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The mitotic exit network regulates the
spatiotemporal activity of Cdc42 to maintain cell size
Gabriel M. Gihana, Arthur A. Cross-Najafi, and Soni Lacefield

During G1 in budding yeast, the Cdc42 GTPase establishes a polar front, along which actin is recruited to direct secretion for
bud formation. Cdc42 localizes at the bud cortex and then redistributes between mother and daughter in anaphase. The
molecular mechanisms that terminate Cdc42 bud-localized activity during mitosis are poorly understood. We demonstrate
that the activity of the Cdc14 phosphatase, released through the mitotic exit network, is required for Cdc42 redistribution
between mother and bud. Induced Cdc14 nucleolar release results in premature Cdc42 redistribution between mother and bud.
Inhibition of Cdc14 causes persistence of Cdc42 bud localization, which perturbs normal cell size and spindle positioning.
Bem3, a Cdc42 GAP, binds Cdc14 and is dephosphorylated at late anaphase in a Cdc14-dependent manner. We propose that
Cdc14 dephosphorylates and activates Bem3 to allow Cdc42 inactivation and redistribution. Our results uncover a mechanism
through which Cdc14 regulates the spatiotemporal activity of Cdc42 to maintain normal cell size at cytokinesis.

Introduction
Chromosome partitioning is coordinated with cell surface
growth to ensure that, at every division cycle, daughter cells
reach appropriate and consistent size to accommodate the nu-
cleus and other organelles. In polarized cells, asymmetric cell
growth is directed by a mechanism whereby an activated
GTPase (Cdc42, Rac, or Rop) accumulates at a local cortical do-
main on the plasma membrane to define a polar front (Chiou
et al., 2017; Olayioye et al., 2019). The cytoskeleton is subse-
quently guided along the GTPase front and directs secretion,
resulting in cell surface growth targeted to the polarity site. The
spatiotemporal activity of polarity factors affects both the pat-
tern and magnitude of cell surface growth (Bi and Park, 2012;
Gulli et al., 2000; Howell and Lew, 2012; Knaus et al., 2007; Lew
and Reed, 1993; Okada et al., 2013; Pruyne and Bretscher, 2000;
Sopko et al., 2007; Woods and Lew, 2019).

In budding yeast, growth is first polarized to one site to allow
the initiation of bud formation in G1 (Woods and Lew, 2019).
Activated Cdc42 localizes to one presumptive bud site, where it
recruits the septin and the actin cytoskeleton. Following polar-
ization of GTP-Cdc42 at the presumptive site, actin filaments are
oriented along the polar front, and cortical actin patches become
concentrated at the site (Fig. 1 A; Adams et al., 1990; Engqvist-
Goldstein and Drubin, 2003; Lew and Reed, 1993; Rodal et al.,
2005; Valdez-Taubas and Pelham, 2003; Young et al., 2004).
Cdc42 activity is regulated by one guanine exchange factor,
Cdc24, and four GTPase-activating proteins (GAPs), Rga1, Rga2,

Bem2, and Bem3 (Johnson, 1999; Marquitz et al., 2002; Smith
et al., 2002; Zheng et al., 1993, 1994). Cdks, associated with G1
cyclins, promote Cdc42 activation and bud formation by in-
hibiting Cdc42 GAPs and the nuclear sequestration of Cdc24
(Gulli et al., 2000; Knaus et al., 2007; Sopko et al., 2007).

The mechanism of Cdc42 polarity establishment and the in-
itiation of bud formation in G1 have been thoroughly investi-
gated, but less is known about how bud growth is regulated
throughout S, G2, and M phases. In these phases, the bud con-
tinues to grow but switches from a polarized tip growth to an
isotropic growth (Adams and Pringle, 1984; Farkaš et al., 1974;
Kilmartin and Adams, 1984; Lew and Reed, 1993; Tkacz and
Lampen, 1972). Cdc42 remains concentrated at the bud cortex,
directing secretory vesicles to the growth site through actin-
dependent and independent mechanisms (Bi and Park, 2012;
Howell and Lew, 2012). At the end of mitosis, the actin patches
and Cdc42 redistribute between the bud and the mother before
accumulating at the bud neck at cytokinesis. The molecular
mechanisms through which Cdc42 is redistributed at the end of
mitosis are not fully understood.

Here, we investigated the spatiotemporal activity of Cdc42 in
S and M phases of the cell cycle in budding yeast. We found that
cells arrested at S or M phases maintain bud-localized Cdc42
activity; the bud continues to grow, and the spindles become
mispositioned into the bud. We show that the redistribution of
Cdc42 between mother and bud at late anaphase requires the
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Figure 1. Cdc42 is inactivated at late anaphase to preserve normal cell size. (A) Cartoon of actin filament and actin patch localization throughout the
budding yeast cell cycle. (B) Representative time-lapse images showing the localization of actin patches by monitoring Abp1-3xmCherry during mitosis in a
wild-type cell. Numbers indicate time in minutes from the initial polarization of actin patches. Cells were synchronized in G1 with α factor and released. Scale
bar, 5 µm. (C) Timing of anaphase onset, actin patch redistribution, and spindle breakdown (n = 70 cells from three experiments). (D) Representative time-
lapse images showing localization of a GTP-Cdc42 biosensor (Gic2-PBD-RFP) during mitosis in a wild-type cell. Numbers indicate time in minutes from the
initial polarization of GTP-Cdc42 in G1. Cells were synchronized in G1 with α factor and then released. Scale bar, 5 µm. (E) Timing of anaphase onset, Cdc42
redistribution, and spindle breakdown (n = 100 cells from three experiments). (F) Gic2-PBD-RFP fluorescence intensity (n = 30 cells from three experiments for
each time point indicated). Average intensity from each cell compartment was normalized over the total intensity in the cell, and the average ratio from 30 cells
is plotted for each time point. Error bars represent SEM. (G) Cell volume of buds and mothers (n = 30 cells from three experiments for each time point
indicated; average ± SEM). (H) Growth rate before and after Cdc42 redistribution (n = 100 cells from three experiments; average ± SEM). Asterisks indicate
statistically significant differences (****, P < 0.0001, paired t test). ns, not statistically significant.
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nucleolar release of the Cdc14 phosphatase through the mitotic
exit network (MEN). We identified one substrate of Cdc14, the
Cdc42 GAP Bem3. Because GAPs are inactivated by phosphor-
ylation by Cdk, dephosphorylation of Bem3 by Cdc14 likely leads
to the activation of the GAP, suggesting a mechanism for Cdc42
inactivation. We conclude that the regulation of the spatiotem-
poral activity of Cdc42 by Cdc14 is important to preserve cell size
at cytokinesis and for normal positioning of the mitotic spindle.

Results
Cdc42 inactivation at late anaphase maintains cell size
Previous studies showed that, in mitosis, actin patches redis-
tribute between mother and daughter cells before localizing to
the bud neck at cytokinesis (Fig. 1 A; Adams and Pringle, 1984;
Kilmartin and Adams, 1984). We investigated the timing of the
redistribution of the actin patches relative to the elongation and
the breakdown of the mitotic spindle. We used time-lapse mi-
croscopy to monitor cells expressing Abp1 fused to three tandem
copies of mCherry (Abp1-mCherry). The use of time-lapse mi-
croscopy allows us to continually track the cells and differentiate
between mother and bud. Abp1 binds to actin patches, which are
cortical actin structures made of short and branched actin fila-
ments (Drubin et al., 1988). The cells also expressed GFP-TUB1 to
monitor the microtubule spindle, anaphase onset, and spindle
breakdown (Carminati and Stearns, 1997). Cells were synchro-
nized in G1 by treatment with α factor mating pheromone and
then released into the cell cycle (Breeden, 1997). We observed
that actin patches redistributed between the bud and mother
compartments at late anaphase before anaphase spindle break-
down (Fig. 1, B and C). From their initial polarization in G1, actin
patches remained restricted to the bud for 70 ± 8 min (mean
± SD).

To determine how the timing of the actin patch redistribu-
tion is coordinated with Cdc42 activity, we monitored the lo-
calization of active GTP-bound Cdc42 using a biosensor
consisting of the Gic2 p21-binding domain (PBD) bound to RFP
(Gulli et al., 2000; Okada et al., 2013). As expected from previous
studies, GTP-Cdc42 polarized and accumulated at the pre-
sumptive bud site in G1 (Fig. 1 D; Gulli et al., 2000; Okada et al.,
2013; Pringle et al., 1995). As the cell cycle progressed, GTP-
Cdc42 remained concentrated in the bud, and intriguingly,
when the spindle reached full length but before spindle break-
down and cytokinesis, the GTP-Cdc42 biosensor redistributed
between the bud and the mother (Fig. 1, D and E). From the
initial polarization in G1, GTP-Cdc42 remained concentrated in
the bud for an average of 66 ± 9 min (mean ± SD) in wild-type
cells (Fig. 1, E and F). Similar results were obtained in asyn-
chronous cells that were not treated with α factor (Fig. S1, A–C).
The redistribution of the biosensor fluorescence signal that we
observed likely indicates the inactivation of Cdc42, as previous
work showed that Cdc42 is inhibited at the end of mitosis to
allow cytokinesis to occur (Atkins et al., 2013). As Cdc42 is in-
activated, the biosensor molecules redistribute between the bud
and the mother (Fig. 1 F). However, we cannot exclude the
possibility that active GTP-Cdc42 is redistributed between
mother and bud. These results reveal that the redistribution of

Cdc42 from the bud occurs just before actin patch redistribution
and before spindle breakdown, thus providing further insight
into the order of events at mitosis exit.

In budded cells, the concentration of active Cdc42 in the bud
targets growth to the bud cortex (Bi and Park, 2012; Howell and
Lew, 2012; Woods and Lew, 2019). As a result, during mitosis,
the buds grow faster than the mother cells (Leitao and Kellogg,
2017). We hypothesized that the inactivation of Cdc42 would
result in an equal growth rate in the mother and the bud before
cytokinesis. To test this hypothesis, we measured both the vol-
ume and growth rate of the bud and the mother compartments
before and after redistribution of the GTP-Cdc42 biosensor. To
measure the growth rate, we divided the total change in volume
by the change in time. Before GTP-Cdc42 redistribution, for each
cell analyzed, volume and time were measured starting from
25 min after the initial polarization of GTP-Cdc42 until the time
of GTP-Cdc42 biosensor redistribution. The samemeasurements
were done from the GTP-Cdc42 redistribution time until the
time of cytokinesis. As previously shown, cell growth was re-
stricted to the bud before anaphase (Fig. 1, G and H; Leitao and
Kellogg, 2017). In contrast, after redistribution of the GTP-Cdc42
biosensor, the growth rate of the buds decreased, and the av-
erage growth rate of the buds and the mothers became similar.
Cells without α factor treatment gave similar outcomes (Fig. S1,
D and E). These results further suggest that Cdc42 is inactivated
with the redistribution, and this inactivation balances the
growth rate between the daughter and mother cell before cy-
tokinesis and before the start of a new cell cycle.

GTP-Cdc42 remains restricted to the bud during S andM phase
cell cycle arrest
When cell cycle progression is blocked, cells are able to continue
to grow in size (Demidenko and Blagosklonny, 2008; Johnston
et al., 1977; Neurohr et al., 2019). However, it remains unclear
how cell cycle arrest affects the localization of GTP-Cdc42 in
budded cells that have concentrated GTP-Cdc42 in the bud.
Using the GTP-Cdc42 biosensor, we assessed the localization of
GTP-Cdc42 and size of the mothers and the buds in cells arrested
in S andM phases following a release from a G1 synchronization.
Cells were arrested in S phase with hydroxyurea treatment and
in M phase with depletion of CDC20, an activator of the
anaphase-promoting complex. We observed that GTP-Cdc42
remained concentrated in the buds in the arrested cells (Fig. 2,
A–D). These results demonstrate that active Cdc42 can remain
concentrated in a subcellular compartment when cell cycle
progression is blocked before cytokinesis.

The cell size ratio between the buds and the mother com-
partments was perturbed in cells arrested in S orM phase for 3 h
after initial Cdc42 polarization in G1 (Fig. 2, E–G). Without cell
cycle arrest, the buds reached, on average, 40% of the size of the
mothers by the time of cytokinesis (Fig. 2 E). The buds of the
cells that were arrested in S phase reached 70% of the average
size of the mothers (Fig. 2, E and F). Strikingly, in M phase ar-
rest, the buds attained a size that was 130% of the average size of
the mothers (Fig. 2, E and G). Thus, the M phase arrest led to
buds that, on average, grew even larger than their mothers,
therefore reversing the characteristic cell size ratio between the
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Figure 2. GTP-Cdc42 remains restricted to the bud during S and M phase cell cycle arrest. (A) Representative time-lapse images of a cell arrested in
S phase with hydroxyurea. Numbers indicate time in minutes from the initial Cdc42 polarization. Cells were synchronized in G1 with α factor. Scale bar, 5 µm.
(B) GTP-Cdc42 concentration in the buds of cells that are not arrested, cells in S phase arrest, and cells in M phase arrest (n = 100 cells from three ex-
periments). (C) Representative time-lapse images of a cell arrested in metaphase by CDC20 depletion. Numbers indicate time in minutes from the initial Cdc42
polarization. Cells were synchronized in G1 with α factor. Scale bar, 5 µm. (D) Graph of relative Gic2-PBD-RFP fluorescence intensity. The average intensity
from each cell compartment was normalized to the total intensity in the cell ± SEM. Intensity was measured at 2 h from α factor release (n = 50 cells from three
experiments). Asterisks indicate statistically significant differences (****, P < 0.0001, Mann-Whitney t test). (E) Bud/mother volume ratio measurement in
arrested cells, calculated at 180 min from α factor release. For cells that were not arrested, the ratio was calculated at cytokinesis (n = 30 from three ex-
periments for each; average ± SEM). Asterisks indicate statistically significant differences (****, P < 0.0001, Mann-Whitney test). (F) Volume of cells arrested in
S phase (n = 30 cells from three assays for each time point; average ± SEM). (G) Volume of cells arrested in M phase (n = 30 cells from three assays for every
time point; average ± SEM). (H) Growth rate of cells arrested in S and in M phase (n = 30 cells from three experiments; average ± SEM). The growth rate was
measured between 30 min and 180 min. Asterisks indicate statistically significant differences (****, P < 0.0001, Mann-Whitney test).
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buds and the mothers (Fig. 2 G). Similar results were obtained in
cells arrested in M phase with nocodazole treatment (Fig. S2,
A–D). We also noticed that cells arrested in M phase grew larger
and faster compared with the cells arrested in S phase with
hydroxyurea (Fig. 2, E and H). The data suggest that, when the
cell cycle is arrested, persistence of GTP-Cdc42 in the bud can
perturb the normal size ratio between the mother and daughter
cell compartments.

Because active and polarized Cdc42 guides the actin cyto-
skeleton, which in turn directs secretion and cell growth
(Pruyne and Bretscher, 2000), we tested if the excessive bud
growth in cells arrested in M phase was actin dependent. We
synchronized cells in G1, released them into the cell cycle, and
arrested them at metaphase with the depletion of CDC20. To the
budded and metaphase-arrested cells, we added latrunculin B
(LatB), a drug that disrupts actin polymerization (Spector et al.,
1983). We found that actin depolymerization prevented the re-
verse distribution of cell size between the bud and mother cells.
The growth rate of the buds was decreased in the presence of
LatB, and the buds remained smaller than the mothers during M
phase arrest (Fig. S2, E–H). Surprisingly, in the absence of actin
polymerization in cells arrested in M phase, the mother com-
partments grew more and faster than their buds (Fig. S2, F and
H). The mothers of cells arrested at M phase with latrunculin
also grew larger than mothers of cells arrested in M phase
without latrunculin (Fig. S2 G). The results demonstrate that, by
targeting secretory vesicles to the buds, polymerized actin not
only promotes the growth of the buds but also maintains the
normal growth rate of the mothers to prevent abnormally large
mothers.

Prolonged bud localization of Cdc42 activity perturbs normal
positioning of the mitotic spindle, cell cycle timing, bud site
selection, and bud morphology
In budding yeast, the actin cytoskeleton helps position the nu-
cleus, and therefore the mitotic spindle, at the bud neck for di-
vision of the chromosomes between the mother and daughter
(Fig. 1 A; Miller et al., 1999; Miller and Rose, 1998; Palmer et al.,
1992; Theesfeld et al., 1999). A microtubule motor protein, Kar9,
connects cytoplasmic microtubules to an actin motor protein,
which binds actin filaments oriented along the mother–bud axis
(Beach et al., 2000; Theesfeld et al., 2003; Yin et al., 2000). We
hypothesized that persistent GTP-Cdc42 bud localization in cells
arrested at S or M phase could result in a mislocalization of the
spindle due to prolonged forces that pull the spindle along the
actin filaments and into the daughter cell. We therefore moni-
tored spindle position in cells arrested in S and M phases.

As expected from previous work, in wild-type cells that are
not arrested, the mitotic spindle remained in the mother, posi-
tioned at or close to the mother–bud neck, until anaphase onset,
when the spindle elongated across the bud neck and into the bud
(Fig. 3 A; Kusch et al., 2002). In cells arrested in S or M phase,
the entire spindle migrated into the buds in 59% and 99% of cells,
respectively (Fig. 3, B–D). When we treated cells arrested in M
phase with LatB, the spindles did not migrate to the bud. Instead,
the spindle remained positioned at or near the bud neck (Fig. S2,
E and I), likely because spindle positioning can also occur

through actin independent pathways (Carminati and Stearns,
1997; Eshel et al., 1993; Kusch et al., 2002; Li et al., 1993;
Moore et al., 2009). These results suggest that prolonged GTP-
Cdc42 bud localization leads to persistent actin filaments
pointing toward the mother–bud axis, causing spindle
mispositioning.

Previous work has shown that in budding yeast, cell size is
negatively correlated with the timing of cell cycle entry
(Hartwell and Unger, 1977; Wheals, 1982). The daughter cells,
which are smaller at birth than their mother cells, are delayed in
cell cycle reentry after cytokinesis. We considered that the
perturbation of cell size ratio that we observed between the
mother and bud compartments could disrupt the timing of
normal cell cycle processes (Fig. 2). Therefore, we compared the
timing of Cdc42 polarization, bud formation, and anaphase onset
in unperturbed cells (with a normal mother to daughter size
ratio; Fig. S3 A) to cells that were originally arrested at meta-
phase with prolonged localization of Cdc42 activity to the bud
(metaphase-released cells with buds larger than the mothers;
Fig. S3 B). These cells were initially depleted of Cdc20 to arrest
them at metaphase for 3 h but then induced to express CDC20 to
exit metaphase. We measured the time from anaphase spindle
disassembly to Cdc42 polarization, bud formation, and anaphase
onset in the next cell cycle. As expected, in unperturbed cells,
the mother was faster than the daughter for each of the analyzed
events (Fig. S3 C). In contrast, in the metaphase-released cells,
Cdc42 polarization and bud formation occurred with similar
timing in both mother and daughter cells (Fig. S3 D). In contrast
to the unperturbed cell cycle, anaphase onset was faster in the
daughter than in mother cells in metaphase-released cells.

We also compared the timing of Cdc42 polarization, bud
formation, and anaphase onset in the daughters of unperturbed
cells to the daughters of metaphase-released cells and the timing
of the same cell cycle events in the mothers of unperturbed cells
versus the mothers of metaphase-released cells. The metaphase-
released daughters undergo Cdc42 polarization, budding, and
anaphase onset faster than the unperturbed daughters (Fig. S3
E). Interestingly, the metaphase-released mothers had a delayed
anaphase onset compared with the unperturbed mothers (Fig.
S3 F). As shown in Fig. 3, the mitotic spindle of the cells arrested
in metaphase migrate to the buds. We assessed the orientation
of spindle elongation during anaphase in cells released from
the metaphase arrest. In the unperturbed cells, the spindle was
found in the mother compartment and then elongated into the
bud in 96% of cells (Fig. S3, A and G). In contrast, in the
metaphase-rescued cells, which often had the spindle located in
the bud compartment, 62% of the cells underwent an anaphase
spindle elongation from the bud into the mother, a reverse order
of the normal process (Fig. S3, B and G). Overall, these results
show that the reversed cell size ratio between the bud and the
mother alters the normal timing of cell cycle events. In addition,
the data reveal a reversed elongation of spindle during anaphase
in cells released from a metaphase arrest.

We next asked if the pattern of bud site selection was dif-
ferent in the unperturbed cells compared with the cells released
from a prolonged metaphase arrest. Budding yeast cells choose a
site of polarized growth in a nonrandom pattern. Haploid cells
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typically bud in an axial pattern in which mother and daughter
cells bud at a location adjacent to the previous bud site (Fig. S4 A;
Bi and Park, 2012). We released the unperturbed cells from an α
factor arrest, allowed them to undergo one division cycle, and
then examined the position of the bud in both the mother and
original daughter cells in the second division cycle. By fol-
lowing the cells with time-lapse microscopy, we can identify
the original bud site and the new bud site. Most unperturbed
cells display the expected pattern with new buds adjacent to
the original bud site in both the mother and daughters (Fig.
S4, B and C). However, some unperturbed cells have mothers
or daughters with distal buds. Infrequently, the cells bud in an
equatorial pattern. Cells released from the metaphase arrest
have an altered budding pattern. In most of the metaphase-
released cells, both the mother and daughter cells bud at a site
distal from their previous bud site (Fig. S4, C and D). A small
fraction of daughter and mother cells bud at equatorial or
axial sites.

We also noticed that in the cells released from a metaphase
arrest, the mother cells often produced elongated buds (Fig.
S4 D). To quantify this phenotype, we measured the ratio of
bud length (the length from the bud neck to the bud tip) to bud
width. The buds from unperturbed mother and daughter cells
had a similar length (Fig. S4 E). In contrast, in metaphase-
released cells, the buds from the mother cells were longer
than the buds from the daughter cells (Fig. S4 F). These results
demonstrate that the mother cells from a prolonged metaphase
arrest, which have a delayed anaphase onset, also form elon-
gated buds. Overall, these results suggest that a prolonged
metaphase arrest with bud-localized Cdc42 activity causes

defects in spindle positioning, cell cycle timing, bud site selec-
tion, and bud morphology.

The MEN promotes Cdc42 redistribution
The observation that the GTP-Cdc42 biosensor redistributed
consistently at late anaphase before spindle breakdown and
cytokinesis led to the hypothesis that Cdc14 is involved in Cdc42
redistribution. The Cdc14 phosphatase is sequestered in the
nucleolus until it is released, first in early anaphase through the
Cdc14 early anaphase release (FEAR) pathway and then in a
sustained release through the MEN (Pereira et al., 2002; Shou
et al., 1999; Stegmeier and Amon, 2004; Stegmeier et al., 2002;
Traverso et al., 2001; Visintin et al., 1998; Yoshida et al., 2002).
Once released, Cdc14 reverses Cdk phosphorylation and pro-
motes cyclin degradation, resulting in spindle breakdown and
cytokinesis. To investigate the timing of Cdc14 release and Cdc42
activity, we imaged live cells expressing the GTP-Cdc42 bio-
sensor and Cdc14-GFP. As shown in Fig. 4, A and B, the release of
Cdc14 from the nucleolus preceded the redistribution of the
GTP-Cdc42 biosensor by 10–20 min.

To test our hypothesis that Cdc14 nucleolar release is
required for Cdc42 redistribution, we used a temperature-
sensitive CDC14 allele, cdc14-1, to conditionally inactivate Cdc14.
Cells were released from a metaphase arrest at the restrictive
temperature (37°C) and imaged at 0-, 15-, 30-, and 45-min time
points. Cells with wild-type CDC14 grown at the restrictive
temperature underwent anaphase spindle elongation before
GTP-Cdc42 biosensor redistribution, as expected (Fig. 4, C and
D). cdc14-1 cells grown at 37°C enter anaphase with similar timing
to wild-type cells; however, the anaphase spindles do not break

Figure 3. Aberrant spindle position in cells arrested with GTP-Cdc42 concentrated in the bud. (A) Representative time-lapse images showing normal
spindle position in a wild-type cell. Numbers indicate time in minutes from the initial polarization of Cdc42 in G1. Scale bar, 5 µm. (B and C) Representative
images showing spindle migration to the bud in cells arrested in S phase (B) and M phase (C). Scale bars, 5 µm. (D) Percentage of cells in which the spindle
migrated in the bud (n = 100 cells from three experiments).
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Figure 4. Cdc14 activity is required for Gic2-PBD redistribution. (A) Representative time-lapse images showing Cdc14 nucleolar release and Gic2-PBD
redistribution in a wild-type cell released from a G1 α factor arrest. Numbers indicate time in minutes, counted from the time of initial Cdc42 polarization. Scale
bar, 5 µm. (B) Timing of Cdc14 nucleolar release and Gic2-PBD-RFP redistribution in wild-type cells released from a G1 α factor synchronization (n = 100 cells
from three experiments). (C) Representative images showing Gic2-PBD localization in wild-type cells at 37°C. Scale bars, 5 µm. Cells were released from a G1 α
factor block and then arrested at metaphase by depletion of Cdc20 using a methionine-repressibleMET3 promoter. Cells were incubated in methionine medium
for 2 h at 25°C and then released in media lacking methionine at 37°C. Numbers indicate time in minutes, counted from the transfer to methionine-free
medium. (D) The timing of progression through anaphase, Gic2-PBD redistribution, and spindle breakdown in wild-type cells released from a metaphase arrest
at 37°C. Time was counted from the transfer to methionine-free medium. n = 150 cells from three experiments. (E) Representative images showing Gic2-PBD
localization in cdc14-1 mutant cells released from metaphase arrest at 37°C. Cells were treated as in C. Numbers indicate time in minutes, counted from the
transfer to methionine-free medium. Scale bars, 5 µm. (F) The timing of progression through anaphase, Gic2-PBD redistribution, and spindle breakdown in
cdc14-1 mutant cells released from a metaphase arrest at 37°C. Scale bar, 5 µm. n = 150 cells from three experiments. (G) Representative time-lapse images
showing the mitotic spindle and Gic2-PBD in a wild-type cell treated with CMK. Numbers indicate time in minutes from the initial Cdc42 polarization in G1.
Scale bar, 5 µm. (H) The percentage of wild-type and cdc5-as1 cells treated with CMK with bud-concentrated Gic2-PBD. For each background, n = 100 cells
from three experiments. (I) Representative time-lapse images showing the mitotic spindle and the Gic2-PBD biosensor in a cdc5-as1 cell treated with the CMK
inhibitor. Numbers indicate time in minutes from the initial Cdc42 polarization in G1. Scale bar, 5 µm. (J) Gic2-PBD-RFP fluorescence intensity in cdc5-as1 cells
treated with CMK for 3 h. Average intensity in each cell compartment was normalized to the total intensity in the cell (n = 50 cells from three experiments; error
bars indicate SEM). Asterisks indicate statistically significant differences (****, P < 0.0001, Mann-Whitney t test).
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down and the GTP-Cdc42 biosensor remains concentrated in the
bud in the majority of the cells (Fig. 4, E and F). We noted that a
small fraction of cdc14-1 cells break through the temperature
arrest and undergo spindle breakdown and Gic2-PBD redistri-
bution, probably due to the leakiness of the temperature-
sensitive mutation.

We also tested the redistribution of Cdc42 in cells expressing
a net1-6cdkmutant. Net1 inhibits Cdc14 activity by anchoring the
phosphatase in the nucleolus (Visintin et al., 1999). Cdk-
dependent phosphorylation of Net1 releases Cdc14 through the
FEAR pathway (Azzam et al., 2004). The net1-6cdkmutant cannot
be phosphorylated by Cdk, thus delaying Cdc14 release (Azzam
et al., 2004; Liang and Wang, 2007). We found that the redis-
tribution of Cdc42 is delayed in the cells in which net1-6cdk is the
only source of Net1 (Fig. S5 A).

For further confirmation, we tested cdc15-2 cells, a
temperature-sensitive mutant of the Cdc15 kinase involved in
the MEN pathway but not involved in FEAR (Jaspersen et al.,
1998; Lee et al., 2001; Menssen et al., 2001; Shou et al., 1999;
Visintin et al., 1999). At the restrictive temperature, cdc15-2 cells
arrest in late anaphase. Inhibition of Cdc15 blocks full Cdc14
release from the nucleolus, with a minor amount of Cdc14 re-
leased through the FEAR pathway (Stegmeier et al., 2002). Wild-
type cells released from an α factor arrest at the restrictive
temperature redistributed Cdc42 with normal timing (Fig. S5,
B and C). In agreement with our observations in the cdc14-1
mutants, the majority of cdc15-2 cells released from an α factor
arrest at the restrictive temperature have GTP-Cdc42 largely
concentrated in the bud (Fig. S5, C–E). The buds of the cdc15-2
arrested cells also grew larger than their mothers (Fig. S5, D
and F). These results suggest that release of Cdc14 through the
MEN pathway is important for the full redistribution of Cdc42.

Furthermore, in a complementary approach, we blocked
Cdc14 nucleolar release by inhibiting Cdc5, the budding yeast
polo kinase. Cdc5 is essential for Cdc14 nucleolar release, with
roles in both the FEAR and the MEN pathways (Geymonat et al.,
2003; Hu and Elledge, 2002; Hu et al., 2001; Lee et al., 2001;
Visintin et al., 2003). We inhibited Cdc5 kinase activity using a
cdc5-as1 allele, which can be catalytically inactivated by a
chloromethylketone (CMK) inhibitor (Snead et al., 2007). Syn-
chronous cells were released from G1 in the presence of CMK.
The cells also expressed GFP-Tub1 to mark the mitotic spindle
and monitor cell cycle progression. Wild-type CDC5 control cells
treated with CMK redistributed the GTP-Cdc42 biosensor at a
time comparable to untreated cells (Fig. 4, G and H). cdc5-as1 cells
treated with CMK had an average delay to anaphase spindle
elongation of only 10 min compared with the wild-type cells
treated with CMK, but cdc5-as1 cells arrested with long anaphase
spindles, indicating a lack of Cdc14 release, as previously re-
ported (Fig. 4 I; Snead et al., 2007). Importantly, the GTP-Cdc42
biosensor remained concentrated in the buds in cdc5-as1 cells
treated with CMK (Fig. 4, H–J). These results support our con-
clusion that Cdc14 nucleolar release is important for the redis-
tribution of Cdc42.

We predicted that if Cdc14 release was responsible for Cdc42
redistribution, then premature release of Cdc14 would cause the
redistribution of the GTP-Cdc42 biosensor before anaphase.

Previous work showed that overexpressing CDC5 in bub2Δ
mutant cells can cause Cdc14 nucleolar release in cells arrested
in S phase (Visintin et al., 2003). Bub2 is part of a complex that
inhibits Cdc14 release to prevent untimely exit from mitosis
(Pereira et al., 2000).We integrated an extra copy of CDC5 under
control of a copper-inducible CUP1 promotor in bub2Δ cells. We
arrested the cells in S phase with hydroxyurea and, after the
cells formed buds, added copper to overexpress CDC5. Within
1 h, bub2Δ cells had released Cdc14. Remarkably, 97% of the cells
that released Cdc14 also redistributed the GTP-Cdc42 biosensor
(Fig. 5, A and B).

The results suggest that Cdc5 overexpression in S phase–
arrested cells induces release of Cdc14 from the nucleolus and
causes the redistribution of Cdc42. However, we cannot exclude
the possibility that Cdc5 could have other substrates that cause
Cdc42 redistribution. In fact, a previous study implicated Cdc5
in the inactivation of Cdc42 before cytokinesis (Atkins et al.,
2013). To distinguish between these two possibilities, we asked
if Cdc5 overexpression could cause Cdc42 redistribution in
cdc14-1 bub2Δ cells. We arrested cells at S phase, shifted the
temperature to 37°C, and induced CDC5 expression with the
addition of copper. Cdc42 redistributed as expected in the CDC14
bub2Δ control cells overexpressing CDC5 at 37°C (Fig. 5, C and D).
In contrast, GTP-Cdc42 remained concentrated in the bud in
cdc14-1 bub2Δ cells overexpressing CDC5 at 37°C (Fig. 5, D and E).
We measured the Gic2-PBD fluorescence intensity in the
mothers and buds 60 min after CDC5 overexpression. In cdc14-1
bub2Δ cells, as opposed to CDC14 bub2Δ cells, the GTP-Cdc42
biosensor median fluorescence intensity remains higher in the
buds than in the mothers, suggesting that Cdc14 inhibition im-
paired the redistribution of the biosensor molecules between the
bud and the mother cells (Fig. 5 F). We conclude that Cdc14 re-
lease is necessary and sufficient to terminate the asymmetric
localization of Cdc42 activity to the buds.

Dephosphorylation of Cdc42 GAP Bem3 is dependent on Cdc14
Our results demonstrate that the nucleolar release of Cdc14 re-
sults in Cdc42 redistribution between the mother and the bud.
As a potential mechanism of action, we considered that Cdc14
could dephosphorylate Cdc42 regulators. Previous work showed
that phosphorylation of Cdc42 GAPs in G1 results in their inac-
tivation, enhancing Cdc42 activation and polarization (Knaus
et al., 2007; Sopko et al., 2007). We hypothesized that Cdc14
could dephosphorylate and activate a GAP to inactivate Cdc42.
Previous work predicted that Bem3 and Rga2 are potential
substrates of Cdc14 based on a Cdc14 binding consensus se-
quence (Eissler et al., 2014). Therefore, we asked if these pro-
teins were dephosphorylated at the time of Cdc14 release. We
released cells from an α factor arrest and harvested proteins at
different time points through mitosis and cytokinesis. As ex-
pected, Bem3-9Myc underwent a band shift after entering into
the cell cycle that we are interpreting as phosphorylation (Fig. 6
A; comparison of t = 0 to t = 60). At 80 min, Bem3-9Myc un-
derwent a faster migrating band shift, which correlates with the
time of Cdc14 release (Fig. 6 A). Rga2 underwent a modest band
shift at 80minwith a further shift at 100min (Fig. 6 B). Previous
data showed that overexpression of Bem3, but not Rga2, is
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highly toxic to the cell due to Bem3’s GAP activity, causing a
failure in bud emergence and actin polarization (Knaus et al.,
2007; Sopko et al., 2007). Therefore, we considered that the
dephosphorylation and activation of Bem3 at the end of mitosis
would be important for inactivation and redistribution of Cdc42.
We focused our studies on Bem3 as a potential substrate of
Cdc14.

We next asked if Bem3 interacts with Cdc14. Because phos-
phatases usually interact transiently with their substrates, we
expressed an epitope-tagged Cdc14 trap allele in which the cat-
alytic cysteine was changed to a serine (3HA-Cdc14 [C283S];

Powers et al., 2017). The C283S mutation prevents Cdc14 cata-
lytic activity but allows formation of stable interactions with
substrates (Blanchetot et al., 2005; Taylor et al., 1997). We found
that immunoprecipitated 3HA-Cdc14(C283S) pulled down
Bem3-9Myc (Fig. 6 C). This result demonstrates that Bem3 and
Cdc14 interact in vivo.

We considered that if Bem3 is a substrate of Cdc14, Bem3
should not be dephosphorylated in the cdc14-1 mutants. To in-
vestigate Bem3 phosphorylation in anaphase and mitosis exit,
we arrested cells at metaphase through Cdc20 depletion, re-
leased them from the arrest, and isolated protein at 10-min time

Figure 5. Induced Cdc14 release from the nucleolus is sufficient to redistribute GTP-Cdc42 between the mother and bud. (A) Representative time-
lapse images showing Cdc14-GFP and Gic2-PBD in a bub2Δ cell arrested at S phase with hydroxyurea and overexpressing CDC5 from a copper-inducible
promotor. Numbers indicate time in minutes, with 0 indicating the time of copper addition. Scale bar, 5 µm. (B) Timing of Cdc14 release and Gic2-PBD
biosensor redistribution in bub2Δ cells arrested at S phase with hydroxyurea and overexpressing CDC5 (n = 100 cells from three experiments). (C) Repre-
sentative time-lapse images showing Gic2-PBD redistribution in S phase in bub2Δ mutant cells overexpressing Cdc5 from a copper-inducible promotor.
Numbers indicate time in minutes, counted from the time of copper addition. Scale bar, 5 µm. (D) Timing of Gic2-PBD redistribution in bub2Δ and in bub2Δ
cdc14-1 cells overexpressing Cdc5 from a copper-inducible promotor and arrested in S phase at 37°C (n = 100 cells from three experiments for each genotype).
(E) Representative time-lapse images showing Gic2-PBD redistribution in S phase–arrested bub2Δ cdc14-1 cells overexpressing Cdc5. Numbers indicate time in
minutes, counted from the time of copper addition. Scale bar, 5 µm. (F) Gic2-PBD intensity of bub2Δ and bub2Δ cdc14-1 cells overexpressing Cdc5 from a
copper-inducible promotor and arrested in S phase at 37°C. The intensity was measured at 60 min after copper addition (n = 100 cells for each genotype from
three experiment). Asterisks indicate statistically significant differences (****, P < 0.0001, Mann-Whitney t test).
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points for 40 min. We found that Bem3 underwent a band up-
shift at early anaphase in both cdc14-1 and CDC14 control cells at
37°C (Fig. 6 D; t = 20). This upshift correlates in timing with
results from a previous study showing that Cdc42 activity in-
creases in early anaphase just before it decreases (Atkins et al.,

2013). In late anaphase, Bem3 displays a band downshift in
CDC14 control cells, suggesting dephosphorylation of Bem3. In
contrast, in cdc14-1 cells, Bem3 did not undergo a band downshift,
suggesting that Bem3 remained phosphorylated (Fig. 6 E). To our
knowledge, this is the first demonstration of the Cdc14-dependent

Figure 6. Cdc14 regulates Bem3 phosphorylation. (A)Western blot of Bem3-9myc in wild-type cells during a synchronous mitosis. Cells were released from
α factor and aliquots were taken at indicated times. Alpha factor was added back at 80 min to prevent the cells from starting a new cell cycle. A graph of the
corresponding timing of Cdc14 nucleolar release is shown below (n = 100 cells per time point). (B) Western blot images of Rga2-9myc in wild-type cells
undergoing synchronous mitosis. A graph of the corresponding timing of Cdc14 release is shown below (n = 100 cells per time point). (C) Western blots of
coimmunoprecipitated 3HA-Cdc14(C283S) and Bem3-9Myc. Pgk1 serves as a loading control. (D)Western blot of Bem3-9myc in wild-type cells released from a
metaphase arrest at 37°C. Cells were released from α factor into a metaphase arrest by depleting Cdc20 using a methionine-repressible promoter. Cells were
incubated in methionine medium for 2 h at 25°C, and then washed and released in media lacking methionine to resume cell cycle progression at 37°C. Aliquots
were taken at indicated times. A graph of cell cycle progression is shown below. Cell cycle progression was assessed by monitoring the mitotic spindle with
GFP-Tub1 (n = 100 cells per time point). (E)Western blot of Bem3-9myc in cdc14-1 cells released from a metaphase arrest at 37°C (n = 100 cells per time point).
Cells were processed as in D. (F) Proposed model of GTP-Cdc42 (magenta) polarity and bud localization during the cell cycle with microtubules (green), spindle
pole bodies (SPBs; black), and septins (blue).
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dephosphorylation of a Cdc42 GAP at the end of mitosis. Be-
cause previous work has shown that the phosphorylation of
Cdc42 GAPs by Cdk is inhibitory (Knaus et al., 2007; Sopko
et al., 2007), we presume that dephosphorylation at the end
of mitosis would activate the GAPs to inhibit Cdc42. We pro-
pose that Bem3 is a substrate of Cdc14 and that the dephos-
phorylation of Bem3 by Cdc14 may activate Bem3, resulting in
inactivation and redistribution of Cdc42 (Fig. 6 F).

Discussion
The mitotic exit pathway promotes Cdc42 redistribution
Our results demonstrate that Cdc14 release from the nucleolus,
through theMEN, is required for Cdc42 redistribution at the end
of anaphase. The redistribution of Cdc42 between the mother
and bud occurs shortly after Cdc14 release from the nucleolus
(Fig. 4, A and B). Inactivation of Cdc14, by growing cdc14-1 cells at
the restrictive temperature, maintains Cdc42 localization in the
bud (Fig. 4, E and F). Furthermore, preventing Cdc14 release by
inhibiting polo kinase, Cdc5, or by inactivating Cdc15, also
maintained GTP-Cdc42 bud localization (Fig. 4, H–J; and Fig. S5,
C–E). Forced premature release of Cdc14 in S phase–arrested
cells led to a premature redistribution of Cdc42 (Fig. 5). As Cdc14
release reverses Cdk substrate phosphorylation, we searched for
potential substrates of Cdc14 that regulate Cdc42 activity. We
found that the dephosphorylation of the Cdc42 GAP Bem3 de-
pends on Cdc14 activity. Previous studies have shown that the
GAPs are phosphorylated in G1 and that this phosphorylation
inactivates them (Gulli et al., 2000; Knaus et al., 2007; Sopko
et al., 2007). This leads us to propose the model that dephos-
phorylation of Bem3 results in its activation, causing the inac-
tivation and redistribution of Cdc42 (Fig. 6 F).

Interestingly, Cdc42 bud localization is also required for the
normal function of the MEN. Lte1, a component of the MEN
signaling pathway, is a guanine nucleotide exchange factor for
the Tem1 GTPase. Tem1 serves as an upstream activator of the
MEN signaling pathway, ultimately leading to release of Cdc14
from its inhibitor in the nucleolus (reviewed in Scarfone and
Piatti, 2015). Lte1 becomes asymmetrically localized to the bud
cortex in S phase, and this asymmetric localization requires
Cdc42 activity (Bardin et al., 2000; Höfken and Schiebel, 2002;
Pereira et al., 2000; Seshan et al., 2002). Tem1 is localized to the
old spindle pole body that enters the bud when the cells undergo
anaphase spindle elongation. The asymmetry of Lte1 localization
ensures that the MEN is activated only once chromosomes have
been partitioned into the bud. Our work showing that the MEN
is required for Cdc42 redistribution and inactivation implies a
negative feedback loop in which bud-localized Cdc42 promotes
its own inactivation by recruiting MEN components.

Maintenance of cell size to preserve cellular fitness
While cell size varies across cell types, every cell type has a
characteristic size that is preserved during cell division. Chro-
mosome segregation is coordinated with cell growth to ensure
that cells retain their size. In budding yeast, buds are charac-
teristically smaller than their mothers at the end of mitosis.
Here, we show that budding yeast cells inactivate Cdc42 at late

anaphase to redistribute growth between the bud and the
mother compartments (Fig. 1). By the time budding yeast cells
reach cytokinesis, the bud size is, on average, 40% of the mother
size (Fig. 2 E). We find that arresting the cell cycle before spindle
breakdown keeps Cdc42 asymmetrically localized and active in
the buds, which leads to abnormally large buds and causes
spindle position defects (Fig. 2, B–E). After 3 h of metaphase
arrest, the buds grew larger than their mothers, reversing the
normal size relationship between the buds and their mothers
(Fig. 2 G).

Perturbation of the size ratio between the mother and the
bud could be consequential to the cells. Cells released from a
prolonged metaphase arrest have alterations in the pattern of
bud site selection and the timing of the next cell cycle when
compared with unperturbed cells (Figs. S3 and S4). For example,
Cdc42 polarization and bud formation occurred at a similar time
in both the buds and the mothers in metaphase-released cells
(Fig. S3). In an unperturbed cell cycle, the daughter cell is de-
layed in bud initiation due to the asymmetric nuclear localiza-
tion of a transcription factor Ace2, driving a bud-specific
transcriptional program (Di Talia et al., 2009; Laabs et al., 2003;
Mazanka et al., 2008; Parnell and Stillman, 2008). Ace2 activity
contributes to the bud-specific delay in cell cycle reentry after
cytokinesis (Laabs et al., 2003). Intriguingly, a recent study re-
ported that prolonged metaphase delay is sufficient to disrupt
Ace2 asymmetry (Herrero et al., 2020), thus providing a po-
tential account for the altered timing of budding that we observe
in cells released from a prolonged metaphase arrest: the dis-
ruption of Ace2 asymmetry allows the daughter cells to reenter
the cell cycle at the same time as the mother cells after cytoki-
nesis. Interestingly, in themetaphase-released cells, the mothers
underwent anaphase later than the daughters (Fig. S3, B and D).
Whether this phenotype is due to Ace2 asymmetric localization
needs to be further investigated. Nonetheless, the finding pro-
vokes an untested presumption that prolonged metaphase arrest
may deplete the mother cells of certain determinants that con-
tribute to timely anaphase entry.

What is the importance of a smaller size of the buds com-
pared with their mothers at every division? Recent work has
shown that as cells divide, they increase in size, and the size
increase contributes to aging and reduces cellular fitness by
diluting the cytoplasm (Neurohr et al., 2019). Therefore, cells
that are born smaller have an advantage of a longer replicative
lifespan; they can undergo more divisions before they reach a
critical size at which their size starts to impede their function.
Thus, having a mechanism in place to inactivate Cdc42 after
chromosome segregation ensures that the bud maintains a
smaller size than the mother to enhance cellular fitness and
delay cellular aging.

Materials and methods
Strains, plasmids, and manipulations
Gene deletion and tagging were done using a standard PCR-
based transformation method (Longtine et al., 1998; Janke
et al., 2004; Sheff and Thorn, 2004). Plasmids containing GFP-
TUB1, GIC2-PBD(W23A)-RFP, and CUP1prCDC5 were integrated
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into the genome. Yeast strains used in this study are derivatives
of W303 with the following basal genetic background: ade2-1,
his3-11,15 leu2-3,112 trp1-1, ura3-1, and can1-100.

The following strains were used in this study: LY4667: MATa,
PTUB1-GFP-TUB1:LEU2, GIC2PBD-(W23A)-RFP:URA3:HIS3;
LY4146: MATa, PTUB1-GFP-TUB1:LEU2, ABP1-3xmCherry:
HphMX; LY5339: MATa, PTUB1-GFP-TUB1:LEU2, GIC2PBD-
(W23A)-RFP:URA3:HIS3, PMET-3HA-CDC20:TRP1 (at the
CDC20 locus); LY7677: MATa, PTUB1-GFP-TUB1:LEU2, GIC2PBD-
(W23A)-RFP:URA3:HIS3, PMET-3HA-CDC20:TRP1 (at the CDC20
locus), cdc41-1; LY4593: MATa, PTUB1-GFP-TUB1:LEU2,
GIC2PBD-(W23A)-RFP:URA3:HIS3, cdc5-L158G:NAT; LY4686:
MATa, PTUB1-GFP-TUB1:LEU2, GIC2PBD-(W23A)-RFP:URA3:
HIS3, cdc15-2; LY4894: MATa, CDC14-GFP:KanMX, GIC2PBD-
(W23A)-RFP:URA3:HIS3, PCUP1-CDC5:TRP1; LY4677: MATa,
CDC14-GFP:KanMX, GIC2PBD-(W23A)-RFP:URA3:HIS3; LY6191:
MATa, CDC14-GFP:KanMX, GIC2PBD-(W23A)-RFP:URA3:HIS3,
PCUP1-CDC5:TRP1, bub2::hphNT1; LY6335: MATa, CDC14-GFP:
KanMX, GIC2PBD-(W23A)-RFP:URA3:HIS3, bub2::hphNT1;
LY6300: MATa, PTUB1-GFP-TUB1:LEU2, GIC2PBD-(W23A)-RFP:
URA3:HIS3, PCUP1-CDC5:TRP1, bub2::hphNT1; LY7752: MATa,
PTUB1-GFP-TUB1:LEU2, GIC2PBD-(W23A)-RFP:URA3:HIS3, PCU
P1-CDC5:TRP1, bub2::hphNT1, cdc14-1; LY4674: MATa, Bem3-
9Myc:KanMX; LY6853: MATa, Bem3-9Myc:KanMX, Cdc14-GFP:
His; LY7723: MATa, Bem3-9Myc:KanMX, PTUB1-GFP-TUB1:LEU2,
PMET-3HA-CDC20:TRP1 (at the CDC20 locus); LY7725:MATa, Bem3-
9Myc:KanMX, PTUB1-GFP-TUB1:LEU2, PMET-3HA-CDC20:TRP1 (at
the CDC20 locus), cdc14-1; LY4672: MATa, Rga2-9Myc:KanMX;
LY6854: MATa, Rga2-9Myc:KanMX, Cdc14-GFP:HIS; LY4942: MATa,
net1::HIS5, net1-6Cdk-TEV-9myc:TRP1Cdc14-GFP:KanMX, GIC2PBD-
(W23A)-RFP:URA3:HIS3.

Growth conditions
The yeast growthmedia used in our experiments were synthetic
complete (SC) medium (0.67% bacto-yeast nitrogen basewithout
amino acids, 0.2% dropout mix with all amino acids, and 2%
glucose), YPD medium (2% yeast extract, 1% peptone, and 2%
glucose), or YP medium (2% yeast extract and 1% peptone)
supplemented with 2% raffinose or 2% galactose. It is specified
below where each medium type was used.

Cell synchronization
Cells were synchronized in G1 with 10 µM α factor (Zymo Re-
search; Y1001) for 2 h in SC or YPDmedium at 25°C with 175 rpm
shaking.

Cell cycle arrest
S phase arrest was achieved by synchronizing the cells in G1
with α factor and then releasing them into SC medium with
200 µM hydroxyurea (Sigma; H8726). For cells harboring the
CUP1prCDC5 construct and their respective controls, hydroxy-
urea was added to asynchronous cultures, since adding the drug
to α factor–synchronized cells was slightly toxic. 100 µM copper
sulfate (Sigma; 209198) was added after to cells after 2 h in
hydroxyurea. To achieve arrest in M phase, cells were syn-
chronized in G1 and released into cell cycle without CDC20, an
activator of the anaphase-promoting complex. CDC20was under

a methionine-repressible MET3 promotor. Therefore, cells were
grown and synchronized in medium lacking methionine but
released into medium with methionine to block Cdc20
expression.

Microscope image acquisition, processing, and
volume measurements
Three microscope systems were used for this study. cdc15-2 and
their counterpart wild-type controls were loaded in coverslip-
mounted chamber containing liquid SC medium; the coverslip
was coated with concanavalin A (Sigma; 11028–71-0) to stabilize
the cells during imaging. Imaging was performed on the Applied
Precision Delta Vision personal Delta Vision (pDV) controlled by
the SoftWoRx software and equipped with a CoolSNAP_HQ2/
HQ2-ICX285 camera using a 60× oil objective (u-Plan S-APO N,
1.4 NA) at room temperature. cdc14-1 strains and corresponding
controls were imaged on the pDV with the incubator tempera-
ture set to 37°C. All other time-lapse live images were acquired
on a Nikon Ti-E inverted microscope controlled by the NIS-
Elements software and equipped with Cool-SNAPHQ2 CCD
camera and a 60× oil objective (PlanAPO VC, 1.4 NA), using the
ONIX microfluidics system (Millipore) or in coverslip chambers
containing SC medium at room temperature. During time-lapse
imaging, the time interval was 5 min, and images were acquired
for 6–8 h. For Z scan, 5–11 Z plans were acquired, with a step of
1–1.5 µm. Time-lapse live images were acquired in five Z steps
with a 1-µm step on the pDV microscope or 1.2-µm step on the
Nikon Ti-E microscope. All static images were acquired using a
Nikon Ti-E2 microscope controlled by the NIS-Elements soft-
ware equipped with a Photometrics Prime 95B 25-mm camera
and a 100× oil objective (Plan Apo λ, 1.45 NA) at room temper-
ature. Cells incubated in SC medium were collected and imaged
on a slide immediately without fixation. The fluorochromes used
were GFP fused to TUB1, RFP fused to the Gic2 PBD domain, and
mCherry fused to Abp1.

Maximum intensity projections were performed to obtain
the final fluorescence images presented in this article. To mea-
sure Gic2-PBD-RFP fluorescence intensity, sum projections were
used instead. Imaging processing and fluorescence intensity
measurements were done using ImageJ. Cell volume was cal-
culated using the BudJ plugin in ImageJ (Ferrezuelo et al., 2012).

Western blotting
For Western blot experiments, cells were grown in YPD me-
dium. A 5-ml culture was started and grown overnight to satu-
ration at 30°C on a roller drum. In the morning, the cells were
diluted 1/20 and grown to log phase (OD600 = 1) by incubating in
YPD at 25°C for 5 h with 175 rpm shaking. Cells were then
synchronized in G1 with α factor for 2 h, washed YPD medium,
and released in fresh medium. For each time point indicated,
1.5 ml of the culture was harvested in a 1.5-ml screw-cap tube
containing ∼100 µl of 0.5-mm glass beads, spun down for 30 s at
7,000 rpm on a tabletop centrifuge, and snap frozen in liquid
nitrogen. At 80 min after releasing from α factor, the cells were
treated with α factor again to prevent them from starting a new
division cycle. The frozen cells were lysed in a buffer (65mMTris-
HCl, pH 6.8, 50mMNaF, 100mM sodium β-glycerophosphate, 3%
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sodium dodecyl sulfate, 10% glycerol, 1 mM PMSF, 5%
β-mercaptoethanol, and one tablet of protease inhibitor;
Thermo Fisher Scientific; A32963) and a very small amount of
bromophenol blue by vigorously shaking three times for 30 s,
with a 30-s break on ice between shaking rounds. The cells
extracts were boiled at 95–100°C for 5 min; 10 µl were loaded
per well during gel electrophoresis. The gel was run for 2.5 h at
room temperature and constant 150 V. Proteins were trans-
ferred onto a polyvinylidene difluoride membrane for 1.5 h at
4°C and constant 180 mAmps.

Blocking and antibody incubation were done in 5% milk in a
TBS/T buffer (50 mM Trizma base, 150 mM NaCl, and 0.1%
Tween, pH 7.4). The primary antibody used was an anti-myc
9E10 mouse monoclonal (Roche; 11 667 149 001); it was incubated
overnight at 4°C with gentle shaking. The secondary antibody used
was a sheep anti-mouse IgG horseradish peroxidase-linked (GE
Healthcare; NA9310V); it was incubated at room temperature for 1 h
with gentle shaking. Antibodies were washed three times for 5 min
in TBS/T buffer. The polyvinylidene difluoride membrane was
exposed to chemiluminescent reagents (Thermo Fisher Scientific;
34095) for 5min and exposed to autoradiography films (MidSci) for
1–10min in the dark. The filmswere developed on a KonicaMinolta
SRX-101A processor. Films were scanned on a C5X25A Deskjet HP
printer, and the scanned images were cropped in ImageJ for final
presentation.

Immunoprecipitation
Cells were grown and processed as previously reported (Powers
et al., 2017). Briefly, a 5-ml starter culture was incubated over-
night at 30°C on a roller drum. Cells were grown in SC medium
lacking leucine to maintain the plasmid carrying the cdc14 sub-
strate trapping allele. The allele was expressed from GAL1 pro-
moter. The next morning, the overnight culture was diluted into
50 ml YPR (2% yeast extract, 1% peptone, and 2% raffinose) and
grown at 30°C with 200 rpm shaking until OD600= 0.8. The
culture was then divided into two 25-ml batches, and to one
batch, 20ml fresh YPmedium (2% yeast extract and 1% peptone)
and 5 ml of 20% galactose were added. To the other batch, 20 ml
fresh YP medium and 5 ml of 20% glucose were added. The two
cultures were incubated at 30°C for 2 h. The cells were then
pelleted in 50-ml conical tubes, and the pellet was washed once
with 1 ml water. The pellet was then transferred to 1.5-ml screw-
cap tubes containing ∼100 µl of 0.5-mm glass beads and snap
frozen in liquid nitrogen after a quick spin and removal of re-
sidual supernatant. Cells were lysed at 4°C by vigorous shaking
for 15 min. The lysis buffer contained 50 mM Tris-HCl, pH 7.5,
100 mM NaCl, 10% glycerol, 0.1% Triton X-100, 5 mM EDTA,
20 mM sodium fluoride, and 20mM β-glycerophosphate. Before
lysing the cells, the lysis buffer was supplemented with 10 µM
leupeptin (Sigma; L2884) and 1 µM pepstatin (Sigma; P4265).
PMSF was added to the lysate at a final concentration of 1 mM,
and then the lysate was cleared by centrifugation at 14,000 rcf
for 20min at 4°C. The cleared lysate was incubated with anti-HA
affinity resin (Abcam; ab270603) for 2 h at 4°C with gentle
rocking. The resin was collected by centrifugation at 8,000 rcf
for 30 s at 4°C and washed four times with 1 ml lysis buffer. The
resin was then suspended in 40 μl sample buffer and boiled at

95–100°C for 5 min. The boiled samples were centrifuged at
8,000 rcf for 30 s, and the supernatant was collected and mixed
with 0.5% β-mercaptoethanol before submission to SDS-PAGE
electrophoresis. The primary antibody used was the 12CA5
mouse monoclonal against HA (Sigma; 11583816001). The sec-
ondary antibody used was a sheep anti-mouse IgG horseradish
peroxidase-linked (GE Healthcare; NA9310V). Western blotting
and electrophoresis were performed as described above (see
Western blotting).

Primers
The following primers were used: Bem3 C-terminal tagging: 59-
TGAGGCATCTCCAAGTCTTTAC-39, 59-CTTCTTTATCTCAGC
TCTTCGACC-39, 59-AAGAAGAGGAAAGGGAGAAAGTAGATA
TACATATTCCTCAGGTTCGTACGCTGCAGG-39, and 59-TGGCAA
CGTTATATTTCTACAATTTTAGACCATCAGATATCATCGATG
AATTCGAGC-39; Rga2 C-terminal tagging: 59-GAGAGGCTACCA
TTAAACAACGAC-39, 59-CAAGAAGAAGAGGAGACGCAATAC-39,
59-TGGAATTTATACTTGGAAACTATAGAGACATATTTAAGC
AAGCACGTACGCTGCAGG-39, and 59-TCCTATGTTTATTTAACT
TTTGCAAATCTGTATTAGATATCATCGATGAATTCGAGCTCG-
39; Cdc14 C-terminal tagging: 59-GAAGCCTAGTGAGGCCATTG-
39, 59-CCATCAGGAGGAGAAGATTGT-39.; BUB2 deletion: 59-AGG
TAAAAGAAACAACAGACTTTTAAACTTGTTAACTTTTGCATG
CGTACGC-39, 59-TGCAGGTCG-39, 59-TTGTAGAATTAAACGATA
AAATATAATATTTCTTCACATAGTTTAGATATCAT-39, and 59-
CGATGAATTCGAGCTCG-39, 59-GACAATTCAGTAAACGCCGTG-
39, 59-CTACGTTTGCATTGGGTGGA-39; pLB157 integration for
CDC5 overexpression: 59-GCGCTATACGTGCATATGTTC-39 and
59-GGAACGGGTATTCAATTGCTTATC-39.

Statistical analysis
All statistical analyses were performed with GraphPad Prism 8
software. Statistical significance was calculated at the 95%
confidence level.

Online supplemental material
Fig. S1 shows the localization of GTP-Cdc42 in asynchronously
dividing cells. Fig. S2 shows GTP-Cdc42 localization and cell size
in cells treated with nocodazole or latrunculin. Fig. S3 shows the
timing of cell cycle events and the orientation of the anaphase
spindle in cells released from a prolonged metaphase arrest. Fig.
S4 shows the budding pattern in cells released from a prolonged
metaphase arrest. Fig. S5 shows the localization of GTP-Cdc42 in
cdc15-2 mutant cells.
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Supplemental material

Figure S1. Localization of GTP-Cdc42 in asynchronously dividing cells. (A) Representative time-lapse images showing the localization of the GTP-Cdc42
biosensor (Gic2-PBD-RFP) during mitosis in a wild-type cell without α factor treatment. Numbers indicate time in minutes from the initial polarization of Cdc42
in G1. Scale bar, 5 µm. (B) Timing of anaphase onset, Cdc42 redistribution, and spindle breakdown in wild-type cells without α factor synchronization (n = 100
cells from three experiments). (C) Gic2-PBD fluorescence intensity measurements over time (n = 30 cells for each time point indicated from three experiments).
Average intensity from each cell compartment was normalized to the total intensity in the cell, and the average ratio from 30 cells was plotted for each time
point. Error bars indicate SEM. (D) Cell volume of buds and mothers (n = 30 cells for each time point from three experiments; average ± SEM). (E) Growth rate
before and after Cdc42 redistribution (n = 54 cells from three experiments; average ± SEM). Asterisks indicate statistically significant differences (****, P <
0.0001, paired t test). ns, not statistically significant.
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Figure S2. GTP-Cdc42 localization and cell size in cells treated with nocodazole or latrunculin. (A) Representative time-lapse image showing the lo-
calization of Gic2-PBD during mitosis in a wild-type cell treated with nocodazole. Numbers indicate time in minutes from the initial polarization of Cdc42 in G1.
Cells were synchronized in G1 with α factor and released into medium containing nocodazole. Scale bar: 5 µm. (B) Percent of wild-type cells without no-
codazole and with nocodazole with Gic2-PBD bud concentration over time (n = 100 cells from three experiments for each background). (C) Gic2-PBD-RFP
fluorescence intensity in cells treated with nocodazole for two hours. Average intensity from each cell compartment was normalized to the total intensity in the
cell (n = 50 cells from three experiments; average ± SEM). Asterisks indicate statistically significant differences (Mann-Whitney t test; P < 0.0001). (D) Cell
volume of buds and mothers of cells treated with nocodazole (n = 30 cells from three experiments for each time point indicated; average ± SEM).
(E) Representative time-lapse image showing the localization of Gic2-PBD in a cell treated with LatB. Numbers indicate time in minutes from the initial
polarization of Cdc42 in G1. Scale bar, 5 µm. For E–I, cells were synchronized in G1 with α factor, released into the cell cycle and arrested in M phase by CDC20
depletion. (F) Growth rate of buds versus mothers with andwithout LatB treatment (n = 30 cells from three experiments; average ± SEM). The growth rate was
measured between 0 and 180 min, where time 0 is the time of LatB addition. Asterisks indicate statistically significant differences (****, P < 0.0001, Mann-
Whitney test). (G) Cell volume of mothers and buds with and without LatB treatment (n = 30 cells for every time point indicated from three experiments;
average ± SEM). Asterisks indicate statistically significant differences (****, P < 0.0001, Mann-Whitney t test). (H) Average cell volume after 3 h of LatB
treatment (n = 30 from three experiments; average ± SEM). (I) Percentage of cells with spindle migration to the bud with or without LatB treatment (n = 100
cells for each category from three experiments).
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Figure S3. Altered cell cycle timing and anaphase spindle orientation after release from a prolonged metaphase arrest. (A) Representative time-lapse
images showing an unperturbed control cell released from α factor. Numbers indicate time in minutes, with time 0 indicating the time of spindle breakdown in
the first division cycle. Scale bar, 5 µm. (B) Representative time-lapse images showing a cell that was first released from α factor, then underwent a 3-h
metaphase arrest, and then was released from the metaphase arrest. In this cell, the anaphase spindle elongates from the mother into the bud. Time 0
represents the time of anaphase spindle breakdown after metaphase release. Scale bar, 5 µm. (C) The timing of Cdc42 polarization, bud formation, and
anaphase onset measured from the first spindle breakdown (time 0) after α factor release of unperturbed cells (n = 55 cells from two experiments). Error bars
indicate SD. ****, P < 0.0001; **, P = 0.006 (Mann-Whitney t test). (D) The timing of Cdc42 polarization, bud formation, and anaphase onset measured from
spindle breakdown (time 0) after the release from a 3-h metaphase arrest. Cells have MET3prCDC20, which allows a metaphase block with Cdc20 depletion in
methionine-containing medium. The release occurs when methionine is removed from the medium. Error bars indicate SD (n = 55 cells from two experiments).
****, P < 0.0001 (Mann-Whitney t test). ns, not statistically significant. (E) The timing of Cdc42 polarization, bud formation, and anaphase onset measured
from the first spindle breakdown (time 0) after α factor release (unperturbed) or metaphase release (metaphase released) daughter cells. Error bars indicate SD
(n = 55 cells from two experiments). ****, P < 0.0001; ***, P = 0.002; *, P < 0.0273 (Mann-Whitney t test). (F) The timing of Cdc42 polarization, bud formation,
and anaphase onset measured from the first spindle breakdown (time 0) after α factor release (unperturbed) or metaphase release (metaphase released)
mother cells. Error bars indicate SD (n = 55 cells from two experiments). ****, P < 0.0001; ns, not statistically significant (Mann-Whitney t test). (G)Orientation
of anaphase spindle elongation in unperturbed cells and cells released from a 3-h metaphase arrest (n = 55 cells from two experiments).
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Figure S4. Altered budding pattern after prolonged metaphase arrest. (A) A cartoon showing budding patterns. (B) Representative images of budding
patterns in unperturbed cell cycle. Cells were released from α factor. Numbers indicate time in minutes, with time 0 indicating the time of spindle breakdown in
the first division cycle after α factor release. Scale bars, 5 µm. Arrowheads indicate the previous division site. (C) Distribution of budding patterns in an
unperturbed cell cycle and from cells released from a metaphase arrest (n = 100 cells from two experiments for each treatment). (D) Representative images of
budding patterns in metaphase-released cells. Cells were first released from α factor and arrested at metaphase by depleting Cdc20 using a methionine-
repressible promoter. After 3 h, cells were released from the metaphase arrest. Numbers indicate time in minutes, with time 0 showing the time of spindle
breakdown in the first division cycle after α factor release. Scale bars, 5 µm. Arrowheads indicate the previous division site. (E)Measurements of the bud length
divided by the bud width in both the mother and daughter cells (buds) in an unperturbed cell cycle. Error bars indicate SD (n = 55 cells from two experiments).
ns, not statistically significant (Mann-Whitney t test). (F)Measurements of the bud lengths divided by the bud width from both the mother and daughter cells
(buds) in cells released from a metaphase arrest (n = 55 cells from two experiments). Error bars indicate SD. ****, P < 0.0001 (Mann-Whitney t test).
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Figure S5. Gic2-PBD localization in cdc15-2mutant cells. (A) The timing of Cdc14 release and Gic2-PBD redistribution in wild-type and net1-6cdk cells. The
time was measured from the initial GTP-Cdc42 polarization (n = 30 cells). Error bars indicate SD. Asterisks indicate statistically significant differences (****, P <
0.0001, Mann-Whitney t test). (B) Representative time-lapse images showing GFP-Tub1 and Gic2-PBD in a wild-type cell incubated at 37°C. Numbers indicate
time in minutes from the initial GTP-Cdc42 polarization in G1. Scale bar, 5 µm. (C) Percentage of cells with Gic2-PBD concentrated in the buds of wild-type and
cdc15-2 cells incubated at 37°C (n = 100 cells for each background from three experiments). (D) Representative time-lapse images showing GFP-Tub1 and the
Gic2-PBD in a cdc15-2 cell incubated at 37°C (restrictive temperature). Numbers indicate time in minutes from the initial GTP-Cdc42 polarization in G1. Scale
bar, 5 µm. (E) Gic2-PBD-RFP fluorescence intensity in cdc15-2 cells incubated at 37°C for 3 h. Average intensity in each cell compartment was normalized to the
total intensity in the cell (n = 50 cells from three experiments; average ± SEM). Asterisks indicate statistically significant differences (****, P < 0.0001, Mann-
Whitney t test). (F) Average cell volume in cdc15-2 cells incubated at 37°C (n = 30 cells for each time point from three experiments; average ± SEM). DIC,
differential interference contrast.
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