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Re-examining the role of Cdc14 phosphatase in reversal of Cdk
phosphorylation during mitotic exit

Brendan L. Powers and Mark C. Hall*

ABSTRACT

Inactivation of cyclin-dependent kinase (Cdk) and reversal of Cdk
phosphorylation are universally required for mitotic exit. In budding
yeast (Saccharomyces cerevisiae), Cdc14 is essential for both and
thought to be the major Cdk-counteracting phosphatase. However,
Cdc14 is not required for mitotic exit in many eukaryotes, despite
highly conserved biochemical properties. The question of how
similar enzymes could have such disparate influences on mitotic
exit prompted us to re-examine the contribution of budding yeast
Cdc14. By using an auxin-inducible degron, we show that severe
Cdc14 depletion has no effect on the kinetics of mitotic exit and
bulk Cdk substrate dephosphorylation, but causes a cell separation
defect and is ultimately lethal. Phosphoproteomic analysis revealed
that Cdc14 is highly selective for distinct Cdk sites in vivo and
does not catalyze widespread Cdk substrate dephosphorylation.
We conclude that additional phosphatases likely contribute
substantially to Cdk substrate dephosphorylation and coordination
of mitotic exit in budding yeast, similar to in other eukaryotes,
and the critical mitotic exit functions of Cdc14 require trace
amounts of enzyme. We propose that Cdc14 plays very specific,
and often different, roles in counteracting Cdk phosphorylation in
all species.
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INTRODUCTION

Eukaryotic cell division depends on periodic cyclin-dependent
kinase (Cdk) activity (Nigg, 1995). Whereas Cdk activity drives cell
cycle events through metaphase, inactivation of Cdk and
dephosphorylation of Cdk substrates are required for mitotic exit
(Skoufias et al., 2007; Bouchoux and Uhlmann, 2011). Early studies
in budding yeast (Saccharomyces cerevisiae) revealed that the
Cdc14 phosphatase is essential for mitotic exit; cells with
temperature-sensitive cdcl4 alleles (Hartwell et al., 1973) arrest
after anaphase with high Cdk activity at the restrictive temperature
(Visintin et al.,, 1998). Biochemical and structural evidence
suggested that Cdcl4 enzymes selectively target Cdk
phosphorylation sites (Gray et al., 2003; Visintin et al., 1998;
Kaiser et al., 2002). These observations led to the oft-cited model
that Cdc14 both terminates Cdk activity and provides the major
phosphatase activity for reversing Cdk phosphorylation during
mitotic exit (Stegmeier and Amon, 2004).
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However, Cdc14 orthologs in other systems are not required for
Cdk substrate dephosphorylation and mitotic exit (Mocciaro and
Schiebel, 2010; Clemente-Blanco et al., 2006; Wei et al., 2011;
Mocciaro et al., 2010; Cueille et al., 2001; Trautmann et al., 2001;
Saito et al., 2004; Berdougo et al., 2008). Instead, critical roles for
the PP1 and PP2A phosphatases in reversing mitotic Cdk
phosphorylation have been reported (Mochida et al., 2009; Wu
et al., 2009; Wurzenberger and Gerlich, 2011; Grallert et al., 2015).
This suggested that Cdc14 is functionally divergent across species.
Nevertheless, human Cdcl4B complements the essential Cdcl4
function in budding yeast (Vazquez-Novelle et al., 2005) and the
activity and specificity of Cdcl4 orthologs are highly conserved
(Bremmer et al., 2012; Eissler et al., 2014; Li et al., 2015). All
Cdc14 enzymes examined exhibit strong selectivity for the pSer-
Pro-x-Lys>Arg sub-class of Cdk sites in vitro (where pSer is
phosphoserine, x is any amino acid and Lys is preferred over Arg),
arguing against Cdc14 being a general Cdk-opposing phosphatase
in vivo. This prompted us to re-evaluate the model that Cdc14 is the
major Cdk-counteracting phosphatase during mitotic exit in
budding yeast.

RESULTS AND DISCUSSION

Cdc14-depleted cells do not exhibit mitotic exit arrest

In current budding yeast cell cycle models, mitotic exit depends on
the Cdcl14:Cdk activity ratio. Distinct events are thought to be
triggered at different ratios, creating order during mitotic exit
(Bouchoux and Uhlmann, 2011). Mathematical models based on
empirical data and supported by mutant phenotypes (Kraikivski
et al.,, 2015) reflect the dependence of mitotic exit on Cdcl4
concentration. One model, in which a critical Cdc14:Cdk threshold
is the trigger for mitotic exit (Drapkin et al., 2009), predicts cell
cycle arrest upon lowering Cdc14 below 50% of its normal level
(Fig. S1A) and another model predicts the same when it is below
15% (Kraikivski et al.,, 2015) (Fig. 1A). Interestingly, in recent
studies using inducible degrons to deplete Cdc14, the mitotic exit
arrest of classical temperature-sensitive cdcl4 alleles was not
observed (Jungbluth et al, 2010; Taxis et al., 2009). To
quantitatively measure the effect of Cdcl4 depletion on mitotic
exit kinetics, we engineered a strain expressing Cdc14 with a C-
terminal V5 epitope and auxin-inducible degron (AID) tag
(Nishimura et al., 2009).

In the absence of auxin, the growth rate and kinetics of a single
cell-division cycle were indistinguishable between CDCI14-AID
and wild-type cultures (Fig. S1B,C). Consistent with the essential
Cdc14 function, CDCI14-AID cells failed to grow on agar medium
containing the auxin 3-indoleacetic acid (IAA; Fig. 1B). The AID
tag alone resulted in ~70% reduction in the Cdc14 level in liquid
cultures, even without IAA addition (Fig. 1C). Addition of IAA
consistently depleted 97% of the Cdc14—AID protein, resulting in a
combined reduction to 1% of normal Cdcl4 concentration
(Fig. 1D). Surprisingly, CDCI4-AID cultures continued to grow
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Fig. 1. Cdc14-depleted cells do not arrest at mitotic exit. (A) Computational cell cycle model (Kraikivski et al., 2015) showing predicted impact on mitotic exit
of reducing Cdc14 level below 15%. Black, cell mass; orange, CIb2 level; cyan, Cdc14 activity. (B) Serial dilutions of CDC14 and CDC14-AID strains were
spotted and grown on YPD plates with and without 250 uM IAA. (C) Cdc14 and Cdc14—AID levels were compared by immunoblotting using anti-Cdc14 antibody.
(D) Cdc14—-AID was monitored over time by anti-V5 immunoblotting after addition of 250 uM IAA. In C and D, relative Cdc14 signals were adjusted based

on G6PD loading control and reported as percentages relative to untagged Cdc14 (C) or time 0 (D). (E) Relative growth of the indicated strains after 250 uM IAA
addition (CDC14 and CDC14—AID) or shift to 37°C (cdc14-1) based on ODgg,. (F) Phase-contrast microscopy of cultures from panel E at 8 h. (G) DNA
content of cultures from panel E analyzed by flow cytometry. (H) The fraction of cells with >2C DNA content from panel G was quantified and plotted as a function
of time. Results for CDC14 and CDC14—-AID with IAA treatment were similar at 37°C (data not shown). Data in E and H are meanzs.d., n=3.

after I[AA treatment, albeit at a reduced rate compared to those for
wild-type cultures (Fig. 1E), and failed to exhibit the characteristic
mitotic exit arrest morphology of cdcl4-1 cells at 37°C (large-
budded ‘dumbbells’), even after 8 h (Fig. 1F). Instead, they
exhibited a pronounced cell separation defect, forming connected
chains and displaying increased DNA content (Fig. 1G,H)
consistent with reported functions for Cdcl4 in regulating
cytokinesis and septation (Kuilman et al., 2015; Chin et al., 2012,
Palani et al., 2012; Miller et al., 2015; Bembenek et al., 2005).
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Mitotic exit in Cdc14—AID-depleted cells was still dependent on the
mitotic exit network. A cdcl5-2 CDCI4-AID strain uniformly
arrested in late mitosis at 37°C in the presence of IAA (Fig. S1D),
ruling out the possibility that lower Cdcl4 circumvents normal
mitotic exit controls.

Specific activity (Fig. S1E) and substrate specificity (data not
shown) of recombinant GST—Cdc14—AID was comparable to that
of wild-type GST—Cdcl4, demonstrating that the tag does not
perturb enzyme activity. To ensure that Cdcl4-AID depletion
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resulted in a corresponding decrease in cellular Cdc14 activity, we
immunoaffinity-isolated Cdcl4-AID from extracts generated
before and after IAA treatment (Fig. S1F). In a phosphopeptide
assay (Bremmer et al, 2012), we found that the recovered
phosphatase activity was phosphoserine-specific and inhibited by
the specific Cdc14 inhibitor Netl, confirming we were monitoring
Cdc14-AID. Importantly, this activity was proportional to the level
of Cdcl4-AID protein (Fig. S1F), demonstrating that specific
activity is not affected by changes in Cdc14 concentration.

The continued cycling of CDCI14-AID cells expressing Cdc14 at
~1% of its normal level and activity is inconsistent with mitotic exit
events being strictly dependent on specific Cdcl14:Cdk activity
ratios.

Cdc14-depleted cells exit mitosis with normal kinetics

To quantitatively examine mitotic exit kinetics after Cdcl4
depletion, we synchronized cultures in G1 and released them in
the presence or absence of IAA (Fig. 2A,B). The kinetics of
proteolysis for the mitotic cyclin Clb2 were indistinguishable in the
presence and absence of IAA (Fig. 2A,C), suggesting that mitotic
exit occurred with normal timing after severe Cdcl4 depletion.
Failure to exit mitosis should result in the maintenance of ~50% of
CIb2 protein (Yeong et al., 2000) (Fig. 1A). In addition, the kinetics
of bulk chromosome segregation and spindle disassembly were
indistinguishable in the two cultures (Fig. 2D,E; Fig. S2A). Since
CIb2 proteolysis, spindle disassembly and chromosome segregation
all depend, to some extent, on dephosphorylation of Cdk substrates
(Mocciaro and Schiebel, 2010; Sullivan and Morgan, 2007), these
results question the idea that Cdcl4 is the major Cdk-opposing
phosphatase during mitotic exit. Furthermore, the kinetics of Cdk
substrate dephosphorylation were similar in Cdc14-depleted cells,
based on immunoblotting for consensus Cdk phospho-site epitopes
(Fig. 2F,G). Even the known Cdcl4 substrate Acml was still
dephosphorylated with similar kinetics in Cdcl4-depleted cells
(Fig. S2B,C). Despite the normal mitotic exit kinetics, the
synchronized Cdcl4-depleted cells clearly exhibited a separation
defect based on microscopy and flow cytometry analyses
(Fig. 2E,H; Fig. S2D,E). Again, these results suggest that normal
Cdc14 concentration is important for cytokinesis and/or septation,
but not for Cdk inactivation and mitotic exit.

Cdc14 is not a general Cdk-counteracting phosphatase

in vivo

The conserved specificity of Cdcl4 enzymes for pSer-Pro-x-
Lys>Arg Cdk sites defined using in vitro assays has only been
validated in vivo with a couple of substrates (Bremmer et al., 2012;
Eissler et al, 2014). It is partially supported by recent
phosphoproteomic studies (Kuilman et al., 2015; Kao et al.,
2014), albeit ones not designed to directly assess Cdc14 specificity.
We designed a phosphoproteomic experiment to define the in vivo
substrate specificity of Cdcl4 and test whether it generally
dephosphorylates Cdk-type sites (Fig. 3A). We arrested control
and pGALI-CDC14-3MYC cultures in metaphase with nocodazole
to maximize Cdk phosphorylation, added galactose to both
(inducing Cdcl4 overexpression in pGALI-CDC14-3MYC cells)
and harvested aliquots at regular intervals. Since Cdcl4
overexpression eventually causes Cdk inactivation through SI/C7
expression and cyclin proteolysis (Visintin et al., 1998), we
monitored CIb2 by immunoblotting as an indicator of Cdk
inactivation. After Cdk inactivation, dephosphorylation of Cdk
sites is less likely to reflect direct Cdcl4 action. Cdcl4-3Myc
protein and activity appeared 30—45 min after galactose addition,

based on immunoblotting for Cdcl4-3Myc and the
early Cdcl4 substrate Askl (Bouchoux and Uhlmann, 2011)
(Fig. 3B). CIb2 degradation to mitotic exit levels occurred after
60 min.

A label-free mass spectrometry workflow (Gillet et al., 2012) was
used to identify (Fig. 3C) and quantify (Fig. 3D-F)
phosphopeptides across all time points. After extensive filtering to
ensure that high-quality spectra and unambiguously identified
phosphorylation sites were being used, normalized decay profiles
were generated for each site (Fig. 3G). Profiles were subjected to
soft clustering to identify groups with similar dephosphorylation
kinetics (Fig. S3). The majority of phosphopeptides were stable in
both control and Cdcl4-induced samples (Fig. 4A; Fig. S3;
Table S1). Only 6% of phosphopeptide signals decayed
specifically in the Cdcl4-induced culture with a half-life of less
than the 60-min limit we imposed based on Clb2 degradation
(Fig. 4B; Table S1). This group of proteins with rapidly
dephosphorylated sites displayed an enrichment for known Cdc14
substrates (some substrates were not represented in our
phosphopeptide collection presumably due to low expression),
Cdcl4-interacting proteins and proteins involved in Cdcl4-
mediated biological processes (Fig. 4C,D; Table S2). Only 18%
of the pSer/pThr-Pro Cdk-type sites were in the rapidly
dephosphorylated class (Fig. 4E), and many remained stable
throughout the entire time course. Some of these sites could be
deposited by other proline-directed kinases. However, if we
conservatively consider only Cdk-type sites from known Cdk
substrates as identified in two prior large-scale studies (Holt et al.,
2009; Ubersax et al., 2003), we still find only 22% are in the rapidly
dephosphorylated class (Table S1). The dephosphorylated sites
were dramatically enriched for the in vitro-defined optimal Cdc14
motif Ser-Pro-x-Lys>Arg (Fig. 4F,G), suggesting that in vivo Cdc14
specificity is the same. In fact, the majority of quantified pSer-Pro-
x-Lys sites were rapidly dephosphorylated (Fig. 4G). pThr-Pro Cdk
sites and non-Cdk sites were poorly represented in the
dephosphorylated class.

We conclude that Cdcl4 is not a general Cdk-opposing
phosphatase in budding yeast as is commonly reported. This
conclusion is consistent with a study that monitored
dephosphorylation of selected Cdk substrates in the presence and
absence of active Cdcl4 following Cdk inhibition (Bloom and
Cross, 2007). Our observations of unperturbed mitotic exit and Cdk
substrate dephosphorylation kinetics upon severe Cdc14 depletion
raise the possibility that other phosphatases contribute to bulk Cdk
site dephosphorylation, similar to what is observed in other species.
It will be important in the future to determine whether PP1 and
PP2A enzymes perform this function as they do in fission yeast and
vertebrates (Mochida et al., 2009; Wu et al., 2009; Schmitz et al.,
2010; Grallert et al., 2015), which would suggest that phosphatase
regulation of mitotic exit is broadly conserved across eukaryotes.

Cdcl4 has been implicated in determining the order of Cdk
substrate dephosphorylation during mitotic exit (Bouchoux and
Uhlmann, 2011), although the mechanism is not known. Our
phosphoproteomic results support this idea, suggesting that the
intrinsic specificity of Cdc14 can contribute to providing an order of
Cdk substrate dephosphorylation. Cdc14 likely has the ability to
selectively dephosphorylate its optimal substrate motif at times (e.g.
early anaphase in budding yeast) when overall Cdk activity is high
(Tomson et al., 2009; Geil et al., 2008). The importance of this
specificity is reflected in its strict conservation across the fungal and
animal kingdoms (Bremmer et al., 2012; Eissler et al., 2014; Li
et al., 2015).
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The essential requirement for CDCI4 in Saccharomyces
cerevisiae likely reflects a unique function that evolved in this
lineage in terminating Cdk activity via dephosphorylation of a few
substrates, possibly Cdhl, which is required for cyclin proteolysis,
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Fig. 2. Cdc14-depleted cells have
normal mitotic exit kinetics.
CDC14-AID culture was
synchronized in G1 with a-factor and
released with or without 250 uM IAA.
After 60 min, a-factor was added
again. (A) Cdc14—AID and CIb2 were
monitored by anti-V5 and anti-Clb2
immunoblotting. GEPD is a loading
control. (B) Cdc14—-AID signals were
adjusted based on G6PD and
normalized to values at time 0.

(C) CIb2 signals were adjusted based
on G6PD and normalized to the values
at the peak level. (D) The fraction of
cells with intact spindles was
determined by fluorescence
microscopy detection of Tub1-GFP
(Fig. S2A). (E) The fraction of budded
cells with segregated DNA masses
was determined by fluorescence
microscopy and DAPI staining

(Fig. S2A). (F) Global Cdk
phosphorylation was monitored by
immunoblotting for the Cdk
phosphosite epitopes Pro-x-pSer-Pro
and pSer-Pro-x-Arg/Lys in whole-cell
extracts. (G) Total lane signals from
panel F were quantified, the G1 signal
at the end of the experiment
subtracted from each, and results were
normalized to the maximum intensity.
(H) DNA content was measured by
flow cytometry and the fraction of cells
with 1C DNA was quantified and
plotted over time. All graphs show
averages of three biological replicates
as meants.d.

and Swi5, which is required for expression of the Cdk inhibitor Sicl
1998). However, cdhlA siclA cells exit mitosis,
despite being inviable, implying the existence of at least one other
essential mitotic exit Cdc14 substrate (Wasch and Cross, 2002). The
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essential Cdcl4 function likely involves positive feedback that
makes mitotic exit switch-like (Lopez-Aviles et al., 2009; Novak
et al., 2007), and it seems reasonable that a small fraction of the
normal Cdc14 activity could be sufficient to trigger such feedback
circuits. The consequent decline in Cdk activity could then allow
other phosphatase activities to catalyze the majority of Cdk substrate
dephosphorylation. Another plausible (and not mutually exclusive)
explanation for the essential function of Cdc14 is that it is needed to
directly trigger activation of one or more other phosphatases that
drive the majority of the Cdk substrate dephosphorylation required
for mitotic exit.

Our results revealed that normal Cdc14 abundance is important
for proper cell separation. Cdc14 localizes to the bud neck during

—e— Empty vector—e—pGAL1-CDC14-3MYC

cytokinesis and has several recently identified substrates and
functions involved in cytokinesis and septation (Kuilman et al.,
2015; Chin et al., 2012; Palani et al., 2012; Miller et al., 2015;
Mancini Lombardi et al., 2013; Sanchez-Diaz et al., 2012). The
significance of Cdc14 localization to the division site following Cdk
inactivation remains unclear. Inhibitory Cdk sites there could be
inaccessible to other phosphatases or Cdk activity could persist
longer there. Cdc14 has been linked to cytokinesis in several other
organisms (Li et al., 2015; Wang et al., 2013; Huang et al., 2014;
Kaiser et al., 2002, 2004; Mailand et al., 2002; Gruneberg et al.,
2002; Au Yong et al., 2016), including Schizosaccharomyces
pombe, where the Cdcl4 ortholog, Clpl, helps coordinate
cytokinesis with the nuclear division cycle (Trautmann et al.,
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Fig. 4. Cdc14 exhibits specificity for distinct Cdk-type
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MATERIALS AND METHODS

Yeast strains and plasmids

All yeast strains used in this study are described in Table S3. All yeast
plasmid constructs are described in Table S4. Strain YKA1013 was

2001), and promotes proper assembly and function of the contractile
ring (Mishra et al., 2004; Clifford et al., 2008). Regulating
cytokinesis may represent one of the more broadly conserved
Cdc14 functions.
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constructed by integrating a plasmid expressing GFP-TUB1 (pRS306-
TUBI) after linearization with Stul. Strain YKA1014 was constructed by
integrating a plasmid expressing the Oryza sativa Tirl protein (pAR1103)
after linearization with BstEIl and PCR-mediated integration of the AID—
V5 tag at the 3’ end of the CDC/4 gene (using pAR1070 as template).
YKA1034 was created by mating YKA1014 with DLY3034 (a gift
from Dr Daniel Lew, Duke University, Durham, NC). The CDC14-AID
fusion gene was amplified from YKA1014 genomic DNA by PCR and
cloned into the Gateway (ThermoFisher Scientific/Invitrogen, Waltham,
MA) entry vector pENTR/D-TOPO and transferred from there to the
destination vector pDEST15 for E. coli expression with an N-terminal
GST tag.

Protein purification

GST—Cdcl14 and GST-Cdcl4-AID were purified on GST-Bind resin
(EMD Millipore, Darmstadt, Germany; 70541) at 4°C in 25 mM
HEPES-NaOH pH 7.5, 500 mM NaCl, 10% glycerol, 0.1% Triton X-100,
2mM EDTA, 1uM pepstatin, 10uM leupeptin, and 0.5 mM
phenylmethylsulfonyl fluoride (PMSF). Proteins were eluted in the
same buffer containing 10 mM reduced glutathione, and dialyzed
overnight into 25 mM HEPES-NaOH pH 7.5, 300 mM NaCl, 2 mM
EDTA, 0.1% pB-mercaptoethanol and 40% glycerol. Total protein
concentrations were determined with a dye assay (Bio-Rad,
Hercules, CA), and the specific concentrations of GST-Cdcl4 and
GST-Cdc14-AID by digital image analysis of Coomassie Blue-stained
SDS-PAGE gels.

Cdc14-AID was isolated from soluble yeast extracts (generated by glass
bead lysis) of 500 ml mid-log phase YPD liquid cultures using 100 pl anti-
V5 antibody-coupled agarose resin (Sigma-Aldrich, St Louis, MO; A7345)
in 40 mM Tris-HCI pH 8.0, 500 mM NaCl, 0.1% Triton X-100, 2 mM
EDTA, 10% glycerol, 1 uM pepstatin, 10 uM leupeptin, and 0.5 mM PMSF.
The resin was washed 2x with 20 ml of the isolation buffer and then 4x with
1 ml of 25 mM HEPES-NaOH pH 7.5, 100 mM NaCl, 2 mM EDTA and
10 mM sodium fluoride. The resin was then stored at 4°C and used for
activity assays within a couple of days.

Phosphatase assays

Activities of recombinant Cdcl4 preparations towards 25 mM p-
nitrophenyl phosphate (pNPP) were measured in 200 pl reactions
containing 90 nM enzyme, 25 mM HEPES-NaOH pH 7.5, 0.1% B-
mercaptoethanol, 1 mM EDTA and 150 mM NaCl for 30 min at 30°C.
When present, activated sodium orthovanadate was included as an
inhibitor at 500 uM. Reactions were stopped with 50 ul 5 M NaOH and
absorbance measured at 405 nm in a microplate reader. Reaction rates
were determined from a standard curve of p-nitrophenol measured under
identical conditions.

Phosphatase activity associated with anti-VS5 resin from Cdcl4-AID
immunoaffinity isolations towards 200 uM phosphopeptide substrates was
measured as described previously (Powers et al., 2016) with the following
modifications. 10% of the resin volume was used as the source of enzyme.
To stop the reaction, the resin was pelleted and 50 pl was transferred to a
microplate well containing 100 ul BIOMOL® green phosphate detection
reagent (Enzo Life Sciences, Farmingdale, NY). Reaction rates were
calculated using a standard curve generated with sodium phosphate
monobasic reagent under identical conditions. The used resin was
stripped of protein by boiling in SDS-PAGE dye and subjected to
immunoblotting with anti-V5 antibody as described below to determine
the relative amount of Cdc14—AID in each reaction.

Asynchronous growth assays

Cultures were grown to log-phase in YPD (20 g/l dextrose, 20 g/l peptone
and 10 g/l yeast extract) at 25°C and then diluted to an optical density at 600
nm (ODg)=0.300. When required, 3-indoleacetic acid (IAA; Sigma-
Aldrich 13750) was added to a final concentration of 250 uM. Cultures were
back diluted into pre-warmed YPD to maintain log-phase growth over the
entire time course. Samples were collected for flow cytometry,
immunoblotting and microscopy over 8 h.

Synchronous cell cycle analysis

Yeast liquid cultures were grown to log-phase in YPD at 30°C, diluted to
ODg00=0.3 and synchronized in G1 with 5 pg/ml o-factor (synthesized by
Genscript, Piscataway, NJ) for 1.5 h. The culture was split and released from
G1 by washing with H,O and resuspending in fresh YPD with or without
250 uM TAA. Cells were re-arrested in the following G1 by adding 5 pg/ml
o-factor 60 min after release. Samples were collected for flow cytometry,
immunoblotting and microscopy at regular intervals over 150 min.

Immunoblotting

Whole-cell protein extracts were prepared from 5-10 ml cultures for
immunoblotting as described previously (Martinez et al., 2006). The
following antibodies were used: rabbit anti-protein A (1:10,000; Sigma-
Aldrich, P3775), anti-FLAG-M2 monoclonal (1:500; Sigma-Aldrich,
F3165), rabbit anti-G6PD (1:5000; Sigma-Aldrich, A9521), anti-c-Myc
monoclonal (1:2000; Sigma-Aldrich, 11667149001), rabbit anti-Clb2
(1:2000; Santa Cruz Biotechnology, Santa Cruz, CA, SC9071), rabbit
anti-Cdc14 (1:2000; Santa Cruz Biotechnology, SC33628), rabbit antibody
against the MAPK/CDK substrate peptides PXpSP or pSPXR/K (1:1000;
Cell Signaling Technology, Danvers, MA, 2325), anti-V5 monoclonal
conjugated to horseradish peroxidase (HRP) (1:2000; Invitrogen, Carlsbad,
CA, R961), rabbit anti-Acm1 (1:10,000; Melesse et al., 2014), and HRP-
coupled anti-mouse-IgG or rabbit-IgG secondary antibodies (1:10,000;
Jackson ImmunoResearch, West Grove, PA; 115-035-003 or 111-035-003).
After exposure to chemiluminescent detection reagent (Luminata
Crescendo; EMD Millipore, WBLURO0400), blots were visualized on a
ChemiDoc Touch digital imaging system (Bio-Rad) and images analyzed
and quantified using ImageLab 5.0 software (Bio-Rad).

Flow cytometry

DNA content of cultures was quantified exactly as described previously
(Martinez et al., 2006) by using Sytox Green dye (Molecular Probes,
Eugene, OR S7020) on an Accuri C6 flow cytometer (BD Biosciences, San
Jose, CA, USA) and either the C6 instrument acquisition software, CFlow
Plus or FCS Express (De Novo Software).

DAPI staining and microscopy

Fluorescence and phase-contrast microscopy were performed as described
previously (Martinez et al., 2012) using a 60x oil immersion objective on an
Olympus BX52 microscope (Olympus, Tokyo, Japan) with an Olympus
DP80 digital camera. Quantification of mitotic spindles, DNA segregation,
and budding was performed in triplicate with >100 cells counted per sample.

Cdc14 overexpression in arrested cultures

ASK1-TAP cells carrying either an empty vector or a vector overexpressing
CDC14-3MYC from the GALI promoter were grown in selective raffinose
medium (20 g/l raffinose, 6.7 g/l yeast nitrogen base and appropriate amino
acid dropout mixture) to log-phase, diluted to ODgn=0.3, treated for 2 h
with 15 pg/ml nocodazole (Cayman Chemical, Ann Arbor, MI; 13857) for
mitotic arrest, and then induced with 2% galactose. 50 ml cell aliquots were
harvested at the indicated times, fixed with 6% trichloroacetic acid for
10 min on ice, washed 3x with 10 ml cold acetone and stored at —80°C.

Cell lysis and peptide generation for MS

Soluble protein extracts and tryptic peptide digests were generated under
denaturing conditions, and phosphopeptide fractions enriched using TiO,
resin (Titansphere Phos-TiO; GL Sciences, Tokyo, Japan; 5010-21315)
essentially as described previously (Bodenmiller and Aebersold, 2010) with
the following minor changes. Cells were lysed using 0.5 mm glass beads and
a Disruptor Genie (Cole-Parmer, Vernon Hills, IL) for 10 min at 4°C and
clarified by centrifugation at 16,000 g for 10 min. The insoluble pellet was
resuspended and the lysis procedure repeated twice, with the soluble
supernatants pooled. 2 mg of protein was reduced with 5 mM dithiothreitol
(DTT), alkylated with 15 mM iodoacetamide and quenched with 5 mM
DTT. The alkylated proteins were then digested with recombinant trypsin
(Trypzean; Sigma-Aldrich T3568) at a 1:100 enzyme:protein ratio for 18 h
at 37°C. Sep-Pak Vac 3cc (500 mg) C18 columns (Waters, Milford, MA;
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WAT020805) were used to desalt peptides prior to phosphopeptide
enrichment.

SWATH mass spectrometry

Dried enriched phosphopeptide samples were resuspended in 20 ul 2%
acetonitrile and 0.1% trifluoroacetic acid (TFA) immediately prior to high-
pressure liquid chromatography electrospray ionization tandem mass
spectrometry (HPLC-ESI-MS/MS) analysis using a NanoLC 400 HPLC
system with a cHiPLC-nanoflex module (Eksigent, Dublin, CA, USA)
connected to a TripleTOF 5600 mass spectrometer (AB Sciex, Framingham,
MA). Peptides were resolved using ChromXP CI18-CL trapping
(200 umx0.5 mm) and analytical (75 umx15 cm) cartridges (3 pm particle
size, 120 A pore size; Eksigent, 5015839 and 804-00001) at a flow rate of
300 nl/min with a 90 min gradient from 5% to 35% acetonitrile in 0.1% TFA
(total run time of 120 min). Identical liquid chromatography methods were
used for data-dependent acquisition (DDA) and data-independent SWATH
acquisition modes. For DDA, the mass spectrometer was operated in
positive-ion and high-sensitivity mode with cycles of 250 millisec MS
survey scans at between 400 and 1600 m/z followed by up to 50 MS/MS
scans (50 ms each) of the most abundant ions (limited to +2 to +4 charge,
intensity >150, 6 s dynamic exclusion at 100 ppm width) using a collision
energy (CE) of 10 and a collision energy spread (CES) of 5 (maximum duty
cycle=2.75 s). For SWATH acquisition, cycles of a 50 millisecond survey
scan covering 400 to 1600 m/z followed by 50 ms MS/MS fragment ion
spectra in incremental 25 m/z windows from 400 to 1250 m/z with a 1 m/z
overlap were programmed (total 34 SWATH windows, total cycle
time=1.75 s). CE was automatically calculated for each SWATH window
and ranged from 22.308 to 73.821 with a CES of 10.

Database searching and SWATH extraction

To prepare a spectral library for SWATH analysis, DDA data from all seven
time points were simultaneously submitted to ProteinPilot v 4.5 (AB Sciex)
for peptide identification with the following search settings: iodoacetamide
cysteine alkylation, trypsin digestion, phosphorylation emphasis, no
biological modifications, thorough search effort, S. cerevisiae SwissProt
database, and false detection rate (FDR) assessed using a reverse decoy
database. ProteinPilot search results were imported into Peakview 2.1 (AB
Sciex) and filtered to keep only unmodified peptides and peptides with
carbamidomethylation, phosphorylation and oxidation modifications. Nine
peptides with consistent strong ion signals distributed across the gradient
(with retention times from 25 to 85 min) were used within Peakview 2.1 to
perform retention time alignment of all SWATH runs. After alignment,
SWATH chromatograms for every peptide from the DDA spectral library
with ProteinPilot identification confidence >95% were extracted using a
6 min extraction window, m/z width=50 ppm, and five of the most abundant
transitions per peptide.

SWATH data analysis

The extracted SWATH signals were further filtered, normalized (Callister
et al., 2006) and analyzed as described in Table S1. The final, high-
confidence set of phosphorylation sites was analyzed by soft clustering
using fuzzy c-means (FCM) to identify groups with similar temporal decay
profiles (Futschik and Carlisle, 2005). For soft clustering, phosphopeptide
profiles were required to have <15% missing values, and any missing values
were estimated using k-nearest neighbor imputation. FCM was performed
with seven centers and an m value of 1.25.

Bioinformatic analysis of phosphopeptides

Identification of sequence motifs among the set of rapidly dephosphorylated
sites with statistically significant enrichment was performed using Motif-X
1.2 (Chou and Schwartz, 2011). 15-amino-acid windows surrounding the
site of phosphorylation were extracted. The sequences were then analyzed
using the following parameters: pre-aligned foreground, S or T as the central
character, 15-amino-acid widths, minimum of 10 occurrences, P<0.001, and
a SGD yeast proteome background. Analysis of gene ontology (GO)
enrichment was performed using DAVID 6.8 (Huang da et al., 2009).
Proteins with rapidly dephosphorylated sites were analyzed by using
Saccharomyces cerevisiae S288c as the background. Biological processes
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were clustered using medium stringency: similarity term overlap 3,
similarity threshold 0.5, initial group membership 3, final group
membership 3, multiple linkage threshold 0.5, and EASE (enrichment
threshold) 1.0. GO terms with final P-values <0.05 were reported.
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Figure S1. Additional characterization of CDC14-AID strain and Cdc14-AID protein. A. In
this model (Drapkin et al., 2009), Cdc14 directly reduces the total level of Cdk activity according
to the equation Clb2 - (k)*Cdc14 - KEZ = 0, where (k) is the Cdc14 'strength factor' to
parameterize Cdcl14 activity relative to Clb2-Cdk and KEZ is the threshold for mitotic exit.
MATLAB was used to predict the impact of reducing Cdc14 concentration on mitotic exit. Left,
starting parameters defined in (Drapkin et al., 2009). Right, Cdc14 reduced to 50% of the
starting level was sufficient to block mitotic exit and cell division. Cells were allowed to cycle
over 250 minutes. Black, cell mass; Orange, CIb2 level; Cyan, total Cdc14. B. Growth rates of
liquid YPD cultures of parental W303 and the engineered CDC14-AlID strain before and after
integration of the pTIR1 plasmid were compared. Cultures were grown to mid-log phase and
then back-diluted to ODeggo = 0.1 in fresh medium to initiate the experiment. Data are the
average of 3 trials with standard deviation error bars (too small to see on most data points). Aseo
is absorbance at 600 nm. C. Liquid cultures of the same strains from panel B were arrested in
G1 with 5 pg/ml alpha factor and then released into fresh YPD medium lacking alpha factor.
Cells were harvested at the indicated time points and DNA content analyzed by flow cytometry.
Alpha factor was added back at 75 minutes to arrest cells in the following G1 so that kinetics of
a single cycle could be monitored. Quantitation of the 2C DNA content in the profiles on the left
was performed using FCS Express (De Novo Software) and is plotted on the right. D. Strains
cdc15-2 (not shown), cdc15-2 CDC14-AID, and CDC14-AlID were grown in liquid culture to early
log phase at room temperature. Cultures were split, 250 uM IAA was added to half, and after a
15 min incubation cultures were shifted to 37 °C for 2.5 hours. Cells were fixed in 70% ethanol
overnight at 4 °C, stained briefly with 1 ug/ml DAPI, washed extensively with PBS and imaged
by DIC and epifluorescence microscopy. Additional cells were processed for anti-V5
immunoblotting (top) to verify Cdc14-AlD depletion. G6PD is a loading control. Arrest
morphology of cdc15-2 and cdc15-2 CDC14-AID was similar (large-budded cells with
segregated DNA masses). E. Left, Coomassie blue-stained SDS-PAGE of recombinant GST-
Cdc14-AID and GST-Cdc14 (indicated by *) preparations from E. coli. ImageLab software (Bio-
Rad) was used to determine protein concentrations based on band intensities. Right, specific
activities of the two preparations (90 nM each) towards 25 mM p-nitrophenyl phosphate are
compared. “Inh.” - sodium orthovanadate, an inhibitor of the protein tyrosine phosphatase
superfamily, was used at 500 uM to demonstrate that activity in each prep is from Cdcl14. Data
are the average of 3 trials with standard deviation error bars. F. Anti-V5 antibody resin was used
to isolate Cdc14-AID protein from soluble extracts of CDC14-AID cells either untreated or
treated with 500 uM IAA for 30 min. “Neg Con” is the untagged parental W303 strain.
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Comparing the starting extract (Ext) to the resin flow-through (FT) revealed nearly identical
recovery efficiencies of >60% for +/- IAA. This shorter IAA treatment resulted in 80% Cdc14-AlD
depletion and was used to ensure recovery of measurable phosphatase activity. G. Left panel,
phosphatase activity associated with the —IAA anti-V5 resin from panel F towards 200 yM
peptide substrate MI(pS)PSKKRTI (pS = phosphoserine) was inhibited by addition of 10 ug
recombinant GST-Net1(1-600) and was eliminated when using 200 uM peptide variant
MI(pT)PSKKRTI containing phosphothreonine (pT) in place of phosphoserine. Right panel,
relative activities of equivalent fractions of anti-V5 resins from —IAA and +IAA preparations
towards the MI(pS)PSKKRTI peptide substrate are shown in bars at left (averages of 3
reactions with standard deviation error bars). Immunoblotting and quantitation of the V5 epitope
signal associated with the resin in each reaction (not shown) allowed normalization for the
differences in Cdc14-AlID abundance in the —IAA and +IAA preps, shown in the “Normalized

Activity” bars at right.
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Figure S2. Cdcl4-depleted cells have normal spindle disassembly and chromosome
segregation, but defective or delayed cell separation. A. Spindle assembly (Tub1-GFP) and
chromosome segregation (DAPI) were monitored by fluorescence microscopy. Overall cell
morphology and bud status were monitored by phase contrast microscopy. Representative
images from 90 minutes and 150 minutes after release are shown highlighting intact, elongating
anaphase spindles, defined as continuous linear GFP signal stretching between mother and
daughter cells (arrows in Tub1-GFP panels) and segregated DNA (arrows in DAPI panels).
Spindles completely disassemble as cells complete mitotic exit in the presence of I1AA, despite
the genetic requirement for CDC14 at this step. However, mother and daughter cells do not
separate as efficiently in the IAA-treated cultures as evidenced by the persistent large-budded
cells at the 150 min time point. B. The Cdk phosphorylation-dependent stability of Acm1 (52)
was monitored by anti-Acm1 immunoblotting. Dephosphorylation of Cdk sites on Acm1 is
required for its degradation during mitotic exit and therefore Acm1 stability C. Acm1 levels were
guantified from the digital images in panel C and normalized to peak intensity. D. The fraction of
budded CDC14-AID cells with or without 250 uM IAA treatment was determined by phase
contrast microscopy and plotted as a function of time after synchronous release from G1 arrest.
Data are averages of three independent experiments with standard deviations. E. DNA content
of the same cultures was monitored by flow cytometry. The IAA-treated cells have a delayed
return to 1C DNA content. The persistent budded morphology and 2C DNA content indicated

cells are not separating efficiently, despite completing mitotic exit normally.
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Table S1. Quantitative phosphoproteomic analysis of in vivo Cdc14 specificity by SWATH-MS. The
page titled "Extracted Profiles" lists all quantified phosphopeptides. To generate this collection of
high confidence phosphopeptides, the following processing protocol was used. First, all non-
phospho peptides were removed, as were phosphopeptides with poor signal quality indicated by an
average extraction FDR > 90% across all samples. The remaining SWATH signals were then quantile
normalized as described (Callister et al., 2006) in Microsoft Excel. Briefly, the raw intensities for each
peptide were arranged in columns based on sample and time point, assigned an index value, and
sorted from least to greatest intensity. After sorting, the mean abundance for each row was
substituted for each raw intensity value in that row and then the original order was restored using
the index values. These normalized intensities for each peptide were then averaged across time
points. The resulting average intensities were then further normalized to the intensity at time O,
natural log-transformed, and plotted to generate decay profiles that could be fit by linear regression
(assuming that typical dephosphorylation kinetics would follow an exponential decay). The linear
equations were used to calculate half-life values for each peptide (the time at which
phosphopeptide signal reached 50% of its initial value). Phosphopeptide profiles were then
subjected to a final filtering regimen to prepare a list of high confidence phosphorylation sites. To
obtain probability-based scores for phosphosite mapping confidence, ProteinPilot-processed spectra
were exported as .mgf files and searched using Mascot v 2.5.1 MS/MS ions search (Matrix Science,
Boston, MA) with the following parameters: trypsin, fixed carbamidomethyl (C), variable phospho
(ST) and oxidation (M), peptide mass tolerance +/- 20 ppm, fragment mass tolerance +/- 0.6 Da, and
up to 2 missed cleavages. We removed all multiply phosphorylated peptides (because it was too
difficult to reliably distinguish which of the sites were dephosphorylated), and phosphopeptides with
Mascot scores below a 1% FDR cutoff and/or PTM site analysis confidence < 75%, and peptides with
duplicate phosphorylation sites that resulted, for example, from missed cleavages. In both the
"Extracted Profiles" and "Rapidly Dephosphorylated" lists, the columns are defined as follows. A, an
index number for sorting. B, Swiss Protein data bank accession number. C, protein name from the
Saccharomyces cerevisiae genome database. D, the phosphorylated residue number within the
protein. E, proteins previously identified as S. cerevisiae Cdk substrates in large-scale studies (A =
Ubersax et al. Nature 2003, 425: 859-64 (p-value > 2.0) and B = Holt et al. Science 2009, 325: 1882-6
(only the 547 high confidence substrates included). F, the site confidence obtained from Mascot. G,
the sequence surrounding the phosphorylated site. H, the site class where pS is phosphoserine and
pT is phosphothreonine. |, the peptide sequence identified in the spectral library. J, observed m/z for
the peptide. K, observed charge state of the peptide. L, peptide's HPLC retention time used for
SWATH extraction. M, the average false detection rate (FDR) of SWATH extraction. N-T, time points
in minutes with the LN-scaled relative abundance values. U, the number of missing values from the
peptide profiles. V-X, measures of linear regression for rapidly dephosphorylated clusters 3and 7.,
The assigned cluster from fuzzy-c means clustering. Z, the degree of fit within a cluster. AA-AG, time
points in minutes with the LN-scaled relative abundance values. AH, the number of missing values
from the peptide profiles. Al-AK, measures of linear regression (including the slope, the fit, and the
estimated 1/2 life) for rapidly dephosphorylated clusters 3 and 7. AL, The assigned cluster from
fuzzy-c means clustering. AM, the degree of fit within a cluster.

Click here to Download Table S1
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http://www.biologists.com/JCS_Movies/JCS201012/TableS1.xlsx
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Table S2. GO term enrichment among rapidly dephosphorylated proteins.

GO Term Accession | p-value Genes
Regulation of exit from mitosis 0007096 1'215 MOB1, CDC14, NET1, CLA4
L 2.77E- IQG1, MOB1, SMC4, POG1, SSD1,
Cell division 0051301 04 CDC14, NET1
IQG1, MOB1, SMC4, POG1, SSD1,
Cell cycle 0007049 0.004 CDC14, NET1
Regulation of transcription involved | 55483 | 5 0063 HOS3, SWI4, SWI5
in G1/S transition of mitotic cell cycle
Mitotic nuclear division 0007067 0.011 SMC4, POG1, SSD1, CDC14, POG1
Nucleolus organization 0007000 0.0134 TOF2, NET1
Negative regulation of septation
initiation signaling 0031030 0.0134 TOF2, NET1
Endoplasmid reticulum polarization 0061163 0.02 SHS1, YMR124W
rDNA condensation 0070550 0.0589 TOF2, SMC4
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Table S3. Yeast strains used.

Strain Genotype Source
W303 MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15
YKA890 W303 MATa CDC14-V5-AlID:KanMX This study
YKA892 W303 MATa CDC14-V5-AlD:KanMX leu2::Papr1-TIR1::LEU2 This study
W303 MATa ura3::Puis3-GFP-TUB1:URA3 his3::PcpHi- .
YKA1013 3FLAG-CDH1:HIS3 This study
W303 MATa CDC14-V5-AID:KanMX leu2::Papr1-TIR1::LEU2 )
YKALOL4 | 3. Priss GFP-TUB1:URAS his3::Peori-3FLAG-CDH1:HIS3 | 1S Study
W303 MATa CDC14-V5-AID:KanMX leu2::Papr1-TIR1::LEU2
YKA1034 | ura3::Phis3-GFP-TUB1:URAS3 his3::Pcpn1-3FLAG-CDH1:HIS3 This study
cdc15-2
BY4741 MATa his3A1 leu2A0 met15A0 ura3A0
) Dharmacon Inc,
ASK1-TAP BY4741 ASK1-TAP:HIS3 Lafayette, CO
i (Hall et al.,
HCY114 W303 cdc14-1 2008)
DLY3034 W303 MATa cdc15-2 Daniel Lew,
Duke University

Table S4. Yeast plasmid constructs used.

Plasmid Name Origint Marker? Promoter | Expressed Protein Source
PESCLeu 2 micron | LEU2 GAL1 i Aglent Technologies,
CSE?E%?/TYC 2 micron LEU2 GAL1 Cdc14-3Myc This study
PRS306-TUBL | Integrating | URA3 HIS3 GFP-Tubl (Ma”é%‘izzft al,
pAR1103 Integrating | LEU2 ADH1 Tir1? Unﬁgf;RyR;dgftgwa
Adam Rudner
2 _ _ _ ]
PAR1070 KanMXx University of Ottawa

10rigin and Marker are for propagation and selection in budding yeast cells.

2pAR1070 was used as a template to amplify the V5 epitope/AID tag with the KanMX marker for
integration at the 3’ end of the CDC14 gene.

%From the Oryza sativa TIR1 gene.
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