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Abstract

The final event of the eukaryotic cell cycle is cytokinesis, when two
new daughter cells are born. How the timing and execution of
cytokinesis is controlled is poorly understood. Here, we show that
downregulation of cyclin-dependent kinase (Cdk) activity, together
with upregulation of its counteracting phosphatase Cdcl4,
controls each of the sequential steps of cytokinesis, including
furrow ingression, membrane resolution and cell separation in
budding yeast. We use phosphoproteome analysis of mitotic exit
to identify Cdk targets that are dephosphorylated at the time of
cytokinesis. We then apply a new and widely applicable tool to
generate conditionally phosphorylated proteins to identify those
whose dephosphorylation is required for cytokinesis. This approach
identifies Aipl, Edel and Innl as cytokinetic regulators. Our results
suggest that cytokinesis is coordinately controlled by the master
cell cycle regulator Cdk together with its counteracting phospha-
tase and that it is executed by concerted dephosphorylation of Cdk
targets involved in several cell biological processes.
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Introduction

Progression through the cell cycle is governed by oscillations in
activity of the cyclin-dependent kinase (Cdk) complexes. Cdk activ-
ity is dependent upon periodic expression of cyclin subunits. Cyclin
levels are low in G1, gradually increasing to reach a summit in mito-
sis. The associated high Cdk activity phosphorylates numerous
substrates that bring about the mitotic state (Holt et al, 2009). Once
chromosomes are bi-oriented and cells enter anaphase, cyclin levels

decrease via ubiquitin-mediated proteolysis catalyzed by the
anaphase-promoting complex (APC; Glotzer et al, 1991). However,
degradation of mitotic cyclins by itself is not sufficient for cell cycle
progression out of mitosis. Cdk inhibition and activation of Cdk-
counteracting phosphatases are required to reverse the many mitotic
phosphorylation events and allow mitotic exit (Visintin et al, 1998;
Niiya et al, 2005; Dischinger et al, 2008; Bouchoux & Uhlmann,
2011; Sanchez-Diaz et al, 2012). The major Cdk-counteracting phos-
phatase in budding yeast is Cdcl4. It is kept inactive for much of
the cell cycle by sequestration in the nucleolus. In anaphase, activa-
tion of a signaling cascade, the mitotic exit network (MEN), results
in Cdcl4 activation and its release into the nucleus and the cyto-
plasm (Jaspersen et al, 1998; Shou et al, 1999; Visintin et al, 1999;
Lee et al, 2001). Once released, Cdc14 dephosphorylates numerous
Cdk targets and contributes to Cdk downregulation by transcrip-
tional activation and stabilization of the Cdk inhibitor Sicl (Visintin
et al, 1998). The role of phosphatases during mitotic exit in higher
eukaryotes is a topic of intense current study. Members of the
Cdc14, PP1 and PP2A families have been implicated in this process
(Mochida et al, 2009; Wu et al, 2009; Wurzenberger & Gerlich,
2011), likely with overlapping roles.

Accurate timing of cell cycle events is critical for faithful comple-
tion of the cell division cycle. Thus, the events occurring during
mitotic exit need to take place in a strictly defined order. First, chro-
mosome arms reach their state of maximal condensation as the
anaphase spindle elongates to pull chromosomes apart. Following
this, chromosomes decondense and the spindle disassembles before
two new daughter cells are pinched off by cytokinesis as the final
event of the cell cycle. We have put forward a model that explains the
ordering of mitotic exit events in budding yeast. The gradual change
of the Cdk kinase to Cdc14 phosphatase activity ratio over the course
of mitotic exit is detected by individual Cdk substrates that respond by
dephosphorylation at distinct thresholds (Bouchoux & Uhlmann,
2011). In this model, cytokinesis is under the control of Cdk substrates
whose dephosphorylation requires complete Cdk downregulation and
the highest level of Cdc14 activity. Whether the regulation of cytokine-
sis can indeed be included in this paradigm and how the cell cycle
timing of cytokinesis is controlled remain poorly understood.
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Cytokinesis in budding yeast requires the concerted actions of
two interdependent processes, actomyosin ring contraction and
deposition of the primary septum. The latter is limited by the local-
ized activity of Chs2, the catalytic subunit of the chitin synthase II
complex. The C2 domain protein Innl and the SH3 domain proteins
Hofl and Cyk3 are recruited to the bud neck region just before onset
of actomyosin ring constriction and have been suggested to coordi-
nate this process with primary septum deposition (Meitinger et al,
2012). Although many players involved in cytokinesis have been
uncovered, it is less clear how the cell cycle regulates them.

A role for Cdcl4 in cytokinesis has been apparent since the early
characterization of the cdcl4 temperature-sensitive mutant pheno-
type, causing cells to arrest after nuclear division but before cytoki-
nesis (Culotti & Hartwell, 1971). It has remained less clear how
direct the role of Cdc14 is. A similar late mitotic arrest phenotype is
observed after inactivation of MEN components. Cdc14 activates the
MEN, which in turn sustains Cdcl4 activity (Culotti & Hartwell,
1971; Jaspersen & Morgan, 2000; Lee et al, 2001; Stegmeier et al,
2002; Konig et al, 2010). Arguments for a contribution of both MEN
components and of Cdc14 to cytokinesis have been made in budding
and fission yeast as well as in higher eukaryotes (Luca et al, 2001;
Gruneberg et al, 2002; Kaiser et al, 2002; Mailand et al, 2002; Hwa
Lim et al, 2003; Corbett et al, 2006; Clifford et al, 2008; Meitinger
et al, 2010; Sanchez-Diaz et al, 2012). Budding yeast Cdc14 is pres-
ent at the bud neck at the time of cytokinesis (Bembenek et al,
2005; Palani et al, 2012), suggesting the possibility of a direct contri-
bution. Although a number of cytokinetic proteins have been shown
to be Cdcl4 targets (Meitinger et al, 2012; Kao et al, 2014), which
of these control essential cytokinetic events remains unknown
(Breitkreutz et al, 2010; Bloom et al, 2011; Kao et al, 2014).

Here, we further investigate how Cdc14 contributes to cytokine-
sis. We created cells in which Cdc14 localization remains restricted
to the nucleus following its activation in anaphase. These cells show
unaltered cell cycle dynamics but fail to complete cytokinesis, with
defects at all observable cytokinetic stages, strongly suggestive of
direct roles for Cdcl4. To identify Cdcl4 substrates that regulate
cytokinesis, we performed time-resolved phosphoproteome analysis
of Cdcl4-driven budding yeast mitotic exit. We employed a strategy
to conditionally phosphorylate candidate proteins and demonstrate
that this is a fertile approach to identify novel cytokinetic regulators.

Results

Cytoplasmic Cdc14 is required for cytokinesis but not cell
cycle progression

In order to study the role of the phosphatase Cdc14 in cytokinesis,
we aimed to create cells that are defective for Cdc14 activity at the
site of cytokinesis. Since the cytokinetic machinery is accessible
from the cytoplasm, we postulated that Cdc14 release into this cellu-
lar compartment is required for cytokinesis. We therefore reconsti-
tuted a cdcl4-3 temperature-sensitive budding yeast strain either
with wild-type Cdc14 fused to GFP (denoted +CDC14) or with Cdc14
fused to GFP and the strong nuclear localization signal from SV40
large T antigen (+CDCI4-NLS: Kalderon et al, 1984). Cytological
examination revealed that ectopic wild-type Cdcl4 behaved as
expected, being constrained to the nucleolus for much of the cell
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cycle but released throughout the nucleus and cytoplasm in cells
containing long anaphase spindles. Cdcl4-NLS was similarly
sequestered in the nucleolus during interphase, but in contrast to
wild-type, Cdcl4 was undetectable in the cytoplasm during
anaphase, when it maintained a marked nuclear accumulation
(Fig 1A and Supplementary Fig S1).

We first tested whether Cdc14-NLS is able to fulfill its nuclear
function in promoting rDNA segregation (Sullivan et al, 2004). We
used cells synchronized in G1 using the mating pheromone o-factor
and subsequently released these to pass through the cell cycle at the
restrictive temperature for the cdci4-3 allele. As described, cdci4-3
cells accumulated in a late anaphase state with bi-lobed nuclei
(Culotti & Hartwell, 1971). The rDNA locus, visualized by staining
against the nucleolar protein Nopl, was often stretched across the
bud neck region or segregated unequally (Fig 1B). rDNA segregation
was rescued in both +CDC14 and +CDC14-NLS cells, as indicated by
equally segregated Nopl signals in opposite cell halves during
anaphase. This suggests that Cdc14-NLS is capable of fulfilling its
nuclear function in rDNA segregation.

We next compared markers of cell cycle progression in +CDCI14
and +CDCI14-NLS cells. Staining for tubulin confirmed late mitotic
arrest of the cdc14-3 parental strain with elongated anaphase spin-
dles. Both +CDCI4 and +CDC14-NLS cells elongated and then disas-
sembled their spindles with similar kinetics to a wild-type control
that was included in the experiment for comparison, indicative of
unhindered cell cycle progression out of mitosis (Fig 1C). Western
blotting confirmed that Cdcl4-dependent degradation of the major
budding yeast mitotic cyclin Clb2 occurred in both +CDCI14 and
+CDC14-NLS cells with kinetics similar to wild-type (Fig 1D). In
addition, the Cdc14-dependent appearance of the Cdk inhibitor Sicl,
indicating completion of mitotic exit and return to a Gl-like cell
cycle state, occurred with wild-type kinetics in both +CDC14 and
+CDC14-NLS cells. However, FACS analysis of the DNA content
showed that only +CDC14 cells completed cytokinesis and returned
to a 1C DNA content. In striking contrast, +CDCI14-NLS cells
persisted as large-budded cells with 2C DNA content. This suggests
that cytoplasmic Cdc14 is not required for most aspects of cell cycle
progression out of mitosis, but that it is required for cytokinesis.

To confirm that cytoplasmic Cdc14 is required for cytokinesis but
not cell cycle progression, we grew +CDC14 and+CDCI4-NLS cells at
a restrictive temperature for 5 h. After brief sonication, +CDC14
cells were all individualized, while +CDCI4-NLS cells had formed
large chains and aggregates of connected cells (Fig 2A and Supple-
mentary Fig S2A). This phenotype is consistent with cytokinetic
failure but continued cell cycle progression.

Cytoplasmic Cdc14 promotes sequential stages of cytokinesis

To investigate how Cdcl4 contributes to cytokinesis, we repeated a
time course and compared cell separation in wild-type, cdci4-3,
+CDC14 and +CDCI4-NLS backgrounds, but this time after enzy-
matic removal of the cell wall using zymolyase. Over half of
+CDC14-NLS cells failed to separate, while no budded +CDC14 sphe-
roplasts persisted above background levels (Fig 2B). Thus, cytoplas-
mic Cdcl4 is required for cytokinesis at stages preceding plasma
membrane separation.

To analyze in more detail at which stage of cytokinesis Cdcl4
acts, we visualized the plasma membrane using a GFP-Spo20°'~*!

© 2014 The Authors
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Figure 1. Cytoplasmic Cdc14 is dispensable for mitotic exit.

A cdc14-3 temperature-sensitive cells reconstituted with CDC14 or CDC14-NLS were released from a G1 arrest at the restrictive temperature and stained for Cdc14 and
the spindle (Tubl) once cells had reached late anaphase.

B Wild-type, cdc14-3, +CDC14 and +CDC14-NLS cells were released from an a-factor-induced G1 arrest and re-arrested in the next G1. Samples were harvested at the
indicated time points and stained with DAPI and for the nucleolar protein Nopl (n > 100). Photographs of examples of cells without (top) and with (bottom) rDNA
segregation defects at 80 min after release are shown together with quantification over time.

C Cells from the experiment in (B) were stained for the spindle (n > 100). Cells without (top) and with (bottom) anaphase spindles at 100 min after release are shown
together with their quantification over time.

D FACS analysis of DNA content and Western blot analysis of cell cycle markers of the samples from (B). Tubl served as a loading control.

Data information: Scale bars, 5 pm.

was never observed in the +CDCI14 control.

fusion protein (Nakanishi et al, 2004). This allowed us to identify
four stages of cytokinesis: (i) cells with an open bud neck, (ii) a
constricted plasma membrane that still connects the daughter cells,
(iii) resolved plasma membranes after abscission while cells
remain connected by their cell wall, and (iv) unbudded cells after
cell separation (Fig 2C; Norden et al, 2006). Quantification of the
four stages during cell cycle progression of synchronized cells
expressing + CDC14 or +CDCI4-NLS (now without fusion to GFP)
is shown in Fig 2D, revealing delayed progression in each of the
stages of cytokinesis. The “open bud” configuration persisted in
11% of +CDC14-NLS cells until the end of the time course, which

© 2014 The Authors

An even greater
percentage of cells persisted with “constricted” and “resolved”
plasma membranes. Virtually none of the +CDCI4-NLS cells
completed cytokinesis, while almost all +CDCI14 control cells
completed cell separation by the end of the experiment. The NLS
fusion greatly reduces, but might not completely abolish cytoplas-
mic Cdcl4, due to the dynamic process of nuclear shuttling. This
could explain the residual slow cytokinetic progression in
+CDCI4-NLS cells. Alternatively, Cdcl4-independent pathways
might compensate for Cdcl4-dependent cytokinesis, albeit ineffi-
ciently. In either event, these observations suggest that
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Figure 2. Cytoplasmic Cdc14 is required for cytokinesis.

A +CDC14 and +CDC14-NLS cells were grown at 35.5°C for 5 h and sonicated, and differential interference contrast (DIC) images were acquired.

B Cells from a synchronous culture (as in Fig 1B) were treated with zymolyase to remove the cell wall. The fraction of remaining budded cells is shown over time
(n = 100).

C Cells expressing the plasma membrane marker GFP-Spo2 , exemplifying the indicated bud neck phenotypes and stages of cytokinesis.

D Bud neck phenotypes of synchronized GFP-Sp020°* **-expressing +CDC14 or +CDC14-NLS cells during the progression of a cell cycle (n > 75).

E +CDC14 or +CDC14-NLS cells expressing Spc42-YFP and GFP fusions with the indicated cytokinetic protein were synchronized in G1 using o-factor. Upon release at
35.5°C, cells were imaged every 2 min and the time from anaphase onset to the indicated events was recorded. Error bars represent SD; Student’s t-test was applied
to analyze differences between the indicated conditions; **P < 0.01; ****P < 0.0001. For representative image sequences, see Supplementary Fig S2C.

051 O

Data information: Scale bars, 10 um.

84 The EMBO journal Vol 34 | No 12015 © 2014 The Authors



Thomas Kuilman et al ~ Cdk targets that control cytokinesis

cytoplasmic Cdcl4 promotes several sequential steps during cyto-
kinesis.

To address the molecular functions affected by cytoplasmic
Cdc14, we used live cell imaging of cells expressing GFP fusions
with cytokinetic proteins. We measured the timing of several early
cytokinetic events, namely the appearance of the SH3 domain-
containing proteins Hofl and Cyk3 and of the C2 domain protein
Innl, at the bud neck, as well as the onset of Hofl and Myol ring
contraction. The timing of these events was recorded relative to the
start of anaphase spindle elongation, monitored by Spc42-YFP-
marked spindle pole bodies (Fig 2E and Supplementary Fig S2B).
While the recruitment of Hof1 to the bud neck occurred with slightly
earlier timing in +CDCI4-NLS than in +CDCI14 cells, subsequent
recruitment of Innl and Cyk3 and the start of cytokinetic ring
contraction were each delayed by approximately 8 min in cells lack-
ing cytoplasmic Cdc14. This suggests that one role of Cdc14 lies in a
step after Hofl recruitment and before Inn1 and Cyk3 appearance at
the bud neck.

We next took a genetic approach to characterize the contribution
of cytoplasmic Cdcl4 to cytokinesis. In budding yeast, cytokinetic
factors have been categorized into three pathways (Korinek et al,
2000; Meitinger et al, 2010). Defects in either of the pathways are
compensated by the others, but deficiencies in any two of the path-
ways are synthetically lethal. We therefore introduced deletions in
genes representing two of these pathways, hofIA and cyk3A, into a
+ CDC14-NLS strain. The absence of cytoplasmic Cdc14 had a detri-
mental effect on the growth of hofIA cells, while cyk3A cells were
not affected (Supplementary Fig S2C). These observations are
consistent with a role for cytoplasmic Cdc14 in the Cyk3-dependent
cytokinetic pathway. Analysis of the third, myosin-dependent, path-
way in this manner was inconclusive, as cells lacking Myol grow
very poorly and rapidly accumulate genetic alterations to compen-
sate for the absence of myosin (Rancati et al, 2008).

Cdk downregulation and Cdc14 activation drive cytokinesis

Our above results confirm that Cdc14 plays an important role during
budding yeast cytokinesis. We next wanted to address whether
dephosphorylation of Cdk target proteins by Cdcl4 is sufficient to
drive cytokinesis. We used cells that are arrested in metaphase by
Cdc20 depletion. Reducing Cdk activity by expression of the Cdk
inhibitor Sicl, or ectopic Cdcl4 expression, promoted cytokinesis
relatively inefficiently (Fig 3A). Since dephosphorylation especially
of late Cdc14 targets is synergistically driven by Cdk downregulation
and Cdcl4 activation (Bouchoux & Uhlmann, 2011), we combined
both treatments. In line with a previous report (Sanchez-Diaz et al,
2012), co-expression of Sicl and Cdcl4 greatly enhanced the effi-
ciency of cytokinesis (Fig 3A). We observed plasma membrane
resolution in virtually all cells within 2 h of induction.

Efficient cytokinesis driven by Cdk inhibition and Cdc14 expres-
sion allowed us to address the contribution of the MEN. We inacti-
vated the MEN using an ATP analogue (1NM-PP1)-sensitive allele
of the essential MEN kinase Cdcl5 (D’Aquino et al, 2005). As
expected, this efficiently blocked mitotic exit when releasing cells
from the mitotic block. In contrast, MEN inhibition did not reduce
the efficiency of cytokinesis following Sicl and Cdcl4 induction
(Fig 3A). These observations suggest that Cdk downregulation and
Cdcl4 phosphatase activation, and therefore most likely the

© 2014 The Authors
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dephosphorylation of Cdk target proteins, drive cytokinesis. We
therefore hypothesize that the main contribution of the MEN to
cytokinesis is that of promoting Cdk downregulation and Cdcl4
activation.

Phosphoproteome analysis of mitotic exit and cytokinesis

To identify Cdk substrates that regulate cytokinesis, we performed
mass spectrometric phosphoproteome analysis of budding yeast
mitotic exit. To achieve sufficient synchrony within this short period
of the budding yeast cell cycle, we utilized mitotically arrested cells
and overexpressed Cdcl4. Using the GFP-Spo20°'?' membrane
marker, we found that cells constricted their plasma membrane
within 2 h of induction, with half of the cells completing membrane
resolution (Fig 3B). The dephosphorylation of known Cdk
substrates occurs with good synchrony during this time course of
Cdc14-induced mitotic exit (Bouchoux & Uhlmann, 2011; Fig 3C).
We harvested triplicate samples at eight time points after Cdc14
induction. Whole cell extracts were prepared, and phospho-peptides
were enriched from tryptic protein digests and subjected to label-
free quantitative mass spectrometry. This allowed us to follow the
abundance of over 2,100 phospho-peptides, representing more than
800 proteins (Fig 4A; for details, see Supplementary Materials and
Methods, Supplementary Dataset S1).

We first classified the identified phospho-peptides into those
that contain the minimal Cdk phosphorylation consensus site,
[S/T]-P, and those that do not. Of the peptides with a Cdk
consensus site, about a third disappeared over the course of
mitotic exit (Fig 4B). Depending on the timing of disappearance,
we classified the peptides into five categories: those whose abun-
dance decreased with early (<20 min), intermediate (20-60 min)
or late (> 60 min) timing, those that remained stable and a rest
category that could not be unambiguously attributed to one of
the former categories. The dephosphorylation timing of Cdcl4
targets Finl (early; Supplementary Fig S3), and Orc6 and Sicl
(late; Fig 3C) have previously been determined (Bouchoux &
Uhlmann, 2011) and were used to define the time boundaries
for these categories. Disappearance of a phospho-peptide could
be due to dephosphorylation, or it could be due to degradation
of the target protein during mitotic exit. To obtain an estimate
of the fraction of peptides that disappeared due to proteolysis,
we performed shotgun mass spectrometry of our time course
samples without phospho-peptide enrichment. This provided
protein stability data for 1,808 proteins (see Materials and Meth-
ods). Among those were 49 proteins for which we found at least
one disappearing phosphorylated Cdk peptide, and of those 43
(88%) were stable proteins. This is an equal, if not greater,
degree of stability as observed for all other 1,759 proteins (79%,
Fig 4C). We conclude that protein degradation makes only a
small contribution to the disappearance of Cdk phospho-peptides
during mitotic exit and that the majority of the observed phos-
phorylation changes are most likely due to protein dephosphory-
lation.

Protein dephosphorylation in response to Cdc14 expression could
be due to direct dephosphorylation by Cdc14 or due to dephosphor-
ylation by other phosphatases that might be indirectly activated by
Cdcl4. A Cdk consensus phosphorylation site is also the preferred
sequence for dephosphorylation by Cdcl4 (Gray et al, 2003;

The EMBO journal Vol 34 | No 1| 2015 85
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A MET3pr-CDC20 cdc15-as1 cells were arrested in metaphase by Cdc20 depletion and subsequently treated with INM-PP1 to inhibit Cdc15-as1. Cells were released
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shown. Scale bar, 10 pm.
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was visualized following Cdc14 induction (n = 100).

C Samples from the experiment in (B) were processed for Western blot analysis of the indicated cell cycle proteins. Arrowheads indicate endogenous and exogenous
forms of Cdc14. Tubl served as a loading control. A schematic of downstream processing for the phosphoproteome analysis is shown on the right.

Bremmer et al, 2012). Disappearing phospho-peptides, especially
those found in the intermediate and late categories, were signifi-
cantly enriched for minimal Cdk consensus sites (Fig 4D).
Moreover, late dephosphorylated peptides that contain Cdk sites
were enriched for known physical Cdc14 interactors as annotated in
the Saccharomyces Genome Database (SGD; Fig 4E). Together,
these observations make it likely that many of the dephosphoryla-
tion events recorded in our survey are catalyzed by Cdc14.

In vitro, Cdc14 has been observed to favor phospho-serine (pS)
over phospho-threonine (pT) residues, as well as sites with a posi-
tively charged residue (K/R) at the +3 position (Bremmer et al,
2012). When plotting cumulative peptide dephosphorylation over
time, we observed that pS-containing peptides were almost twice as
likely than pT-containing peptides to disappear by the end of the
experiment. Similarly, K/R-containing peptides were 2.8 times more
likely to disappear compared to peptides lacking a positive charge at
the +3 position (Fig 4F). These observations are consistent with

The EMBO Journal Vol 34 | No 1| 2015

phospho-serines and a basic residue at the +3 position being
determinants for Cdc14 substrate preference in vivo.

Our large phospho-peptide dataset generated in this study offers
additional insights into protein dephosphorylation dynamics.
Proteins are often phosphorylated at multiple sites. In cases where
we could follow more than one phospho-peptide per protein, they
were often but not always dephosphorylated with similar timing
(Fig 4G). Two Cdk phospho-peptides of the same protein were 3.5
times more likely to be member of the same dephosphorylation
timing category than expected by chance. Non-Cdk peptides were
also often co-regulated, albeit less stringently. Thus, multiple modi-
fied residues, especially Cdk phosphorylation sites, within the same
protein tend to be coordinately dephosphorylated. Exceptions to this
tendency, that we observed (Fig 4G), could point to distinct modes
of regulation affecting individual phosphorylation sites. Our dataset
is a valuable resource to delineate protein features that determine
dephosphorylation dynamics.

© 2014 The Authors
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Figure 4. Phosphoproteome analysis of Cdc14-induced mitotic exit.
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A Phospho-peptide abundance during Cdc14-induced mitotic exit. Examples of phospho-peptides that disappear with early (red), intermediate (orange) and late (green)
timing or that remain stable (black) are shown. This color coding is used throughout all panels of this figure.
B Numbers of unique peptides and corresponding proteins that do or do not contain a minimal Cdk consensus motif are shown, categorized according to timing of
disappearance as described in (A).
C Protein stability data for proteins corresponding to disappearing phospho-peptides (blue) and for all other proteins (black).
D The fractions of peptides that contain a minimal Cdk consensus motif ([S/T]-P) within the timing categories shown in (B) were calculated. The ratio and P-value of
enrichment of each category relative to the combined stable/rest category (gray) are shown.
E Similar to (D), the enrichment for reported physical Cdc14 interactors is assessed within [S/T]-P-containing phospho-peptides.
F  Peptides that contain the indicated Cdk consensus sequence motifs and that have disappeared over time are represented as a fraction of all phospho-peptides
containing that motif.
G Unique phospho-peptides of Spa2, as an example, are categorized based on their dephosphorylation timing (graph). Enrichment of clustered timing for all proteins covered
by phospho-peptides was compared to random for Cdk or non-Cdk consensus site-containing peptides (table). Fisher’s exact tests were used to determine significance.
H Enrichment of the indicated gene ontologies among Cdk consensus site-containing peptides as in (D).
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The primary goal of these measurements was the discovery of
proteins whose dephosphorylation controls cytokinesis. We there-
fore tested whether protein dephosphorylation timing in our dataset
is associated with biological function, based on gene ontologies
(GO). We used unbiased DAVID analysis (Huang et al, 2009a,b) to
identify GO terms associated with dephosphorylation timing. This
revealed the GO term “mitotic cell cycle” as significantly enriched
among both intermediate and late dephosphorylated proteins with
Cdk sites. “Exit from mitosis” and “cell cycle cytokinesis” were
significantly enriched in the late category (Fig 4H). Thus, dephos-
phorylation timing in our experiment is associated with relevant
physiological processes, which justifies the search of our dephos-
phorylation dataset for cytokinesis regulators.

Identification of phospho-regulated cytokinesis factors

Having identified likely Cdc14 substrates whose dephosphorylation
coincides with cytokinesis, we sought to establish a causal relation-
ship between the observed dephosphorylation events and cytokine-
sis. We designed a PCR-based gene targeting strategy, depicted in
Fig 5A, based on the idea that covalent fusion to a cyclin can main-
tain constitutive Cdk target protein phosphorylation (Lyons &
Morgan, 2011). We used the mitotic cyclin Clb2 for the fusions,
from which we removed degradation and localization signals
(denoted Clb2m) to avoid interfering with target protein function.
Following gene targeting, fusion of Clb2m to a protein of interest
was conditional, pending estradiol-activated Cre recombinase-
mediated excision of the selection marker. As a control, we
constructed a similar targeting vector in which Clb2m contained
three additional point mutations that prevent its interaction with the
Cdk kinase subunit (Bailly et al, 2003; denoted CIb2mACdk). Tests
with two established Cdk substrates, Askl and Sicl, validated the
conditional fusion strategy and the effect of the fusions on the target
proteins (Supplementary Fig S4A-C).

We then targeted 26 candidate cytokinetic regulators with the
conditional Clb2m fusion, and the Clb2mACdk control. These
included proteins of intermediate or late dephosphorylation timing
in our phosphoproteome analysis, as well as additional potential
cytokinetic regulators (Supplementary Fig S4D). Following Cre
recombinase activation and consequent Clb2m fusion (Fig 5B), we
monitored cellular DNA content in exponentially proliferating cell
cultures over 6 h by fluorescence-activated cell scanning (FACS;
Fig 5C top). Clb2m fusion to five of the 26 candidates, Innl, Chs2,
Edel, Aipl and Svr2, elicited an increased cellular DNA content,
suggestive of cytokinetic defects. This was less pronounced or
absent after fusion to Clb2mACdk (Fig 5C bottom). In addition, the
five Clb2m-fusion strains displayed growth retardation, compared to
their Clb2mACdk controls (Fig SD), consistent with the expected
long-term effects of cytokinetic failure.

Our FACS-based screening protocol would be unable to distin-
guish erroneous DNA over-replication from cytokinetic failure. We
therefore microscopically examined cells containing the Innl1, Chs2,
Edel, Aipl and Svr2-Clb2m fusions. This revealed cell chain forma-
tion in all strains containing the Clb2m fusions, but not their
controls (Supplementary Fig S4E). We next utilized the GFP-
Sp020°~! plasma membrane marker to assess cytokinesis (Fig SE).
This confirmed that the cell chains remained connected by a
common cytoplasm in all cases. Thus, fusion of Innl, Chs2, Edel,
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Aipl and Svr2 to Clb2m, but not to Clb2mACdk, leads to cytokinetic
defects. In addition, we observed strikingly widened bud necks
among the Clb2m fusion cells (Supplementary Fig S4F). These could
be related to impaired septin and/or chitin ring formation (Blanco
et al, 2012), or more generally to prolonged persistence of bud
necks following cytokinetic failure.

Chs2 dephosphorylation by Cdcl4 is known to be required for
cytokinesis (Chin et al, 2011). The cytokinetic defect in Chs2-Clb2m
cells is therefore expected and we regard Chs2 as a confirmation
that our screening method is able to identify Cdk-regulated
cytokinetic regulators. Dephosphorylation of Innl during mitotic
exit has also been observed. However, phospho-mimetic point
mutations in Innl, changing five Cdk phospho-acceptor sites to
glutamate (innl-SE), did not cause a noticeable cytokinetic defect
(Palani et al, 2012). This could be because our approach to phos-
phorylate Innl more closely resembles true phosphorylation than
phospho-mimetic amino acid replacements. Alternatively, it could
be that the Inn1-Clb2m fusion causes a cytokinetic defect other than
through maintaining Inn1 phosphorylation.

To differentiate between these two possibilities, we mutated the
five known Cdk phosphorylation sites in Innl at its endogenous
chromosomal locus to alanine (INNI-5A) and repeated the Clb2m
fusion experiment. Clb2m fusion to Innl-5A no longer caused a
cytokinetic defect (Fig 6A and B). We noticed that a small
cytokinetic defect caused by Innl-Clb2mACdk fusion was also
rescued using the INNI-5SA allele. This suggests that the cytokinetic
defect in the Innl-Clb2m strain and also the small defect in the
Inn1-Clb2mACdk strain are due to persistent Innl phosphorylation
at its five known Cdk phosphorylation sites. This confirms Innl as
a Cdk target whose dephosphorylation by Cdcl4 is crucial for
successful cytokinesis.

To confirm the causative role of Cdk phosphorylation for the
cytokinetic defect also in strains expressing a fusion of Edel, Aip1 or
Srv2 with Clb2m, we created Cdk phosphorylation site mutant
alleles of these three proteins. Edel-15A and Aip1-6A both partially
rescued cytokinesis in the Clb2m fusion strains, suggesting that
persistent Cdk phosphorylation contributed to the observed cytoki-
netic defects (Fig 6A and B and Supplementary Fig S5). However,
mutation of the four Cdk consensus phosphorylation sites in Srv2
did not alter the cytokinetic defect following Clb2m fusion. It could
be that fusion of Clb2m to Srv2 leads to phosphorylation of Srv2 resi-
dues other than the Cdk consensus sites or that Clb2m fused to Srv2
leads to Cdk phosphorylation of another protein in spatial proximity
to Srv2. Taken together, we found that in three out of the four cases
analyzed, the cytokinetic defect due to a Clb2m fusion is at least in
part due to persistent Cdk phosphorylation of the target protein.

Edel and Aipl have not been previously implicated in cytokine-
sis. To analyze a possible cytokinetic role for these proteins, we
deleted their genes in a strain background in which Innl can be
depleted using an auxin-inducible degron (innl-aid; Nishimura
et al, 2009). innl-aid cells show compromised growth on medium
containing auxin, an effect that was augmented in the absence of
Edel (Fig 6C). In contrast, removing Aipl led to a partial rescue of
innl-aid cell growth. We confirmed these effects by measuring cell
chain formation 6 h following auxin addition to exponentially grow-
ing cultures of the same strains. Inn1 depletion resulted in extensive
chain formation. While deletion of edel by itself led to the
occurrence of occasional cell chains, its deletion in the innlI-aid
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¢, control cells; scale bars, 10 pum.

© 2014 The Authors

The EMBO journal Vol 34| No 12015 89



920

The EMBO Journal

>

0 hrs

Fraction of cells with
DNA content > 2C
o < o

N N [e)]

©
o
1

B
Inn1(wt)-Clb2 0.751
2
8050 ;
(o]
8 *
Inn1(5A)-Clb2 & 0.25 ' '
i
0.00 -
C D

-
o

wit

Inn1-aid

Aip1A

Ede1A

Aip1A Inn1-aid
Ede1A Inn1-Aid

0.5+

Fraction of cells with
indicated chain length

g
=}

Figure 6. Edel and Aip1l are phospho-regulated cytokinesis factors.

m 2hrs

Cdk targets that control cytokinesis ~ Thomas Kuilman et al

m 4 hrs

m 6 hrs

wt+ [15A +] wt A [15A A
Ede1

wt+ | 6A+ [ wtA|6AA
Aip1

m
©
~

0.2 1

Fraction of cells with
DNA content > 2C

o
o

hof1A aip1A

hof1A ede1A

Inn1-aid ede1A
Inn1-aid aip1A

A Genes corresponding to the indicated proteins were replaced by wild-type (wt) or Cdk phospho-site mutant (xA) sequences and then conditionally fused to Clb2m or
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D Auxin was added to cultures of the indicated strains, and after 6 h, cells were sonicated and the number of attached cell bodies was counted (n > 200). Significance

was calculated using a Wilcoxon rank-sum test.

E The fraction of cells in asynchronously proliferating cultures of the indicated strains with a DNA content of > 2C was determined by FACS analysis (n = 3). Error bars

represent SD.

Data information: P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

background significantly enhanced chain formation and chain length
(Fig 6D). Removing Aip1 did not result in noticeable cell chain forma-
tion and, on the contrary, significantly reduced cell chains in innI-aid
cells. We observed similar genetic interactions between either Edel
or Aipl and Hofl. Deletion of edel augmented cytokinetic defects in a
hofiA strain, while aipl deletion partially rescued the defects
(Fig 6E). We also noticed that the reduced spore viability following
sporulation of a hof14 strain is efficiently rescued in the absence of
Aip1 (data not shown). This suggests that Edel is a positive and Aip1
a negative regulator of cytokinesis. A possible scenario is that Edel
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dephosphorylation activates a function of this endocytic protein in
cytokinesis, while the phosphorylated form of the actin regulator
Aipl may act as an inhibitor of actomyosin ring contraction.

Phospho-regulation of Innl localization and Chs2 activation
We set out to address the mechanism by which Inn1 dephosphoryla-
tion promotes cytokinesis. Based on experiments using an INNI-SE,

it has been suggested that Innl dephosphorylation does not affect
Innl localization but regulates Cyk3 recruitment to the cytokinetic

© 2014 The Authors
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furrow (Palani et al, 2012). In contrast, the dynamics and extent
of Cyk3 accumulation were unaltered between Innl-Clb2m,
Inn1-Clb2mACdk and control cells before Clb2m fusion (Fig 7A). In
addition, when directly measuring the time from anaphase onset to
Cyk3 recruitment to the bud neck, we did not observe any difference

The EMBO Journal

between Inn1-Clb2m and Inn1-Clb2mACdk cells (Supplementary Fig
S6B). Thus, Cyk3 recruitment is unlikely to explain the cytokinetic
defect observed upon persistent Innl phosphorylation. We revisited
the possibility that phosphorylation of Innl regulates its localiza-
tion. Using disassembly of the anaphase spindle as an internal
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Figure 7.

Innl phosphorylation regulates bud neck localization and Chs2 activation.

A Cyk3-GFP signal intensity at the bud neck relative to the onset of actomyosin ring contraction (t = 0). The mean and SEM from at least 20 cells are shown.

B Inn1-CIb2m, Inn1-CIb2mACdk and control cells before Clb2m fusion were arrested in G1 using a-factor, released and harvested 90-100 min later at the time of
cytokinesis. Indirect immunofluorescence was used to determine Innl bud neck staining and the spindle status. Representative images of full spindles and partially
and fully disassembled spindles are shown. nr, non-recombined cells. Scale bars, 5 pm.

C The time from anaphase onset until the bud neck appearance of Inn1 was determined by filming synchronized Inn1-Clb2m-GFP and Inn1-Clb2mACdk-GFP cells

containing Spc42-YFP-labeled spindle pole bodies. Error bars represent SD.

D Asin (C), now the persistence of a full actomyosin ring was measured in cells expressing Inn1-Clb2m, Inn1-CIlb2mACdk or their respective non-phosphorylatable

mutants together with Myol-GFP and Spc42-YFP. Error bars represent SD.

E Montage of medial view projections of actomyosin rings in Inn1-Clb2m and Inn1-Clb2mACdk cells. Frames are shown in 2-min intervals.
F Actomyosin ring contraction phenotypes from at least 21 cells filmed as in (E) were blindly scored as having a normal (“constriction”) or aberrant (“disintegration”)

cytokinetic phenotype.

G Cytokinetic defect and cell viability of Inn1-CIb2m or Inn1-Clb2mACdk cells in the absence or presence of Chs2'*”'. In the bar graph, red dots represent values of
duplicate biological replicates with bars representing the average. Significance is calculated using Student’s t-test. 10-fold spot dilution assays are represented,
together with the Western blotting analysis for Inn1 before and after its fusion to Clb2m. Tubl served as a loading control.

Data information: P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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marker for mitotic exit progression, we found that wild-type Innl
appears at the bud neck at a time when the anaphase spindle is still
intact and remains associated with the bud neck during spindle
disassembly (Fig 7B and Supplementary Fig S6A). Inn1-Clb2m was
never seen at the bud neck, while spindles were intact and only
appeared after spindles had been largely disassembled. This
suggests that Innl dephosphorylation promotes its timely recruit-
ment to the site of cytokinesis. Inn1-Clb2mACdk, which causes an
intermediate cytokinetic defect, showed intermediate localization
timing. To measure Innl bud neck recruitment timing directly, we
used cells expressing an Innl-GFP fusion and containing YFP-
marked SPBs (Fig 7C). This confirmed that Innl recruitment is
delayed in Inn1-Clb2m cells, thus corroborating that Innl dephos-
phorylation promotes its timely bud neck localization.

To study the consequences of delayed Innl recruitment, we visu-
alized Chs2 and measured the timing of its appearance at the bud
neck. Chs2 appeared with indistinguishable kinetics in Inn1-Clb2m
and Innl1-Clb2mACdk cells (Supplementary Fig S6B). Thus, Chs2
recruitment occurred independently of Innl dephosphorylation.
However, the full Myol ring persisted for longer in Innl-Clb2m
compared to Innl-Clb2mACdk or Innl(5A)-Clb2m control cells
(Fig 7D). Instead of constricting in a homogeneous centripetal fash-
ion as in Innl1-Clb2mACdk control cells, the Myol signal in Innl-
Clb2m cells collapsed into one or a few spots on the original ring
circumference, but the ring never contracted (Fig 7E). This pheno-
type was very penetrant among many cytokinetic events recorded
(Fig 7F and Supplementary Fig S6C). We conclude that Innl
dephosphorylation promotes actomyosin ring constriction.

When looking for a molecular explanation of how Innl dephos-
phorylation promotes actomyosin ring constriction, we noticed a
greater variability in bud neck widths in Inn1-Clb2m cells compared
to control cells (Supplementary Fig S6D). Similar increased variabil-
ity has been observed in other budding yeast cytokinetic mutants,
notably ones affecting cell wall synthesis (Korinek et al, 2000;
Schmidt et al, 2003; Wright et al, 2008). When we measured the
bud neck diameter of Chs2-Clb2m cells, we observed a similarly
extended width distribution as in Inn1-Clb2m cells. A phenotype of
disintegrating Myol rings, similar to what we observed in Innl-
Clb2m cells, has been described in cells lacking Chs2 (VerPlank &
Li, 2005; Nishihama et al, 2009). This prompted us to further inves-
tigate the relationship between Innl and Chs2.

Innl has been postulated to activate Chs2 (Nishihama et al,
2009; Devrekanli et al, 2012). We therefore addressed whether the
cytokinetic defect caused by constitutive Innl phosphorylation is
due to insufficient Chs2 activity. Expression of a dominant active
Chs2 variant (Chs2"37”"; Devrekanli et al, 2012) in Innl-Clb2m
cells almost completely rescued cytokinesis and restored wild-type
cell growth (Fig 7G). These results support a model in which Innl
dephosphorylation promotes its timely recruitment to the bud
neck region. There it activates Chs2 to initiate primary septum
formation, which in turn supports normal actomyosin ring
contraction.

Discussion

It has long been known that cytokinesis is linked to cell cycle
progression. Budding yeast cells that are unable to downregulate
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mitotic Cdk activity, for example, due to expression of a non-
degradable cyclin, or that are defective in Cdk-counteracting
phosphatase activity, arrest in a late anaphase-like state and do not
undergo cytokinesis (Culotti & Hartwell, 1971; Wdsch & Cross,
2002). The molecular basis for the coupling of cell cycle progression
to cytokinesis remained less clear. Arguments have been made for
both a direct contribution of Cdk substrate dephosphorylation and
protein phosphorylation by late mitotic protein kinases of the MEN.
Using two approaches, in which we either deplete cytoplasmic
Cdc14 or provide ectopic phosphatase activity, we show that Cdc14
is required for the proper execution of multiple cytokinetic steps
and that Cdcl4 is able to drive cytokinesis independently of the
MEN. These results do not exclude a contribution to cytokinesis
from the MEN, or other late mitotic kinases, but they suggest that
dephosphorylation of Cdk targets by the Cdk-counteracting phos-
phatase plays a key role in cytokinetic control.

Phosphoproteome analysis of mitotic exit identified Cdk
substrates that are dephosphorylated at the time of cytokinesis. In
our experiment, mitotic exit and cytokinesis were induced by
ectopic Cdc14. This provided the necessary time resolution during
an otherwise very short part of the cell cycle. Dephosphorylation of
numerous known Cdk substrates under these experimental condi-
tions closely matches that observed during normal mitotic exit
(Bouchoux & Uhlmann, 2011). This approach was validated by the
identification of several dephosphorylation events of physiological
significance. Nevertheless, Cdcl4-induced mitotic exit might not
recapitulate all aspects of substrate dephosphorylation in an undis-
turbed cell cycle. For example, phospho-serines were preferred
substrates for dephosphorylation during Cdc14-induced mitotic exit.
Whether this is indeed a feature of mitotic exit, or whether
phospho-threonines are the preferred substrate of another mitotic
exit phosphatase, needs to be addressed in the future. Our compre-
hensive method to survey phospho-peptide abundance should in the
future allow time course analysis of undisturbed mitotic exit with
the required temporal resolution.

Having identified proteins that are dephosphorylated at the right
time, the challenge became to pinpoint those proteins whose
dephosphorylation controls cytokinesis. The observation of a
dephosphorylation event does not by itself contain information
about how important that event is. A traditional approach to
address this is the use of phospho-mimetic variants of a protein to
study the concomitant phenotype. This was not practical in our case
for several reasons. Our phosphoproteome analysis often identified
more than one phospho-peptide per protein, but is unlikely to have
reached full coverage of each protein’s phosphorylation status.
Without that knowledge, it is hard to design a meaningful phospho-
mimetic. In addition, cloning phospho-mimetic mutants is laborious,
and in many cases, they present poor reflections of the phosphorylated
state. Aspartate or glutamate residues are typically used to mimic
phospho-serine or phospho-threonine, yet there remain considerable
discrepancies in the size and charge of these side chains. We there-
fore employed a novel strategy to screen for phenotypes of the
phosphorylated state, based on the idea that phosphorylation can be
maintained by covalent fusion of a protein of interest to a cyclin
(Lyons & Morgan, 2011). Although this approach does not confirm
the identity of the phosphatase responsible for dephosphorylation, it
did allow us to conduct a phenotypic screen on a medium-sized
scale.

© 2014 The Authors
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This screen identified several proteins that cause a cytokinetic
defect following fusion to Clb2m, but not Clb2mACdk. An important
control in this approach remains confirmation that the phenotype
caused by Clb2m fusion is indeed due to phosphorylation of the
target substrate. In all but one of the cases reported here (and others
that we have studied in the laboratory; M. Godfrey, unpublished
results), the defect caused by Clb2m fusion was at least in part alle-
viated by Cdk phospho-site mutations. This validates Clb2m fusion
as a valuable approach for identifying phospho-regulated substrates.
The screen identified Chs2, the so far only known gene whose
dephosphorylation is required for cytokinesis (Chin et al, 2011). We
also identified Inn1, whose dephosphorylation has been postulated
to contribute to cytokinesis, but for which conventional phospho-
mimetic mutations failed to reveal a clear morphological cytokinesis
defect (Palani et al, 2012). We identified two additional targets whose
Clb2m fusion phenotype depended on the Cdk phosphorylation sites
to a varying degree. There are reasons why the effect of Clb2m fusion
may only in part depend on the target’s Cdk phosphorylation sites.
Clb2m may phosphorylate unintended substrates in the vicinity of
the target, or non-canonical phosphorylation sites on the substrate of
interest might be targeted. With regard to the latter, we note that in a
large-scale survey of Cdk targets, < 45% of all Cdk-dependent phos-
phorylation sites conformed to the minimal [S/T]-P Cdk consensus
(Holt et al, 2009). Overall, we present a valuable discovery tool for
proteins regulated by dephosphorylation that is transferable to other
organisms including human cultured cells.

Our analysis of Innl phosphorylation, using the Clb2m fusion
allele, led to a picture of its regulation that differs from what has
been proposed (Palani et al, 2012). Innl dephosphorylation is
required for its timely recruitment to the site of cytokinesis. There it
appears to be required for Chs2 activation, which in turn supports
furrow ingression during cytokinesis. Without Inn1 dephosphoryla-
tion, or without Chs2 (VerPlank & Li, 2005), the actomyosin ring is
unable to constrict and instead disintegrates. Other Cdk targets that
must be dephosphorylated may play a role in promoting additional
cell physiological events relevant to cytokinesis. Edel is an endocy-
totic protein, suggesting that regulated membrane fusion events
partake in cytokinesis. Aipl in turn impinges on the actin depoly-
merization factor cofilin, a factor of importance to actomyosin ring
constriction (Mendes Pinto et al, 2012). Together, our results exem-
plify that cytokinesis is controlled by the master cell cycle regulator
Cdk kinase and its counteracting phosphatase Cdc14 and that cyto-
kinesis involves the coordination of numerous cell biological
processes through dephosphorylation of Aipl, Edel and Innl to
successfully conclude the cell division cycle.

Materials and Methods
Yeast strains, plasmids and techniques

All strains used in this study are isogenic to W303 and are listed in
the Supplementary Materials and Methods. Unless indicated other-
wise, cells were grown in rich medium (YP) supplemented with
2% glucose as the carbon source. The cdcl5-asl strain was a gift
from A. Amon (D’Aquino et al, 2005), and 5 uM 1NM-PP1 was
used for kinase inhibition. Epitope tagging of endogenous genes
was performed by polymerase chain reaction (PCR)-based gene
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targeting (Knop et al, 1999). The plasmid used to generate + CDCI14
strains was a derivative of pRS416-Cdc14-GFP, a kind gift from
H. Yu (Bembenek et al, 2005). To create the + CDCI14-NLS strains,
the SV40 virus large T antigen NLS (AGAPPKKKRKVAGI; Kalderon
et al, 1984) was inserted before the stop codon. The CHS2"37"
allele in plasmid pRS313 was a kind gift from K. Labib (Devrekanli
et al, 2012). For cell wall removal, formaldehyde-fixed cells were
treated with 40 pg/ml zymolyase T20 (MP Biomedicals) for
15 min. For conditional Clb2m fusions, a mutant lacking its
destruction and KEN boxes (Wdsch & Cross, 2002) and its NLS
(Eluére et al, 2007) was used. In addition to these alterations, the
Clb2mACdk mutant lacks Cdk-binding capacity owing to three
point mutations (Bailly et al, 2003). For Clb2 fusions, three repeats
of the unstructured 10-mer GGSGTGGSGT were used as a spacer
between the tagged protein and Clb2m. Strains harboring condi-
tional Clb2m fusion cassettes were routinely propagated on
medium lacking uracil to prevent spontaneous recombination
between loxP sites. To obtain non-phosphorylatable mutants of
Innl, Edel, Aipl and Svr2, all [S/T]-P sites in these proteins were
mutated to A-P, except for Innl where the previously described
Innl-5A mutant was used (Palani et al, 2012). The genes were
cloned into integrative targeting plasmids that allow one-step gene
replacement at the endogenous locus. As a control, similar
targeting constructs were generated harboring the wild-type
genes. Recombination resulting in Clb2m fusion was induced by
B-estradiol-dependent activation of Cre recombinase fused to an
estradiol-binding domain (Cre-EBD78; Lindstrom & Gottschling,
2009) by the addition of 1 pM B-estradiol to the growth medium.
To deplete cells of Innl using the auxin-inducible degron, 500 uM
indole-3-acetic acid (IAA) was added to the growth medium. Cell
synchronization in G1 was performed by adding 0.8 pug/ml a-factor
to cultures every 45 min for ~1.5 population doubling times. For
re-arresting cells in the following G1, 6 pg/ml o-factor was added
to the culture once buds had formed. Arrest of cells in metaphase
by depletion of Cdc20 under control of the MET3 promoter was
performed as previously described (Uhlmann et al, 2000). In exper-
iments using fluorescence-activated cell scanning (FACS), 10,000
cells were counted. Antibodies used for Western detection were:
o-Cdc14 (rabbit serum raised against recombinant Cdcl4; Lopez-
Avilés et al, 2009); o-Clb2 (Santa Cruz, sc9071); o-HA (clone
12CAS5); o-Orc6 (clone SB49); and o-Sicl (Santa Cruz, sc50441).
o-Tubl, clone YOL1/34 (AbD Serotec), was used as a loading
control in all experiments, except in Supplementary Fig S5 where
o-Nuclear Pore Complex Proteins (Abcam, Mab414) was used. All
error bars represent standard deviations, except where indicated.
The following symbols are used to indicate significance: P > 0.05;
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Microscopy

Indirect immunofluorescence was performed on formaldehyde-fixed
cells using the following antibodies: o-GFP, clone TP401 (Torrey
Pines Biolabs); a-HA, clone 16B12 (Babco); o-Nopl, clone 28F2
(EnCor Biotechnology); and a-tubulin, clone YOL1/34 (AbD Sero-
tec). 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). To analyze the
state of the plasma membrane in the bud neck region, we expressed
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eGFP-Sp020°'~°!, a gift from A. Neiman (Nakanishi et al, 2004), and
captured 20 z-sections at 200-nm intervals. Time-lapse imaging was
performed on cells grown in synthetic medium (YNB) and imaged
on a DeltaVision Olympus IX70 inverted microscope with a 100x
(NA = 1.40) PlanApo objective every 2 min. For analyzing the
timing of cytokinetic events, the spindle pole body (SPB) was
labeled using Spc42-YFP, and timings were expressed relative to the
start of anaphase spindle elongation. The Kymograph plugin
(http://www.embl.de/eamnet/html/body_kymograph.html) was
used for creating side projections of Myo1-GFP rings. For statistical
analysis of the spread of bud neck diameter, an R package calculat-
ing bootstrapped Kolmogorov-Smirnov P-values was used (http://
sekhon.berkeley.edu/matching/ks.boot.html). For quantification of
Cyk3-GFP fluorescence intensity at the bud neck, a threshold was
applied on a fixed-size rectangular selection around the bud neck
and signal intensities of particles were analyzed using ImageJ soft-
ware. Mean-normalized values are used for representation in
graphs.

Mass spectrometric analysis

Triplicate cultures were grown in synthetic medium supplemented
with 2% raffinose and arrested in metaphase by Cdc20 depletion at
an ODggg of 0.45. Cdcl4 expression was induced by the addition of
2% galactose. 100 ml of the cultures was fixed at the indicated times
by the addition of 6.7 ml 100% (w/v) TCA and left overnight on
ice. Cells were collected by centrifugation, washed three times with
ice-cold acetone and stored at —80°C. Cells were broken with glass
beads in urea buffer (8 M urea, 100 mM ammonium bicarbonate
and 5 mM EDTA), and an equivalent of 3 mg protein of the super-
natant was reduced with 10 mM Tris(2-carboxyethyl)phosphine
(TCEP) and alkylated with 10 mM iodoacetamide. The solution was
diluted and digested overnight at 37°C with sequencing-grade
modified trypsin (Promega) at a protein-to-enzyme ratio of 50:1.
Phospho-peptides were isolated using TiO, beads as previously
described (Bodenmiller & Aebersold, 2010). Details describing the
MS approach and phosphoproteome analysis are included in the
Supplementary Materials and Methods.

Supplementary information for this article is available online:
http://emboj.embopress.org
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