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to distinct populations at centrosomes
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ABSTRACT The budding yeast Polo-like kinase Cdc5 is a key regulator of many mitotic
events. Cdc5 coordinates its functions spatially and temporally by changing its localization
during the cell cycle: Cdc5 is imported into the nucleus in G2 phase and released to the cyto-
plasm in anaphase, where it accumulates at the bud neck. Cdc5 also localizes to the spindle
pole bodies (SPBs) from S phase until the end of mitosis. Whether Cdc5 changes its SPB
population during the cell cycle is not known. We find that Cdc5 localizes to distinct SPB
subpopulations, depending on the mitotic stage. Cdc5 localizes to the nuclear side of the
SPBs during metaphase and early anaphase and to the cytoplasmic surface of the SPBs during
late anaphase. Cdc14 is necessary to relocalize Cdc5 from the nuclear SPB plaque. Accumula-
tion of Cdc5 at the daughter SPB in late anaphase is controlled by Bfal. We also show that
Cdc5 and Bfa1 are found in spatially distinct locations at the SPBs during G2/M arrest after
DNA damage. Collectively our data reveal that Cdc5 is a dynamic component of the SPBs
during mitosis and provide new insight into its regulation during both late mitotic events and
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DNA damage-induced G2/M arrest.

INTRODUCTION

Polo-like kinases are highly conserved from yeast to humans and
serve essential functions in mitosis (Lee et al., 2005). The budding
yeast Polo-like kinase Cdc5 regulates multiple mitotic events, in-
cluding mitotic entry, chromosome segregation, mitotic exit, and
cytokinesis (Archambault and Glover, 2009). Cdc5 phosphorylates
its many substrates in a coordinated manner by changing its local-
ization during the cell cycle. Cdc5 acting in the cytoplasm promotes
mitotic entry (Park et al., 2003, 2004b; Sakchaisri et al., 2004; Asano
et al., 2005). Subsequently Cdc5 is imported into the nucleus in
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G2/M, where it further promotes mitotic entry (Nakashima et al.,
2008) and phosphorylates the cohesin ring subunit Scc1 (Alexandru
et al., 2001; Hornig and Uhlmann, 2004). In anaphase, Cdc5 helps
release the Cdc14 phosphatase (Shou et al., 2002; Yoshida and Toh-
e, 2002; Yoshida et al., 2002; Visintin et al., 2003), a key driver of
mitotic exit (Visintin et al., 1998), from the nucleolus as part of the
Cdc fourteen early anaphase release (FEAR) mitotic exit pathway
(Rock and Amon, 2009). Cdc5 also phosphorylates the nuclear con-
densin subunits (St-Pierre et al., 2009) and, together with Cdc14,
promotes the elongation of the mitotic spindle (Roccuzzo et al.,
2015). In late anaphase, Cdc5 is released from the nucleus to the
cytoplasm in a Cdc14-dependent manner (Botchkarev et al., 2014),
which allows Cdc5 to phosphorylate its cytoplasmic late anaphase
substrate Bfal (Hu et al., 2001; Geymonat et al., 2003; Botchkarev
et al., 2014) and activate the second mitotic exit pathway, the mi-
totic exit network (MEN; Bardin and Amon, 2001). Cdc5 is also re-
quired to recruit the MEN kinase Cdc15 to spindle pole bodies
(SPBs; Rock and Amon, 2011). Cdc5 accumulates at the bud neck in
late anaphase (Botchkarev et al., 2014), where it promotes cytokine-
sis by activating Rho1 and phosphorylating Hof1 (Yoshida et al.,
2006; Meitinger et al., 2011). Aside from its cell cycle stage—depen-
dent nuclear-cytoplasmic relocalization, Cdc5 also localizes to the
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SPBs from S phase until the end of mitosis (Song et al., 2000; Park
et al., 2004a,b; Maekawa et al., 2007; Botchkarev et al., 2014). How-
ever, it is unknown whether the SPB localization represents a single
population of Cdc5 or whether Cdc5 is targeted to SPBs using func-
tionally distinct interactions during different cell cycle stages.

The SPBs in budding yeast are functionally analogous to mam-
malian centrosomes and act as the microtubule-organizing centers
in the cell (Jaspersen and Winey, 2004). The SPBs are embedded in
the nuclear envelope and consist of a central plaque that connects
the outer plaque, which is exposed to the cytoplasm, to the inner
plaque, which faces the nuclear interior. Many MEN components,
including Bfa1, localize to the cytoplasmic outer plaque of the SPBs
(Bardin and Amon, 2001). Bfa1 localizes to both mother and daugh-
ter SPBs (mSPBs and dSPBs, respectively) during early mitosis but
preferentially localizes to the dSPB in anaphase (Li, 1999; Gruneberg
et al., 2000; Pereira et al., 2000; Kim et al., 2012). This Bfa1 localiza-
tion pattern at the SPBs is very similar to the SPB localization of
Cdc5, which localizes to both SPBs in early mitosis and preferentially
localizes to the dSPB in anaphase (Song et al., 2000; Park et al.,
2004a,b; Maekawa et al., 2007; Botchkarev et al., 2014). Because
Cdc5 phosphorylates Bfa1 only in late anaphase to promote mitotic
exit (Hu et al., 2001; Maekawa et al., 2007), it is not clear whether
Cdc5 is found in the same population as Bfa1 at the SPBs in earlier
cell cycle stages before the timing of Bfa1 phosphorylation by Cdc5.
The recent finding that impairing nuclear release of Cdc5 in ana-
phase prevents Bfa1 inactivation (Botchkarev et al., 2014) suggests
that even though Cdc5 and Bfa1 are found at the SPBs during most
of the cell cycle, the interactions of these proteins at the SPBs may
vary in a cell cycle—dependent manner.

In this study, we investigated the regulation of Cdc5 localization
at the SPBs during mitosis. We found that Cdc5 is found in two dis-
tinct populations at the SPBs during the cell cycle. Cdc5 localizes to
the nuclear SPB surface in metaphase and early anaphase. In late
anaphase, Cdc5 localization to the dSPB largely depends on Bfa1.
We find that Cdc14 is necessary and sufficient to remove Cdc5 from
its Bfal-independent population at the SPBs. The FEAR network
plays a role in removing Cdc5 from its Bfa1-independent population
in anaphase. Collectively our data reveal a new molecular mecha-
nism of Cdc5 regulation at the SPBs and provides clues to the regu-
lation of late mitotic events.

RESULTS

Cdc5 localizes to distinct SPB populations during

the cell cycle

Cdc5 and Bfa1 both localize to the SPBs throughout mitosis (Li, 1999;
Gruneberg et al., 2000; Pereira et al., 2000; Song et al., 2000; Park
et al., 2004a,b; Maekawa et al., 2007; Kim et al., 2012; Botchkarev
et al., 2014). Because Cdc5 is known to phosphorylate Bfa1 only in
late anaphase (Hu et al., 2001; Maekawa et al., 2007), we wanted to
test whether Cdc5 is spatially separated from Bfa1 at the SPBs in early
mitosis. Bfa1 localizes to the cytoplasmic SPB surface during the cell
cycle (Gruneberg et al., 2000; Pereira et al., 2000; Gryaznova
et al., 2016). Cdc5 accumulates in the nucleus in metaphase and is
released to the cytoplasm in anaphase (Botchkarev et al., 2014). We
investigated whether, similarly, Cdc5 localizes to the nuclear SPB sur-
face in early mitosis and to the cytoplasmic SPB surface in anaphase.
We monitored the localization of endogenously expressed Cdc5-
green fluorescent protein (GFP) in mitotic cells in an asynchronous
cell culture. We analyzed the colocalization of Cdc5-GFP at SPBs and
either Spc29-red fluorescent protein (RFP; SPB inner plaque compo-
nent) or Spc72-mCherry (SPB outer plaque component; Figure 1A).
Cell cycle stage was determined by measuring the distance between
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opposite SPBs as an indication of the length of the mitotic spindle in
each cell. We found that Cdc5-GFP and Spc29-RFP puncta at SPBs
were overlapping in cells with short (<3 pm) and medium-length (3-
5.5 pm) spindles. In cells with long mitotic spindles (>5.5 pm), Cdc5-
GFP SPB puncta were more widely separated in relation to Spc29-
RFP. We quantified these observations by measuring the distances
between the centroids of Cdc5-GFP (Distcyes.grp) and Spc29-RFP
(Distspez9-rep) pUncta at opposite SPBs (Figure 1B). In most cells with
short and medium-length spindles as defined here, the difference
between Distspc20.rrp and Distcdcs.grp Was approximately zero, indi-
cating that the Cdc5-GFP and Spc29-RFP puncta were equidistant at
opposite SPBs (Figure 1C). The distance between Cdc5-GFP SPB
centroids in anaphase cells with long mitotic spindles was signifi-
cantly greater than the distance between Spc29-RFP SPB centroids
in the same cells (Figure 1C). We also quantified these observations
by monitoring the red and green fluorescence intensities across a
line scan in representative cells. We found that Cdc5-GFP and
Spc29-RFP fluorescence signals peaked as single points at SPBs of
cells with short and medium-length mitotic spindles (Supplemental
Figure S1A). However, in cells with long spindles, the Cdc5-GFP SPB
fluorescence signal peak at the dSPB appeared to face the cyto-
plasm relative to Spc29-RFP (Supplemental Figure S1A). This indi-
cates that Cdc5 and Spc29 are likely found in the same SPB popula-
tion in metaphase and early anaphase and in distinct SPB populations
in late anaphase.

In contrast, Cdc5-GFP SPB puncta appeared to be closer to-
gether relative to Spc72-mCherry SPB puncta in most cells with short
and medium-length spindles (Figure 1A). In late anaphase, Cdc5-
GFP and Spc72-mCherry SPB puncta appeared to be overlapping
(Figure 1A). Comparing the distances between Cdc5-GFP SPB cen-
troids at opposite SPBs, and Spc72-mCherry SPB centroids at op-
posite SPBs confirmed these observations (Figure 1, B and C, and
Supplemental Figure S1B).

It was recently reported that Cdc5 localizes to centromeres dur-
ing mitosis (Mishra et al., 2016). Because centromeres localize adja-
cent to SPBs during majority of the cell cycle (Guacci et al., 1997;
Pearson et al., 2001; Winey and O'Toole, 2001), it is a formal possi-
bility that the fluorescence signal emitted by the Cdc5-GFP puncta
in mitotic cells stems from both centromeres and SPBs. To test this
possibility, we compared the localization of Cdc5-GFP and Nuf2-
mCherry, a component of the Ndc80 protein complex at kineto-
chores (Osborne et al., 1994; Ciferri et al., 2008; Wang et al., 2008;
Suzuki et al., 2016). We found that in G2/M cells, in which the cen-
tromeres have not yet fully separated, the Nuf2-mCherry puncta are
distinct from Cdc5-GFP puncta (Figure 1D). In contrast, Cdc5-GFP
puncta colocalized with Spc42-RFP in G2/M cells (Figure 1D). There-
fore, although it is formally possible that Cdc5 localizes to centro-
meres as it accumulates in the nucleus in G2 and metaphase, it is
highly unlikely that the Cdc5-GFP puncta we are analyzing stem
from centromeres but that instead they are components of the SPBs.
Collectively our analysis of Cdc5-GFP SPB localization in relation to
inner and outer plagque markers strongly suggests that Cdc5 is found
in distinct mitotic stage-dependent populations. Cdc5 accumulates
at the nuclear SPB surface in metaphase and early anaphase and
relocalizes to the cytoplasmic SPB surface in late anaphase.

Cdc5 localization to the dSPB depends on Bfa1l

in late anaphase

A key Cdc5 substrate in anaphase is the mitotic exit network inhibi-
tor Bfal (Hu et al., 2001; Geymonat et al., 2003). Bfa1 localizes to
the outer plaque of the SPBs throughout the cell cycle (Gruneberg
et al., 2000; Pereira et al., 2000; Gryaznova et al., 2016). Because
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FIGURE 1: Cdc5 colocalizes at SPBs with Spc29 in early mitosis but with Spc72 only in cells with a long mitotic spindle.
(A) Representative images of Cdc5-GFP localization relative to Spc29-RFP and Spc72-mCherry during mitosis in cells
cultured asynchronously. (B) Calculation used to determine whether Cdc5 localizes to the nuclear or cytoplasmic SPB
surface. (C) Quantified results of experiment in A using calculation in B. (D) Cdc5-GFP colocalizes with SPB component
Spc42-RFP (arrows) but not with kinetochore component Nuf2-mCherry (asterisks) during early mitosis.

Bfa1is a Cdc5 substrate at the dSPB in anaphase, we asked whether
Bfa1 played a role in Cdc5 outer plaque localization to the dSPB in
anaphase. We monitored the SPB localization of Cdc5-GFP in a
wild-type and a bfa1A strain (Figure 2, A and B). Cdc5-GFP strongly
decorates both the mSPB and dSPB in metaphase and in early ana-
phase (cell cycle stage was judged by the distance between the two
fluorescent foci). In late anaphase cells, we found that strong Cdc5-
GFP signal is retained at the dSPB, albeit dimmer than earlier in
mitosis, but a strong Cdc5-GFP signal from the mSPB could no lon-
ger be detected. This observation is in line with previous reports on
Cdc5 SPB localization (Maekawa et al., 2007; Botchkarev et al.,
2014). In bfalA cells, Cdc5-GFP localized strongly to both the
mSPBs and dSPBs in metaphase and early anaphase cells, similar to
wild-type cells (Figure 2A); Cdc5-GFP colocalizes with Spc29-RFP in
these cells (Figure 1, A and C). However, in late anaphase cells,
when Cdc5-GFP appears to colocalize with Spc72-mCherry (Figure
1, A and C), we were not able to detect a strong Cdc5-GFP signal at
the dSPB in bfalA cells (Figure 2, A and B). Instead, Cdc5-GFP
showed very weak mSPB and dSPB localization. The absence of
Cdc5-GFP from the SPBs without Bfa1 in late anaphase did not im-
pair a strong Cdc5-GFP localization to the bud neck (Figure 2A),
suggesting that the loss of SPB Cdc5-GFP signal at the SPB was not
due to degradation. Cdc5 is targeted for degradation by the ana-
phase-promoting complex (APC) adaptor protein Cdh1 (Charles
etal., 1998). Indeed, even when we blocked Cdh1-dependent Cdc5
degradation, Cdc5-GFP was still defective in localizing to the dSPB
in anaphase in the absence of Bfa1 (Figure 2, C and D). These results
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further confirm that Cdc5 is a dynamic component of the SPBs and
that Bfa1 is important for the strong Cdc5 localization to the dSPB
outer plaque in late anaphase.

Cdc14 is required to liberate Cdc5 from its

Bfal-independent population in anaphase

Our results reveal that Cdc5 is found in distinct populations at the
SPBs, depending on mitotic stage, and that Bfal controls Cdc5 lo-
calization to the dSPB only in late anaphase. Our data further sug-
gest that Cdc5 appears to localize to the nuclear SPB surface before
late anaphase. We reported that Cdc14 phosphatase, a key driver of
mitotic exit (Visintin et al., 1998), is required for Cdc5 release from
the nucleus to the cytoplasm in anaphase (Botchkarev et al., 2014).
We wanted to test whether Cdc14 promotes the relocalization of
Cdc5 from its Bfal-independent to a Bfal-dependent SPB popula-
tion in anaphase. First, we tested whether Cdc14 is required to liber-
ate Cdc5 from its Bfal-independent SPB location. If Cdc14 were
required to release Cdc5 from its Bfal-independent SPB location,
then Cdc5 localization to the SPBs would be restored in bfa1A4 lack-
ing adequate Cdc14 activity in anaphase. The cdc14-1 mutant ar-
rests in telophase at its restrictive temperature of 37°C, but even at
its permissive room temperature (25°C), this mutant is still hypo-
morphic because it shows synthetic lethal genetic interactions with
various mutants, unlike CDC14 (Jaspersen et al., 1998; Yuste-Rojas
and Cross, 2000; Rossio et al., 2010; Zhai et al., 2010; Yellman and
Roeder, 2015). We found that Cdc5 was retained at the dSPB
in bfalA cdc14-1 cells at 25°C (Figure 3, A and B). Of interest,
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complete loss of cellular Cdc5-GFP signal
(Figure 4A), whereas Bfa1-GFP localization
at the SPBs was not affected (Figure 4B).
The loss of Cdc5-GFP signal in this condi-
tion was likely due to degradation because
Cdc14 activates APC-Cdh1 (Visintin et al.,
1998; Jaspersen et al., 1999), the E3 ligase
that targets Cdc5 for degradation (Charles
etal., 1998). We found that inducing Cdc14
overexpression during nocodazole arrest
removed Cdc5-GFP from the SPBs of
cdh1A bfalA cells (Figure 4, C and D). This
result reveals that Cdc14 is sufficient to re-
move Cdc5 from its Bfal-independent
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FIGURE 2: Bfa1 is required for proper localization of Cdc5 to the dSPB in late anaphase.

(A) Representative images of asynchronously cycling wild-type and bfal4 cells expressing
Cdc5-GFP from the endogenous locus. Mitotic stage was judged by the distance between SPBs
and appearance of Cdc5-GFP localization at the bud neck in late anaphase. Strong Cdc5-GFP
signal is not retained at the dSPB of late anaphase bfa14 cells. (B) Quantification of A (n = 489
wild-type; n =330 bfa14). (C) Representative images of Cdc5-GFP localization in late anaphase
cdh14 and cdh14 bfa1A cells. (D) Quantification of C. Cdc5-GFP did not show strong
accumulation at the dSPB of most late anaphase cdh14 bfa1A cells. All experiments were

performed in triplicate.

compared with wild-type cells, in which Cdc5 localizes preferentially
to the dSPB in anaphase, Cdc5 heavily decorated both the mSPB
and dSPB of bfalA cdc14-1 cells (Figures 3, A and B). This result
reveals that the Bfal-independent SPB binding partner of Cdc5 is
found at both the mSPB and dSPB in late anaphase, consistent with
previous observations of Cdc5 localizing symmetrically to the mSPB
and dSPB in metaphase and early anaphase (Figure 2A).

Although cdc14-1 cells at their permissive temperature showed
strong Cdc5 localization to both SPBs in late anaphase, there was
still a preference for the dSPB (Figure 3, A and B). At 25°C, the
cdc14-1 strain maintains adequate phosphatase activity and can
divide normally to form colonies. Therefore it is likely that at the
dSPB of anaphase cdc14-1 cells at permissive temperature, there
is both a Bfal-independent and a Bfa1-dependent Cdc5 signal. Of
importance, in cdc14-1 anaphase cells, Bfal maintains asymmetry
to the dSPB (Geymonat et al., 2009). Our results reveal that Cdc14
regulates Cdc5 dynamics at the SPBs during mitosis and is re-
quired to remove Cdc5 from its Bfal-independent SPB population
in anaphase.

Cdc14 is sufficient to remove Cdc5 from its metaphase

SPB population

Having established that Cdc14 is required to remove Cdc5 from its
Bfa1-independent SPB population in anaphase, we wanted to test
whether Cdc14 was sufficient to perform this function. We tested
whether Cdc14 overexpression was sufficient to remove Cdc5
from its metaphase SPB population during nocodazole arrest. In-
deed, Cdc14 overexpression in nocodazole arrest resulted in
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metaphase SPB population. Despite Cdc5-
GFP signal loss from SPBs after Cdc14
overexpression, a strong general Cdc5-
GFP signal was still present in the nucleus
(Figure 4C). This suggests that although
Cdc14 is sufficient to release Cdc5 from the
SPB inner plaque, most likely into the gen-
eral nuclear Cdc5-GFP population, an ad-
ditional anaphase-specific event aside from
Cdc14 activation is required to release
Cdc5 from the nucleus to the cytoplasm.
Of interest, cdh1A cells did not retain Cdc5
at the SPBs after Cdc14 overexpression
(Figure 4C). It is possible that Bfa1 is kept
protected from binding Cdc5 during no-
codazole arrest. Alternatively, it is possible
that Cdc14 is also responsible for removal
of Cdc5 from Bfal in late telophase, and
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FIGURE 3: Cdc14 is required to release Cdc5 from its Bfa1-
independent SPB population. (A) Representative images of Cdc5-GFP
localization in metaphase and late anaphase wild type, bfal4, bfala
cdc14-1, and cdc14-1 cells cultured at room temperature. Cdc5-GFP
signal was retained at both the mSPB and dSPB of cdc14-1 and cdc14-
1 bfa1A late anaphase cells. (B) Quantification of A.
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not restored to the mSPB of anaphase
slk19A cells (Figure 5B), consistent with find-
ings that Cdc14 is not important to regula-
tion of Bfal asymmetry to the dSPB in ana-
phase (Geymonat et al., 2009). This result
strongly suggests that Cdc5 localization to
the mSPB in anaphase in cdc14-1 and in
FEAR mutants is independent of Bfa1.

To further confirm that Cdc14 removal of
Cdc5 from its Bfal-independent SPB popu-
lation occurs through FEAR, we tested
whether the Bfa1-independent Cdc5 popu-
lation was able to persist at the SPBs in ana-
phase in cells with FEAR defects. We found
that bfalA slk19A cells were able to retain
Cdc5 at the SPBs in anaphase (Figure 5C).
We did observe some bfalA slk19A ana-
phase cells without a strong Cdc5-GFP SPB
signal. This is likely because Cdc14 main-
tains some activity in slk19A cells (Stegmeier
et al., 2002). Because many more bfalA
slk19A cells maintained strong Cdc5-GFP
signal at the dSPB in anaphase than did

A B
o [a ¥
LL [
i Q
] o
© Y
(@] [aa]
C 0hr 2 hrs D
[72]
[a1]
o
cdh1A 5/_)'
81004 o =
3 T
‘w804
&
cdh1A Q 6o
bfaiA '3
]
S 40
2
cdhiA = 201
GAL1::CDC14 o
C 0.
@
g cdh1A  cdh1A bfatA
o
cdhiA
bfa1A [ 0 hours galactose
GAL1::CDC14

FIGURE 4: Cdc14 is sufficient to release Cdc5 from its metaphase SPB population. (A) Cdc5-
GFP fluorescence signal is lost in nocodazole-arrested wild-type cells after 2 h of Gal-Cdc14
overexpression. (B) Bfal-GFP signal is retained in nocodazole-arrested cells after 2 h of
Gal-Cdc14 overexpression. (C) Cdc5-GFP signal is lost from SPBs but not from the nucleus in
both cdh14 and cdh14 bfal1A nocodazole-arrested cells after 2 h of Gal-Cdc14 overexpression.
Arrows depict nuclei with Cdc5-GFP in the nucleus but not at SPBs. (D) Quantification of C
(n> 100 of each strain at time zero; n > 50 of each strain at 2 h; repeated in triplicate).

this effect is observed prematurely as a consequence of Cdc14
overexpression. Our results indicate that Cdc14 is sufficient to re-
localize Cdc5 from its metaphase SPB population.

FEAR contributes to Cdc5 asymmetry at the SPBs

in anaphase

Having determined that Cdc14 is required and sufficient to remove
Cdc5 from its Bfal-independent SPB population in anaphase, we
next wanted to understand what controls Cdc14 to remove Cdc5
from its Bfal-independent population. Cdc14 is activated through
two pathways—first, in early anaphase via FEAR, and subsequently
in late anaphase via the MEN (Stegmeier and Amon, 2004). Because
FEAR but not MEN mutant cells are defective in Cdc5 release from
the nucleus in anaphase (Botchkarev et al 2014), we predicted that
Cdc14 promotes the release of Cdc5 from its Bfal-independent SPB
population via the FEAR pathway. Indeed, we found that Cdc5-GFP
strongly decorates both the mSPB and dSPB in anaphase in the
FEAR mutants slk19A (on average, 51% of cells) and spo124 (on
average, 53% of cells; Stegmeier et al., 2002), whereas in wild-type
anaphase cells, Cdc5-GFP localized asymmetrically to the dSPB
(Figure 5A). Cdc5-GFP SPB puncta faced the nucleus relative to
Spc72-mCherry puncta in spo124in anaphase (Supplemental Figure
S2). These results suggest that FEAR is important to remove Cdc5
from the mSPB in anaphase. We found that the Bfa1-GFP signal was
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bfalA cells (Figure 5C), we conclude that
FEAR contributes to the relocalization of
Cdc5 from its Bfa1-independent population
at the SPBs.
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Cdc5 and Bfa1 are found in distinct
SPB populations during DNA
damage arrest
On DNA damage induction, the DNA dam-
age response arrests cells in the G2/M cell
cycle phase. In the presence of irreparable
DNA damage, cells maintain a prolonged
G2/M arrest but eventually continue divid-
ing through a process called adaptation
(Sandell and Zakian, 1993; Toczyski et al.,
1997; Lee et al., 1998). Cdc5 is required for adaptation after DNA
damage (Toczyski et al., 1997; Donnianni et al., 2010; Vidanes et al.,
2010). Considerable evidence indicates that inactivation of Bfa1 is
an important mechanism through which Cdc5 promotes adaptation
(Hu et al., 2001; Liang and Wang, 2007; Valerio-Santiago et al.,
2013; Ratsima et al., 2016; Rawal et al., 2016). Cdc5 localization at
the SPBs is required for adaptation to DNA damage (Ratsima et al.,
2016; Rawal et al., 2016). We wanted to understand the relationship
between Cdc5 and Bfa1 SPB localization during a strong DNA dam-
age response—induced G2/M arrest. We examined adaptation in
strain JKM179, where a single, unrepairable double-strand break
(DSB) is induced by HO endonuclease (Lee et al., 1998). HO-induced
cells arrest at G2/M for 12-15 h before they adapt and resume cell
cycle progression. At 6 h after HO induction, Cdc5-GFP was local-
ized in the nucleus and was able to decorate SPBs in the majority of
cells (Figure 6A), although ~20% of these G2/M-arrested cells con-
tained strong nuclear Cdc5-GFP signal but no Cdc5-GFP signal at
SPBs. This Cdc5-GFP localization to the SPBs is independent of
Bfa1, because no defect in Cdc5-GFP localization at SPBs was ob-
served in a bfalA strain at the same time point (Figure 6A). These
results indicate that at 6 h after HO induction, Cdc5-GFP localization
to the SPBs does not require Bfa1l.

We next asked whether Cdc5 localizes to the nuclear SPB
surface, as it would in undamaged G2/M cells, during a DNA
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DISCUSSION

The mechanism of Cdc5 regulation at
the SPBs during the cell cycle

The localization of Cdc5 and Bfal at the
SPBs has been extensively studied (Li, 1999;
Gruneberg et al., 2000; Pereira et al., 2000;
Song et al., 2000; Park et al., 2004a,b;
Maekawa et al., 2007; Nakashima et al.,
2008; Kim et al., 2012; Botchkarev et al.,
2014; Gryaznova et al., 2016). Here we pro-
vide insight into the molecular mechanism
of Cdc5 regulation at the SPBs during the
cell cycle. We reveal that Cdc5 changes its
localization and binding partners at the
SPBs, depending on cell cycle stage, and
that multiple factors regulate Cdc5 localiza-
tion at the SPBs. Consistent with previous
reports (Maekawa et al., 2007; Botchkarev
et al., 2014), we show here that Cdch
accumulates at both the mSPB and dSPB in
metaphase and early anaphase but has a
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Cdc5 from its early cell cycle SPB popula-
tion, and Cdc5 relocalizes to the outer
plaque of the dSPB in a Bfal-dependent
manner (Figure 7). The FEAR network com-
ponents SIk19 and Spo12 contribute to
Cdc5 relocalization from the inner plaque.
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cells. All experiments were performed in triplicate.

damage-induced G2/M arrest. We compared the localization of
Cdc5-GFP to Spc29-RFP, Spc72-mCherry, and Bfal-mCherry at
SPBs at 6 h after HO induction. We found that Cdc5-GFP puncta at
SPBs colocalized with Spc29-RFP (Figure 6B and Supplemental
Figure S3A). However, Cdc5-GFP SPB puncta faced toward the
nucleus in respect to both Spc72-mCherry and Bfal-mCherry
(Figure 6B and Supplemental Figure S3, B and C). We quantified
these observations by comparing the distances between the cen-
troids of Cdc5-GFP (Distcyces grp) and Spc29-RFP (Distspeo9.rep) to
the distances between centroids of Cdc5-GFP (Distcycs.grp) and
Spc72-mCherry  (Distspc72-mchery) @nd  Bfal-mCherry  (Distgfar-
mCherry) in the same way as described in Figure 1B. We found that
the centroids of both Bfal-mCherry and Spc72-mCherry puncta
were significantly further separated from each other than Cdc5-
GFP SPB centroids. However, the mean difference between
Distcges-grp and Distspez9.rep Was almost zero (Figure 6B). Thus our
data suggest that during a DSB-induced G2/M arrest, Cdc5 accu-
mulates at the nuclear surface of the SPBs.
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FIGURE 5: Cdc5 is retained in its Bfal-independent population in FEAR mutants slk194 and
spo12A. (A) Cdc5-GFP can localize to both the mSPB and dSPB of asynchronously cycling
anaphase slk194 and spo124 cells (wild-type n = 130; slk194 n=164; spo124 n=97).

(B) Bfa1-GFP localizes asymmetrically to the dSPB in late anaphase slk19A cells (wild-type
n=123; slk19A n = 85). (C) Quantified analysis of the Cdc5-GFP SPB localization pattern at SPBs
in wild-type (n = 96), bfalA (n=81), slk194 (n=198), and slk194 bfa1A (n = 159) late anaphase

alll

Because this Cdc14-dependent switch in
Cdc5 SPB populations occurs later in ana-
phase, our data suggest that there may be
other temporally slow steps after Cdc14 ac-
tivation before we see final Cdc5 localiza-
tion to the outer plaque.

The mechanism by which Cdc14 re-
moves Cdc5 from its Bfal-independent SPB
population is unclear. It is possible that
Cdc14 directly dephosphorylates Cdc5 in
anaphase, because Cdc5 is a Cdk1 sub-
strate (Mortensen et al., 2005); this is un-
likely, however, because previous work
showed that the cdc5-4A mutant, in which the four Cdk1 phos-
phorylation sites that are not essential for Cdc5 kinase activity
have been mutated to alanine, can localize to the SPBs in meta-
phase and anaphase (Botchkarev et al., 2014). It was previously
shown that the cdc5-16 pincer mutant, which does not bind to
substrates that have undergone a priming phosphorylation, fails
to accumulate at the SPBs in metaphase and anaphase (Ratsima
et al., 2011; Botchkarev et al., 2014). It is therefore likely that
Cdc14 dephosphorylates the Cdc5 metaphase SPB-binding part-
ner and thereby releases Cdc5 from the SPB in early anaphase
(Figure 7B). Because cdc5-16 does not accumulate at the SPBs in
late anaphase (Ratsima et al., 2011; Botchkarev et al., 2014), at the
time when Cdc5 localization to the dSPB depends on Bfa1, it is
likely that the Cdc5 late anaphase dSPB outer plaque binding
partner (most likely Bfal) undergoes a priming phosphorylation
event important for Cdc5 recruitment (Figure 7B). The priming
kinase(s) for Cdc5 binding partners at the SPBs remains to be
defined.
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Physiological relevance of Cdc5
retention at the dSPB in anaphase
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Our work reveals that Bfa1 is important to
retaining Cdc5 at the dSPB in late anaphase.
Because Bfal is a major substrate of Cdc5 in
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Cdc5 and Bfa1 are found in distinct SPB populations during a DNA damage arrest.
(A) Cdc5-GFP localizes to the nucleus and SPBs of JKM179 G2/M-arrested cells 6 h after HO
endonuclease induction. Localization of Cdc5-GFP to the SPBs in these cells is not dependent
on Bfa1 (experiment performed in triplicate). A small percentage of both wild-type and bfal4
G2/M-arrested cells showed strong nuclear Cdc5-GFP accumulation but no obvious localization
at SPBs. (B) Cdc5-GFP colocalizes with Spc29-RFP but not Spc72-mCherry or Bfal-mCherry in
most JKM179 G2/M-arrested cells 6 h after HO endonuclease induction. The dot-plot shows the
difference in distance between red puncta at opposite SPBs and Cdc5-GFP puncta at opposite
SPBs, as calculated according to Figure 1B. Centroids of Spc72-mCherry and Bfa1-mCherry
puncta at opposite SPBs were further apart from each other than centroids of Cdc5-GFP SPB
puncta in almost every cell. Centroids of Spc29-RFP puncta at opposite SPBs and centroids of
Cdc5-GFP puncta at opposite SPBs were nearly indistinguishable in most cells.

Regulation of Bfal-independent Cdc5 localization

to the SPBs

In this study, we identified Bfal as an important regulator of Cdc5
localization to the dSPB in anaphase. Because Bfal is found on the
cytoplasmic surface of the SPB during the cell cycle (Gruneberg
et al., 2000; Pereira et al., 2000; Gryaznova et al., 2016), our result
reveals that Cdc5 localizes mainly to the cytoplasmic surface of the
dSPB in anaphase. This is in agreement with past findings that Cdc5
is defective in localizing to SPBs of outer plaque mutants (Park et al.,
2004a,b). Our analysis of Cdc5-GFP colocalization with Spc29-RFP
and Spc72-mCherry suggests that Cdc5-GFP localizes to the nu-
clear SPB surface in metaphase and early anaphase. This observa-
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anaphase for activation of the MEN (Hu
etal., 2001; Geymonat et al., 2003), we sug-
& gest that Cdc5 and Bfa1 should be found in
a complex at the SPB in anaphase for timely
MEN activation. In support of this idea,
cdc5-16, which cannot localize to the SPBs
in anaphase (Ratsima et al., 2011; Botchk-
arev et al., 2014), is defective in phosphory-
lation of Bfal (Ratsima et al., 2011). It was
previously reported that Cdc5 localization
to the SPB is important for cytokinesis (Park
et al., 2004b). It will be of interest to study
whether Bfa1 retains Cdc5 at the dSPB in
late anaphase to promote cytokinesis.

In summary, our work revealed that
Cdc5 is found in distinct populations at
the SPBs, depending on cell cycle stage.
We identified Cdc14 to be necessary and
sufficient to remove Cdc5 from its early
mitotic population at both mother and
daughter SPBs and found that Bfa1 is an important regulator of
Cdc5 localization to the dSPB in late anaphase. Studying the roles
of Cdc5 at each of its SPB populations will be important in ex-
plaining the timing of the functions of this very complex protein
during the cell cycle.

MATERIALS AND METHODS

Yeast genetics and plasmid construction

The strains and plasmids are listed in Supplemental Tables S1 and
S2. All strains in this study were isogenic or congenic to BY4741
(MATa leu2A40 his3A1 met15A0 ura340) and JKM179, which is a de-
rivative of S288C. Standard yeast genetics was used to generate the

[ 1017

Polo kinase regulation at centrosomes



A Metaphase Early Anaphase

Cdcs at SPB

@ Bfatatses

B

S through Early Anaphase

Late Anaphase

Late Anaphase

medium at 30°C the next day for 6 h. For
the fluorescence microscopy of Figure 6B
and Supplemental Figure S3, cells were cul-
tured in YP plus lactate medium overnight
at 30°C and released at low density into YP
+ 2% galactose medium at 30° the next day
for 6 h. Cells were fixed in 4% paraformal-
dehyde (Boston Bio Products) and washed
at least three times in 1x PBS before
imaging.

Fluorescence microscopy

Fluorescence images in Figures 1 and 6 and
Supplemental Figures S1-S3 were acquired
as z-stacks with the Nikon Ni-E fluorescence
microscope equipped with a charge-cou-
pled device camera (DU-897; Andor) and a
numerical aperture (NA) 1.45/100x oil ob-
jective. Fluorescence images in Figures 2-5
were acquired as z-stacks with the Eclipse
E600 Nikon fluorescence microscope

FIGURE 7: Model for Cdc5 localization during the cell cycle. (A) In metaphase and early
anaphase, Cdc5 localizes to the nucleus and to both SPBs independently of Bfa1. Cdc5 is

equipped with a charge-coupled device
camera (DC350F; Andor) and NA 1.4/60x
oil objective. All images were captured us-
ing NIS-Elements software (Nikon), and
figures were assembled using GraphPad
Prism 7.

released from the nucleus in late anaphase, when it localizes strongly to the bud neck and

to the daughter SPB. Localization of Cdc5 to the daughter SPB depends largely on Bfa1.

(B) Mechanism of Cdc5 localization at the daughter SPB during the cell cycle. In S phase through
early anaphase, Cdc5 localizes to the daughter SPB independently of Bfa1, likely to the nuclear
daughter SPB surface. A priming phosphorylation event is required for Cdc5 localization to the
SPBs. Later in anaphase, Cdc14 releases Cdc5 from its Bfal-independent population at the
SPBs. Cdc5 localizes to the daughter SPB in a Bfal-dependent manner. The Cdc5 binding
partner at the dSPB in late anaphase (likely Bfa1) undergoes a priming phosphorylation event

that is required for Cdc5 localization to the dSPB in late anaphase.

strains. SY strains were gifts from D. Pellman (Dana-Farber Cancer
Institute, Boston, MA) and S. Yoshida (Gunma University, Japan).
p100 was a gift of A. Amon (Massachusetts Institute of Technology,
Cambridge, MA). GALT-CDC14 was integrated at the CDC14 locus
after plasmid linearization with Aflll. Gene deletions and modifica-
tions were performed using pFAéa vectors provided by J. Pringle
(Stanford University, Stanford, CA) as previously described (Longtine
etal., 1998).

Cell culture

Cells in Figures 1 and 3 and Supplemental Figures S1 and S2 were
cultured in yeast extract/peptone/dextrose (YPD) medium at room
temperature, fixed with 4% paraformaldehyde (Boston Bio Prod-
ucts), and washed at least three times in 1x phosphate-buffered sa-
line (PBS) before imaging. For live-cell imaging in Figures 2 and 5,
cells were cultured in synthetic complete plus 2% dextrose medium
at room temperature. For fluorescence microscopy of Figure 4, cells
were cultured in YP plus 2% raffinose at room temperature and
arrested in 10 pg/ml nocodazole for 4 h, and 2% galactose was sub-
sequently added for an additional 2 h. Cells were fixed in 4% para-
formaldehyde (Boston Bio Products) and washed at least three times
in 1x PBS before imaging. Some cells of the cdh14 strains appeared
abnormally large and were excluded from the analysis. Cells in
Figure 6A were cultured in YP plus 2% raffinose overnight at 30°C
overnight and released at low density into YP plus 2% galactose
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Fluorescence intensity quantification
and statistics

Image analysis of Figures 1 and 6 and Sup-
plemental Figures S1-S3 was performed
using the Fiji image processing package of
ImageJ. ND2 image files acquired on the
Nikon Ni-E fluorescence microscope were
converted to TIFFs, and maximum-inten-
sity projections were generated for each
channel. Centroid X and Y-coordinates were determined from the
maximum-intensity projection of an entire red or green SPB fluo-
rescent punctum. The X- and Y-coordinates of fluorescent puncta
at opposite SPBs were used to determine the distance between
centroids of a given protein at opposite SPBs. A line scan in Fiji
was used to quantify the relative location and fluorescence inten-
sity of red and green pixels passing through a straight line of max-
imum-intensity projected cells to determine whether the red and
green SPB signal peaks are distinct or overlapping. Fluorescence
intensity in Figure 3B was quantified in NIS-Elements software and
normalized for background signal. All statistical analyses were per-
formed using GraphPad Prism software, using an unpaired t test.
Statistical significance of is represented as follows: n.s., p > 0.05;
*p<0.05; **p<0.01; **p<0.001; and ****p < 0.00001. Error bars
represent SD.
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