the cdc554 and rts14 datasets, respectively. cdc554 *p = 0.038; **p = 0.0002. rts74 *p = 0.0103;
NS, not significant, unpaired t test.

See also Figure S5 for design of the correlation analysis, full list of phosphosites identified, and global phosphosite abundance in the cdc 149" dataset.
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Figure 6. PP2AC9°%% and PP2AR*! Sustain NDR and Aurora Kinase Motif Phosphorylation

(A) Median intensity profile and interquartile range of 264 phosphosites that are stable or phosphorylated in control, but dephosphorylated in rts74 cells.
(B) IceLogo motif analyses of these sites; the threshold for enrichment detection was p = 0.01.

(C) Median intensity profile and interquartile range of 166 phosphosites from (A) that are present in the cdc554 dataset.

(D) Median intensity profile and interquartile range of 259 phosphosites that are stable or phosphorylated in control, but dephosphorylated in cdc554 cells.
(E) IceLogo motif analyses of these sites; the threshold for enrichment detection was p = 0.01.

(F) Median intensity profile and interquartile range of 174 phosphosites from (D) that are present in the rts74 dataset.

See also Figure S6 for the identification of PP2AS4°® and PP2AR! targets.

activity during mitotic exit. Consistent with this possibility, we
found increased phosphorylation on two residues of the budding
yeast Aurora kinase catalytic subunit Ipl1 in the absence of
PP2AR! (Figure S6H). The two other Aurora kinase complex
subunits Bir1 and Sli15 were previously found to be hyperphos-
phorylated in cells lacking PP2AR®" (Zapata et al., 2014). Note
that, in this case, the effect on Aurora kinase substrates was spe-
cific to PP2AR!, 166 of the 264 affected phosphosites were also
recorded in our PP2A®9°%® dataset. The absence of PP2ACY%S
had little impact on these sites (Figure 6C). This suggests that
PP2AR' plays a specific role in the regulation of Aurora kinase
activity during mitotic exit.

We also found 259 phosphosites that are stable in control
cells, but become dephosphorylated in the absence of
PP2AC9°®8 (Figure 6D). Their sequence logo showed an enrich-
ment in HXRxxS and RxxS NDR kinase motifs (Figure 6E). A sub-
set of 174 of these sites were contained in our PP2AR! dataset
and these remained largely unaffected in the absence of
PP2ART (Figure 6F). This suggests a specific role for PP2ACI5S
in the regulation of NDR kinase phosphorylation during mitotic
exit. Note that Cbk1 dephosphorylation, thought to promote its
activation (Brace et al., 2011), is greatly compromised in the
absence of PP2ACY® (compare Figure 2B). These results
demonstrate that PP2A®9°5% and PP2AR*! not only make crucial
contributions to protein dephosphorylation during mitotic exit,
but additionally shape phosphoproteome dynamics by positively
regulating late mitotic kinases.
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Phosphatase Interplay Promotes Timely Mitotic
Progression

While our phosphoproteome analysis revealed specific roles for
each Cdc14, PP2AC9%5 and PP2AR®! it also revealed a surpris-
ing degree of overlap. To investigate possible mechanisms for
redundancy, we considered phosphoregulation of the phospha-
tases themselves and their regulators. The endosulfines Igo1/
Igo2, as well as Zds1/Zds2, interact with and regulate PP2AC9°%°
(Juanes et al., 2013; Queralt and Uhlmann, 2008b). Igo2 phos-
phorylation was markedly reduced in cells lacking PP2ACI°5®,
as was a wave of Zds2 phosphorylation that we observed in con-
trol cells (Figures S7A and S7B). This suggests that feedback
control operates between PP2ACY%® and its regulators. The
Cdc14 phosphatase itself is also subject to phosphoregulation.
In particular, Cdc14 S429 phosphorylation, which is thought to
inhibit phosphatase activity (Li et al., 2014), was vastly reduced
in the absence of PP2AC9°%® (Figure 7A). S429 phosphorylation
is high in control metaphase cells and declines during mitotic
exit as Cdc14 becomes active. In cells lacking PP2ACY°%5, 5429
phosphorylation was low in metaphase and remained low
throughout mitotic exit. Constitutively lower levels of Cdc14
phosphorylation were also apparent when observing Cdc14 elec-
trophoretic mobility in cells lacking PP2A ©9°%° (Figure S7C). Pre-
mature Cdc14 release from the nucleolus in cells lacking
PP2ACY% (Queralt et al., 2006) might facilitate Cdc14 auto-
dephosphorylation, thereby additionally compensating for the
absence of PP2ACY°® These considerations highlight that the
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Figure 7. Phosphatase Interplay Promotes Timely Mitotic Progression
(A) Profile plot of Cdc14 phosphosites in control, cdc554, and rts14 cells.

(B) A physical interaction between Cdc14 and PP2AC9°%5, Cells were synchronized in metaphase and released. Protein A-tagged Cdc14 was precipitated from
cell extracts at the indicated times and coprecipitation Cdc55 was analyzed by western blotting. Cell-cycle progression was monitored by FACS analysis of DNA

content.

(legend continued on next page)
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impact of phosphatases on each other, as well as on kinases,
must be kept in mind when interpreting phosphorylation changes.

In addition to this interdependent regulation, we tested
whether Cdc14 and PP2AC9°5® engage in a direct physical inter-
action. We affinity purified protein A epitope tagged Cdc14
from budding yeast cell extracts and found that Cdc55
specifically coprecipitated with Cdc14, an interaction that was
detectable throughout the course of mitotic exit (Figure 7B).
This opens the possibility for direct cooperation between the
two phosphatases.

Two examples where Cdc14 and PP2AS9%5 cooperate to
achieve complete substrate dephosphorylation are Orc6 and
Cbk1 (compare Figures 2A and 2B). We therefore investigated
whether Cdc14 and PP2AC9%%® target these substrates in an
interdependent manner. Affinity pulldowns of Cbk1 and Orc6
were used, which demonstrated a detectable interaction with
both phosphatases. The interaction of Cbk1 and Orc6 with
Cdc55 were unaffected by depletion of Cdc14 (Figures 7C and
7D). Likewise, Cbk1 and Orc6 interacted with Cdc14 in cells con-
taining or lacking Cdc55 (Figures 7E and 7F). Thus, even though
Cdc14 and PP2ACY°%® coordinately target Cbk1 and Orcé for
dephosphorylation, they interact with their substrates indepen-
dently of each other.

Finally, we directly investigated the joint contribution of Cdc14
and PP2AS9® to mitotic progression. Cdc14 depletion and
Cdc55 removal each caused a mitotic exit delay (compare Fig-
ures 1 and 2). When we depleted Cdc14 in a strain background
lacking Cdc55, this caused a much longer mitotic exit delay.
Cytokinesis happened very inefficiently and in only a subset of
cells while Orc6 dephosphorylation was nearly absent (Fig-
ure 7G). Additive effects were also observed when Cdc14 was
depleted from cells lacking Rts1 (Figure S7D). These results
emphasize that in spite of overlapping roles, the phosphatases
Cdc14, PP2AC9°%5 and PP2ARS! make additive contributions
to guarantee efficient substrate dephosphorylation during
mitotic exit.

DISCUSSION

In this study, we employ time-resolved phosphoproteome anal-
ysis to reveal the contributions of three major phosphatases—
Cdc14, PP2ASY5 and PP2ARS! _to the protein phosphoryla-
tion and dephosphorylation program during budding yeast
mitotic progression. Expanding upon the previous appreciation
of Cdc14 as a key budding yeast mitotic exit phosphatase, we
found that both PP2A%9°%% and PP2AR'! make key contributions
to phosphoproteome dynamics during mitotic progression and
to successful completion of cell division.

Cdc14 Orders Mitotic Progression

Previous analyses of Cdc14 made use of temperature-sensitive
alleles to inactivate the phosphatase (Visintin et al., 1998).
Compromised Cdk downregulation in that case confounds the
ability to identify direct Cdc14 targets. Here, we used partial con-
ditional depletion of Cdc14. At the resulting depletion levels, Cdk
downregulation occurred with only a small delay, allowing us to
better define the substrate spectrum that is controlled by Cdc14.
Note that residual Cdc14 activity means that this analysis will
have underestimated the full contribution of Cdc14 to protein
dephosphorylation.

Despite only partial depletion, we could identify numerous
target proteins whose dephosphorylation patterns are affected
by Cdc14. Most notably, we found a prominent impact of
Cdc14 on sequential protein dephosphorylation during mitotic
exit. We have in the past proposed a quantitative model showing
how Cdc14 sequentially dephosphorylates its targets during
mitotic exit (Bouchoux and Uhlmann, 2011). Early targets can
be dephosphorylated by a small amount of Cdc14, even in the
presence of persisting Cdk activity. Later targets require the
Cdk-Cdc14 balance to shift farther toward Cdc14. Central to
this model is not only decreasing Cdk activity during mitotic
exit, but also increasing Cdc14 phosphatase activity. This is
enacted in budding yeast by the gradual release of Cdc14 from
Net1 inhibition in the nucleolus (Stegmeier and Amon, 2004).
We imagine that an activity increase of a Cdk counteracting
phosphatase is instrumental to control ordered substrate
dephosphorylation. In vertebrates, this is likely PP2A in its antag-
onistic relationship with Cdk (Castro and Lorca, 2018). The role
of Cdc14 in organisms other than budding yeast remains less
clear. On the one hand, several species are known to be viable
in the absence of Cdc14, including C. elegans. On the other
hand, mitotic exit defects and cytokinesis failure have been
reported following acute Cdc14 depletion from C. elegans
embryos (Gruneberg et al., 2002; Saito et al., 2004). The contri-
bution of three human Cdc14 isoforms CDC14A-C to mitosis
and their possible redundancy with other phosphatases will be
important to explore.

An Anaphase-Specific Phosphorylation Pattern
Generated by PP2AC4°55

Even though our study has confirmed that Cdc14 makes an
important contribution to budding yeast mitotic exit, we have
also uncovered unanticipated roles for PP2A®9%® and
PP2ARST We previously found that PP2ASY°%® counteracts
Cdk phosphorylation during interphase, in particular by de-
phosphorylating phosphothreonine residues (Godfrey et al.,
2017). We now show that this role extends into mitosis, when

(C) Phosphatase-substrate interactions. Protein A-tagged Cbk1 was precipitated and the coprecipitation of PP2

arrested cells with or without Cdc14 depletion following auxin (IAA) addition.
(D) As in (C), but protein A-tagged Orc6 was precipitated.

ACI5S \vas analyzed in extracts from metaphase

(E) Protein A-tagged Cbk1 was precipitated and the coprecipitation Cdc14 was analyzed in extracts from metaphase-arrested control or cdc554 cells.

(F) As in (E), but protein A-tagged Orc6 was precipitated.

(G) Mitotic progression of control cdc749°9°" and cdc55 4 cdc149°97" cells. Cell-cycle progression was monitored by FACS analysis of DNA content and western

blotting against the indicated proteins.

See also Figure S7 for analysis of Igo2 and Zds2 phosphosites, Cdc14 phosphorylation by electrophoretic mobility shift, and mitotic exit kinetics of rts74

cdc14990 cells,
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PP2AC955 opposes phosphorylation by both Cdk and Plk
kinases. A temporary dip in PP2A9°%% gctivity, mediated by
separase at anaphase onset, allows Cdk and Plk to gain the
upper hand and instruct a transient anaphase-specific phos-
phorylation wave. How Cdk and PIk specificity of the anaphase
wave is achieved is unclear. It could in part be due to the sub-
strate specificity of PP2A, which is still incompletely under-
stood. On the other hand, Cdk and Plk are two kinases that
are at the peak of their activity during this time of the cell cycle.
A decline of their counteracting phosphatase can therefore
be expected to boost phosphorylation of their substrates. We
do not currently know whether a similar anaphase-specific
mode of substrate regulation operates in other organisms.
Separase-dependent PP2A%9°%® downregulation is so far only
known in budding yeast. However, sudden phosphorylation
changes at the time of anaphase onset also occur in verte-
brates (Mochida and Hunt, 2012). How such sudden phosphor-
ylation changes are implemented in these organisms remains
to be investigated.

Specificities and Cooperation between Mitotic
Phosphatases

One of the great surprises of our study was the degree of coop-
eration between the three phosphatases Cdc14, PP2ACY%®,
and PP2AR! Recent biochemical characterization of the
three phosphatases has revealed distinct substrate targeting
mechanisms. Cdc14 recognizes a PxL docking sequence and
prefers to dephosphorylate phosphoserine within a pSPxK/R
motif (Bremmer et al., 2012; Eissler et al., 2014; Kataria
et al., 2018). In mammals, PP2AB®® is attracted to a polybasic
docking sequence and shows exquisite selectivity for threo-
nine dephosphorylation, at least in vitro (Agostinis et al.,
1990; Cundell et al., 2016). PP2AP% in turn recognizes LxxIXE
sequences (Hertz et al., 2016; Nilsson, 2019; Wang et al.,
2016). Based on this biochemical knowledge, one could have
expected a strict division of labor between these phospha-
tases, in accordance with their substrate specificities. Instead,
we found that many protein substrates, and indeed many indi-
vidual phosphosites, are jointly controlled by two or more
phosphatases.

Our phosphoproteome analysis revealed that PP2 and
PP2AR'! share a majority of their substrates. We imagine that
phosphatases make use of combinatorial substrate recognition
to identify their targets. Affinity to either a regulatory subunit or
the active site will contribute to substrate selection, thereby
expanding the target range. An example of this is phospho-
threonine dephosphorylation by Cdc14, usually disfavored by
this phosphatase. Addition of a PxL substrate targeting
sequence allows, albeit slow, phosphothreonine dephosphory-
lation (Kataria et al., 2018). In a similar way, a multitude of recog-
nition modes might enable phosphatases to recognize their
targetsin vivo. If this is correct, then phosphatases might indeed
show a broader substrate range when compared to kinases.
The aggregate levels of phosphatase activity then become an
important determinant of mitotic progression, with the three
phosphatases Cdc14, PP2AC°%® and PP2AR'S! all adding up
to counteract kinases as cells progress through mitosis and
return to G1.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-Scc1 (362 D11B10)
(budding yeast)

Mouse monoclonal anti- a-tubulin

Mouse monoclonal anti-V5

Mouse monoclonal anti-HA (F7)
Mouse monoclonal anti-HA (12CA5)
Goat monoclonal anti-c-Myc
Rabbit monoclonal anti-Clb2
Rabbit monoclonal anti-Clb5
Rabbit monoclonal anti-Sic1

Mouse monoclonal anti-Orc6

Rat monoclonal anti- a-tubulin (YOL1/3)
Anti-mouse IgG CY3

Anti-rat IgG Alexa Fluor 594

Rabbit Peroxidase Anti-Peroxidase
Anti-mouse 1gG (HRP-conjugated)
Anti-rabbit IgG (HRP-conjugated)
Anti-goat IgG (HRP-conjugated)

Gift from Shirahige Lab

Cell Services Science Technology
Platform, The Francis Crick Institute

Bio-Rad

Santa Cruz

Cell Services, The Francis Crick Institute
Bethyl

Santa Cruz

Santa Cruz

Santa Cruz

Cell Services, The Francis Crick Institute
Bio-Rad

Jackson Immunoresearch

Molecular Probes

Sigma-Aldrich

GE Healthcare

GE Healthcare

Abcam

N/A

N/A

Cat# MCA1360; RRID:AB_322378
Cat# sc-7392; RRID:AB_627809

N/A

A190-204A; RRID:AB_66865
Discontinued

Discontinued

Discontinued

N/A

Cat# MCA78G; RRID:AB_325005
Cat# 115-166-003; RRID:AB_2338699

Cat# P1291; RRID:AB_1079562
Cat# NA931; RRID:AB_772210
Cat# NA934; RRID:AB_772206
Cat# ab97110; RRID:AB_10679463

Chemicals, Peptides, and Recombinant Proteins

a-factor Peptide Chemistry Science Technology N/A

Platform, The Francis Crick institute
Nocodazole Sigma-Aldrich Cat# M1404
Indole-3-acetic acid (IAA) Sigma-Aldrich Cat# 13750
G418 Sigma-Aldrich Cat# G8618
Formaldehyde solution Sigma-Aldrich Cat# 252549
cOmplete EDTA-Free Protease Inhibitor Cocktail Sigma-Aldrich Cat# 04693132001
Zymoliase 100T MP Cat# 320931
Benzonase® Nuclease Sigma-Aldrich Cat# E1014
RNase A Sigma-Aldrich Cat# 10109169001
Protein Assay Dye Bio-Rad Cat# 5000006
Propidium iodide solution Sigma-Aldrich Cati#t P4864
GelRed® Nucleic Acid Gel Stain Biotium Cat# 41003-1
ATP Roche Cat# 11140965001
ATP33P Hartmann SCF301
Histone H1 Roche Discontinued
Pierce Trypsin Protease, MS Grade ThermoFisher Cat#90058
Critical Commercial Assays
InFusion HD cloning kit Clontech Laboratories Cat# 639634
CloneAmp HiFi PCR Premix Clontech Laboratories Cat# 639298

Dynabeads Protein A
Dynabeads M-270 Epoxy
Rabbit immunoglobulin G (IgG)

ThermoFisher
ThermoFisher
Sigma-Aldrich
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Cat# 14302D
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LW’KMITY
'REAGENT or RESOURCE SOURCE IDENTIFIER
U‘ECL Prime Western Blotting Detection Regent GE Healthcare Cat# RPN2232
urTMT 10plex Isobaric Label Reagent Set 1 x 0.8 mg ThermoFisher Cat#90110
Pierce TiO2 Phosphopeptide Enrichment Spin Kits ThermoFisher Cat#88303
EHigh-Select Fe-NTA Phosphopeptide Enrichment Kit ThermoFisher Cat#A32992
UltiMate 3000 HPLC System ThermoFisher Cat#5041.0010
s1EASY-Spray C18 column, 75 pm X 50 cm ThermoFisher Cat#ES803
B‘Orbitrap Fusion Lumos Tribrid Mass Spectrometer ThermoFisher Cat#IQLAAEGAAPFADBMBCX
- BEPRE T © ; © O TeaeT
The full mass spectrometry proteomics data this paper PXD012860

obtained in this study have been deposited
with the ProteomeXchange Consortium via
the PRIDE partner repository

ta

g‘Unprocessed gel images presented in this this paper https://doi.org/10.17632/tspgywx7g3.1
manuscript can be found on Mendeley

2 xperimental : Orgahisms/Strains _ .. S . }

Al Saccharomyces cerevisiae strains used in Lab stock and this study N/A

a(this study are listed in Data S5.

o Escherichia coli DH5a. competent cells New England Biolabs Cat# C2987U
Software and Algorithms

MSnapgene v2.6 GSL Biotech https://www.snapgene.com
FlowdJo v10.1 FlowdJo https://www.flowjo.com

Flprism v7.0c GraphPad https://www.graphpad.com/scientific-

Fl software/prism/

PimagedJ v1.50c ImageJ https://imagej.nih.gov/ij/

plPerseus v1.4.0.2 Perseus https://maxquant.net/perseus/
MaxQuant v1.5.0.13 MaxQuant https://www.maxquant.org

\;V'Icelogo Colaert et al., 2009 https://iomics.ugent.be/icelogoserver/

7 T T U

Immunofluorescence

Aliquots of the cultures were taken at the indicated time intervals and fixed overnight in cold fixation buffer (100 mM potassium phos-
phate pH 6.4, 0.5 mM MgCI2, 3.7% formaldehyde). In brief, cells were spheroplasted in buffer containing 28 mM B-mercaptoethanol
and 20 U/ul Zymolase T-100 by incubation at 37°C for 45 minutes. Immunofluorescence staining against tubulin was performed to
evaluate spindle elongation during anaphase and spindle disassembly during mitotic exit. Cells were counterstained with the DNA
binding dye Hoechst to evaluate DNA segregation. Fluorescent images were acquired using an Axioplan 2 Imaging microscope
(Zeiss) equipped with a 100x (NA = 1.45) Plan-Neofluar objective and an ORCA-ER camera (Hamamatsu). Antibodies used for immu-
nofluorescence are listed in the Key Resource Table.

Western Blotting

Protein extracts for western blotting were prepared following cell fixation using trichloroacetic acid (Foiani et al., 1994). 1 mL culture
(ODgoo = 0.3) was resuspended in 1ml of 20% trichloracetic acid and kept an hour on ice before being washed in 1 mL of 1M Tris-
Base. Pellet were resuspended in 100 pL of 2X Laemmli buffer, boiled for 5min and clarified by centrifugation. Bio-Rad protein assay
was used to evaluate protein concentration and 15 pg of proteins were separated by SDS—polyacrylamide gel electrophoresis before
being transferred to nitrocellulose membranes. Antibodies used for Western detection are listed in the Key Resource Table.

Affinity Coprecipitation

Cell extracts were prepared in lysis buffer (50 mM HEPES-KOH pH 7.9, 100 mM NaCl, 2.5 mM MgCl,, 10% glycerol, 0.25% Triton
X-100, 0.5 mM TCEP, protease, phosphatase inhibitors and benzonase) using glass beads breakage in a refrigerated Multi-Beads
Shocker. Extracts were cleared by centrifugation, then further cleared with Dynabeads Protein A (ThermoFisher) and incubated
with Dynabeads IgG to retrieve protein A-tagged proteins of interest. Following washes, elution was carried out in SDS-PAGE loading
buffer.
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Cdk Kinase Assay

Cell extracts were prepared in lysis buffer (50 mM HEPES-KOH pH 7.9, 100 mM NaCl, 2.5 mM MgCl,, 10% glycerol, 0.25% Triton
X-100, 0.5 mM TCEP, protease, phosphatase inhibitors and benzonase) using glass beads breakage in a refrigerated Multi-Beads
Shocker. Extracts were cleared by centrifugation and incubated with Dynabeads Protein A, previously ligated to an HA-specific
antibody to pull down HA epitope-tagged Cdc28. Beads were extensively washed in lysis buffer and equilibrated in kinase buffer
(50 mM HEPES-KOH pH 7.9, 150 mM NaCl, 10 mM MgCl,, 0.2% Triton X-100 and phosphatase inhibitors) before performing the
kinase reaction. Histone H1 phosphorylation reactions were carried out in kinase buffer containing 15 uM of histone H1 and
660 uM ATP, including 5.5 nM y-23P-ATP, for 15 minutes at 30°C. Reactions were terminated by addition of SDS-PAGE loading buffer
and resolved by 12% SDS-PAGE. The gel was fixed, dried and exposed to a Phosphorimager screen (GE Healthcare).

Extract Preparation for Phosphoproteome Analysis

Control and mutant cells were grown overnight in rich YP medium supplemented with 2% raffinose + 2% galactose (YP Raff + Gal) at
25°C, arrested in mitosis by filtration and release into medium containing raffinose only. Following arrest, an aliquot of the cultures
was harvested before readdition of galactose. Nine further aliquots were taken at the indicated time points. Cells were collected by
centrifugation and resuspended in 100% (w/v) trichloroacetic acid solution for protein fixation. Following acetone washes, cells were
resuspended in lysis buffer (50 mM ammonium bicarbonate, 5 mM EDTA pH 7.5, 8 M urea) and opened by glass bead breakage.
Protein extracts were cleared by centrifugation.

Sample Preparation for Mass Spectrometry

300 ng of each protein sample was reduced with 5 mM dithiothreitol (DTT) for 25 minutes at 56°C, alkylated with 10 mM iodoaceta-
mide for 30 minutes at room temperature in the dark, then quenched with 7.5 M DTT. Samples were diluted with 50 mM HEPES pH 8.5
to reduce the urea concentration to < 2 M, prior to trypsin digestion overnight at 37°C. Peptides were then acidified and desalted
using a C18 SepPak column under vacuum and dried. The samples were arranged in sets of ten and labeled using the TMT10plex
Isobaric Label Reagent Set (ThermoFisher), as per the manufacturer’s instructions. Following labeling and mixing, multiplexed sam-
ples were again desalted using a C18 SepPak column. Phosphopeptide enrichment was performed by Sequential Enrichment from
Metal Oxide Affinity Chromatography (SMOAC, ThermoFisher) with initial enrichment using the High-Select TiO, Phosphopeptide
Enrichment Kit followed by the High-Select Fe-NTA Phosphopeptide Enrichment Kit (both Thermo Scientific) for the non-bound
flowthrough fractions. Phosphopeptides were eluted, desalted using a C18 StageTip and analyzed in triplicate on an Orbitrap Fusion
Lumos mass spectrometer (Thermo Fisher) coupled to an UltiMate 3000 HPLC system for on-line liquid chromatographic separation.
Each run consisted of a three hour gradient elution from a 75 um x 50 cm C18 column.

QUANTIFICATION AND STATISTICAL ANALYSIS

Mass Spectrometry Data Analysis

MaxQuant (version 1.5.0.13) was used for all data processing. The data was searched against a UniProt extracted Saccharomyces
cerevisiae proteome FASTA file, amended to include common contaminants. Default MaxQuant parameters were used with the
following adjustments. Phospho(STY) was added as a variable modification, MaxQuant output files were imported into Perseus
(version 1.4.0.2). All reporter intensities were log, transformed and only phosphosites which were quantified in all 10 channels in
at least one TMT group were retained. Reporter intensities were normalized by subtracting the median value for a specific TMT chan-
nel and then by subtracting the median value of each phosphosite across the time course. 61%, 68% and 72% of the phosphosites
were quantified in all 10 time points of the Cdc14, PP2AS9°%5 and PP2ARS experimental datasets, respectively. Missing values were
imputed by calculating the mean of the two adjacent time points. Smoothing was then performed by replacing each technical or
imputed value by the mean of the two adjacent time points. For both imputation and smoothing of the 0 and 90 minute time points,
only the 5 and 60 minute values, respectively, were used. For the analyses shown in Figures 3 and S4, phosphosite intensities were
log transformed and normalized to 0 at time point zero. For Figure 4, phosphosite intensities are in linear scale and normalized to 1.
Figures 5, 6, S5, S6, S7, and S8 show phosphosite intensities on a log scale.

Phosphosite Abundance Change Analysis

Phosphosite abundances at time 0 were normalized. A 1.5 fold decrease in phosphosite abundance, or a 1.5 fold increase, over at
least two consecutive time points was required to meet classification as dephosphorylated or phosphorylated, respectively. Phos-
phosites that showed a less than 1.5 fold change were considered stable. In Figures 4 and S4, the time point of dephosphorylation or
phosphorylation was then assigned as the time when the threshold was first passed.

Clustering and Correlation Analysis

Correlation analyses in Figures 5 and S6 were performed in Perseus after designing expected profiles. Phosphosites with the lowest
distance from the expected profiles were selected. For the hierarchical clustering analysis in Figures S3D-S3F and S6F, In-trans-
formed datasets were normalized to 0 in metaphase (0 minutes) in the control. They were then subjected to hierarchical clustering
with complete agglomeration of an Euclidean metric, to preserve differences in absolute phosphorylation levels. The dendrogram
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was cut into 12 subtrees throughout, an arbitrary number thought to be at least as large as the number of different behavior patterns.

Icelogo Sequence Analysis

Amino acid distributions surrounding phosphosites was analyzed using IceLogo (Colaert et al., 2009). Phosphoresidues are placed at
the central position within the sequence logo. A p-value = 0.01 was applied as detection threshold when using IceLogo. Percentage
difference reflects the frequency of an amino acid in the indicated category, at a given position, compared to its frequency in the
whole dataset, from where the category had been extracted.

DATA AND CODE AVAILABILITY

The full mass spectrometry proteomics data obtained in this study have been deposited with the ProteomeXchange Consortium via
the PRIDE partner repository with the dataset identifier PXD012860.
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