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The yeast polo kinase, Cdc5, regulates the shape of the mitotic
nucleus
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Summary

Abnormal nuclear size and shape are hallmarks of aging and cancer [1, 2]. However, the
mechanisms regulating nuclear morphology and nuclear envelope (NE) expansion are poorly
understood. In metazoans, the NE disassembles prior to chromosome segregation and reassembles
at the end of mitosis [3]. In budding yeast, the NE remains intact. The nucleus elongates as
chromosomes segregate and then divides at the end of mitosis to form two daughter nuclei without
NE disassembly. The budding yeast nucleus also undergoes remodeling during a mitotic arrest; the
NE continues to expand despite the pause in chromosome segregation, forming a nuclear
extension, or “flare”, that encompasses the nucleolus [4]. The distinct nucleolar localization of the
mitotic flare indicates that the NE is compartmentalized and that there is a mechanism by which
NE expansion is confined to the region adjacent to the nucleolus. Here we show that mitotic flare
formation is dependent on the yeast polo kinase, Cdc5. This function of Cdc5 is independent of its
known mitotic roles, including rDNA condensation. High-resolution imaging revealed that
following Cdc5 inactivation, nuclei expand isometrically rather than forming a flare, indicating
that Cdc5 is needed for NE compartmentalization. Even in an uninterrupted cell cycle, a small NE
expansion occurs adjacent to the nucleolus prior to anaphase in a Cdc5-dependent manner. Our
data provides the first evidence that polo kinase, a key regulator of mitosis [5], plays a role in
regulating nuclear morphology and NE expansion.
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Results and Discussion

Cdc5 affects nuclear morphology during a mitotic arrest

During interphase, nuclei of budding yeast are typically round, with the nucleolus forming a
crescent-shaped mass at the nuclear periphery (Fig. 1A). During a mitotic delay the NE
continues to expand, forming an extension, or flare, that encompasses the nucleolus (Fig.
1A) [4]. While in interphase the interface between the nucleolus and the rest of the
nucleoplasm is extensive (Fig. 1A image 1, arrow), in the flare the nucleolus has only a very
narrow interface with the rest of the nucleoplasm (Fig. 1A, image 2, arrow). To understand
this spatially restricted NE expansion we screened for mutants that maintain a round nucleus
when arrested in mitosis. Because flare formation may occur through the same process that
normally drives NE expansion, genes involved in flare formation may be essential.
Therefore, we generated a collection of 1500 conditional mutants that were viable at the
23°C but not at 34°C and screened them for mutants that arrested in mitosis at 34°C with a
round nucleus (Fig. 1A). We found “no-flare” (nf) mutants in the yeast polo kinase gene,
CDCS5, and in the lipid synthesis genes, FASL, FAS2 and ACCL1. The cdc5-nf mutant is the
focus of this study.

The cdc5-nf allele carries a mutation, E178K, in a highly conserved residue within the
kinase domain (Fig. S1A). Less than 10% of mitotically arrested cdc5-nf cells possessed a
nuclear flare, compared to around 90% of wild type (WT) cells (Fig. 1A, 1B). Expression of
WT CDCS5 from a CEN plasmid restores the flared nuclear phenotype (Fig. 1B). A similar
result was observed when a mitotic arrest was induced by inactivating an Anaphase
Promoting Complex subunit, Cdc16 [6] (Fig. S1B, S1C). As with previously isolated cdc5
mutant alleles [7-9], the terminal phenotype of cdc5-nf at 34°C was a telophase arrest (Fig.
1A, S2D) due to a requirement for Cdc5 in mitotic exit. In mitotically arrested cells, Cdc5
accumulated in the nucleoplasm (Fig. 1C and S1D), spindle pole bodies [10] and was
occasionally visible as a fine thread through the nucleolus, possibly due to its association
with the ribosomal DNA array (rDNA) [11]. As expected, cdc5-nf did not affect nuclear
remodeling following exposure to alpha-factor mating pheromone, (Fig. S1E and F) since
Cdc5 is not expressed during G1 [12].

The no-flare phenotype was not specific to cdc5-nf, as other cdcb alleles that were inviable
at 34°C, cdc5-1 and cdc5-66 [13] (Fig. S1A, S2A), also exhibited a mitotic flare formation
defect (Fig. S2B). The severity of the no-flare phenotype was inversely proportional to the
Cdc5 activity at 34°C as measured by the degree of rDNA condensation (Fig. 1D, 1E).
Depletion of Cdc5 using an auxin-induced Cdc5-degron allele [14] (Fig. S2C, S2D) also
resulted in a mitotic no-flare phenotype (Fig. S2E). These data suggest that the no-flare
nuclear phenotype seen in the cdc5-nf strain is due to reduced Cdc5 activity.

Cdc5 is required for maintenance of the nuclear flare

When mitotically arrested cdc5-nf cells were allowed to form flares at 23°C and then shifted
to 34°C, the number of cells with flared nuclei dropped precipitously (Fig. 1F). The flares
that did persist in cdc5-nf cells tended to be collapsed (a smaller loop than in time 0) or
flattened onto the DAPI mass (Fig. 1G, S2F). Based on their rate of appearance "bulged"
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nuclei, where the nucleolus only slightly protruded away from the DAPI mass, may be an
intermediate step between a flared and round nucleus (Fig. 1G, S2F). Thus, Cdc5 is required
for flare maintenance during a mitotic arrest.

The effect of Cdc5 on nuclear morphology is not imposed through FEAR, MEN or rDNA
condensation

Cdc5 has been implicated in multiple mitotic processes, including FEAR (Cdc Fourteen
Early Anaphase Release), MEN (Mitotic Exit Network) [15, 16] and rDNA condensation
[17]. All mitotically arrested FEAR and MEN mutants tested displayed a flared nuclear
phenotype indistinguishable from WT (Fig. S2G, S2H), indicating that flare formation is
independent of FEAR and MEN.

Given the inverse correlation between Cdc5 activity and the severity of the no-flare
phenotype noted above (Fig. 1D, 1E, and S2B), it was possible that flare formation was
dependent on rDNA condensation. If that were the case, then disruption of rDNA
condensation by other means, such as condensin inactivation [18], should also result in a no-
flare phenotype. However, condensin mutants (brnl1-9 [19] and ycs4-1 [20]) that exhibit
rDNA condensation defects at 34°C (Fig. 2A, 2B) still form flares when arrested in mitosis
at 34°C (Fig. 2C, 2D and S3), demonstrating that rDNA condensation is not required for
flare formation. Condensin mutants, however, displayed wider and less extended flares than
those seen in WT cells (Fig. 2C and S3). Thus, while flares are present in mutants defective
in rDNA condensation, the shape of the flare may be affected by the structure of the rDNA/
nucleolus.

Further evidence that rDNA condensation is not required for flare formation came from a
strain in which the rDNA was deleted and replaced by a plasmid carrying a single rDNA
repeat [21]. As a result, the nucleolus forms a "dot" rather than the typical crescent shape
(Fig. 2E). This strain grew poorly and exhibited jagged edged nuclei (Fig. 2E). However,
flared nuclei were observed in 70 £ 7% of mitotically arrested cells compared to only 21 +
1% of interphase cells (Fig. 2E). The presence of NE extensions during interphase may be
due to the poor growth of this strain. Nonetheless, mitotic flares can form independently of
rDNA.

Finally, we examined whether Cdc5 affects nuclear morphology through the attachment of
rDNA to the NE [22]. If this anchoring allowed flare formation, then mutations that lead to
the detachment of the rDNA from the NE should produce a no-flare phenotype. However,
such mutants, including hehl1A, csml1A, Irs4A and nurlA [22], exhibited flared nuclei when
arrested in mitosis (Fig. 2F). Conversely, if the rDNA had to detach from the NE for a flare
to form, and Cdc5 were required for this detachment, then combining cdc5-nf and rDNA
detachment mutants should give rise to flared nuclei, as the rDNA is constitutively detached
from the NE. However, deletion of rDNA attachment genes in a cdc5-nf background did not
restore flare formation (Fig. 2F). Therefore, Cdc5 is not affecting nuclear morphology via
rDNA condensation or its NE attachment.
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Cdc5 confines NE expansion to the nucleolar region during a mitotic arrest

Since flare formation involves NE expansion [4], we imagine that in the mitotically arrested
cdc5-nf mutant either the NE does not expand, or the NE does expand, but the added nuclear
membrane is distributed uniformly throughout the NE, resulting in isometric expansion. To
distinguish between these two possibilities, NE expansion during a mitotic arrest was
measured using soft X-ray tomography (SXT). WT and cdc5-nf cells were staged in G1,
released into media containing NZ at 34°C and NE expansion was followed as cells
progressed towards a mitotic arrest (Fig. 3A), using cell volume as a proxy for cell cycle
progression.

Tomographic reconstructions (Fig. 3B) revealed that, as seen previously by fluorescence,
very few nuclei (9%) in large budded cdc5-nf cells (cell volume > 140 pm?3) were flared,
whereas 95% of large budded WT cells contained flared nuclei. However, the nuclear
surface areas in both WT and cdc5-nf cells increased at the same rate (i.e. amount of surface
area added as a function of cell volume) (Fig. 3C), demonstrating that cdc5-nf nuclei are
expanding isometrically. This suggests that Cdc5 is required to designate the nucleolus as
the site NE expansion during a mitotic arrest. Interestingly, mutant cells had the same
nuclear:cell volume ratio as WT cells despite their different morphologies (Fig. 3D).
Nuclear:cell volume ratio was shown previously to be constant [23, 24], although the
underlying mechanism and the functional importance of this ratio are not known. We
speculate that flare formation allows the cell to expand its nuclear surface area without
altering its nuclear volume, thus maintaining a constant nuclear:cell volume ratio and
limiting the disruption to the space in which the bulk of the DNA resides. The isometric
expansion of the cdc5-nf nucleus likely increases the space occupied by the chromosomes,
the consequences of which are currently unknown.

Cdc5 allows transient NE expansion at the nucleolus during uninterrupted mitosis

To characterize NE dynamics in cycling cells, WT cells were imaged every 5 minutes until
they completed anaphase. Small-budded cells (Fig. 4A, 0 min) had a spherical nucleus, but
in 10 out of 16 time courses a small expansion of the nucleus in the nucleolar region was
visible prior to anaphase (Fig. 4A, 15 min, white arrowhead, and Fig S4B). This expansion,
or “mini-flare”, was defined as an expansion of an interphase nucleus that disrupts the
continuity of the normal round nuclear shape (Fig. 4B). It always occurred at the nucleolar
region and was more prevalent in cells with a larger bud:mother size ratio, shortly before
entering anaphase (Fig. 4C, 4D).

As a more objective measure of the formation of a mini-flare, the sphericity of interphase
nuclei was determined. The sphericity of a given object is the ratio between the surface area
of a sphere with the same volume as that object and the surface area of the object itself [25].
Thus, the sphericity of a sphere=1, and perturbations to the shape of a sphere, which would
increase its surface area, would result in sphericity values that are less than 1. For example,
the sphericity of the elongated nuclei in alpha factor arrested cells (Fig. S1E) is around 0.8.
We found that nuclei that did not have a mini-flare had an average sphericity value of 0.95
while the average sphericity of nuclei that were designated as having a mini-flare was 0.88
[Fig. S4A, S4B].
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We next determined whether these mini-flares were dependent on Cdc5 using the auxin-
inducible Cdc5-degron strain. Both the Cdc5-degron and control strains were grown at 23°C
to mid-log phase and exposed to auxin. Interphase cells were analyzed after 2 hrs in the
presence of auxin, when ~50% of the Cdc5-degron cells had arrested in telophase and Cdc5
levels were significantly reduced (Fig. S2C). Mini-flares were visible in 36% of budded
control cells, but only in 18% of budded Cdc5-depleted cells (Fig. 4C) and this difference
was even more pronounced in cells with larger buds (bud:mother size ratio > 0.66) (Fig.
4D). Moreover, the sphericity of nuclei in the absence of Cdc5 was significantly greater than
the sphericity of the control cells (Fig. S4A). Thus, Cdc5 plays a role in regulating NE
expansion not only during a mitotic delay but also in unperturbed cycling cells.

Our studies uncovered a new role for Cdc5 in the compartmentalization of the yeast NE.
Cdc5 regulates nuclear morphology by designating the NE adjacent to the nucleolus as the
site of NE expansion in both mitotically-arrested and cycling cells. By coupling Cdc5, which
is active in later stages of the cell cycle, to NE expansion, the cell can expand its nucleus
isometrically during G1 and S phase, and confine NE expansion to the nucleolar region early
in mitosis and during a mitotic delay. It is likely that when mitosis is delayed and lipid
synthesis continues unabated [4], the mini-flare develops into a full-sized flare. How might
Cdcb5 affect NE distribution? While the precise mechanism is not known, it is independent of
Cdc5's roles in the FEAR pathway, the MEN and rDNA condensation. The confinement of
the flare or mini-flare to the NE adjacent to the nucleolus may prevent disruption to the rest
of the nucleus, where the majority of the chromosomes reside. Once released from a mitotic
arrest, the non-flared nuclei of cdc5-nf are able to complete anaphase without rupturing, but
their recovery from the arrest is delayed compared to WT, as judged by their initial rate of
spindle elongation (data not shown). Whether this is due to the altered nuclear shape or to
another Cdc5-related function awaits the identification of the relevant Cdc5 target(s)
involved in flare formation.

The regulation of NE expansion is of great significance to the study of aging and cancer,
where nuclear size and shape are often disrupted. While the role of Cdc5 in flare formation
may be specific to closed mitosis, the relevant target(s) of this conserved kinase may play a
role in membrane dynamics in higher eukaryotes. The mammalian polo kinase (Plk1) has
known functions in membrane restructuring during mitosis, playing a role in Golgi
breakdown [26] and in coordinating abcission with other mitotic events during cytokinesis
[27]. PIK1 has also been proposed to affect NE breakdown [28, 29]. In mammalian cells,
depletion of PIk1 leads to altered nuclear morphology [30], a phenotype that has been
attributed to chromosome mis-segregation in the absence of PIk1. Our findings linking yeast
polo kinase to NE expansion indicate that PIk1 may have a more direct role in regulating
nuclear shape.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cdc5 affects nuclear morphology during a mitotic arrest
A) Merged fluorescence images of fixed mitotic-arrested WT (top row) and cdc5-nf (bottom

row) cells. The nucleoplasm is marked with Pus1-GFP (green) and nucleolus with Nsr1-
mCherry (red). A nuclear flare containing the nucleolus forms in WT cells during a mitotic
arrest induced by nocodazole (NZ) at both 23°C and 34°C (panels 2, 4) and in cdc5-nf cells
at 23°C (panel 6). Nuclei of cdc5-nf cells are round at 34°C in the presence of NZ (panel 8).
In the absence of NZ, cdc5-nf cells arrest in late telophase at 34°C (panel 7, Fig. S2E).
White arrows indicate the interface between the nucleolus and nucleoplasm (panels 1 and 2).
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Scale bar, 2 um. B) Quantification of phenotypes of NZ-treated cells shown in panel A (for
each condition n=100 in at least 2 biological replicates). C) Cdc5 nuclear localization during
a mitotic arrest. WT cells expressing Cdc5-sfGFP and Nsr1-mCherry (nucleolar marker)
were arrested in NZ at 30°C and imaged using fluorescence confocal microscopy. Bright
green spots are at the spindle pole bodies. Area contained in the white dashed box (right
panels) is expanded in the bottom right panel to show a thin line of Cdc5-sfGFP within the
nucleolar flare. Scale bar, 3 pm. D) Images from fluorescence in situ hybridization (FISH)
using a probe for rDNA in WT and cdc5 mutants. Cells were arrested in NZ at 34°C for 150
min. WT(1) is isogenic to strains cdc5-1 and cdc5-66 while WT(2) is isogenic to strain
cdc5-nf. WT cells arrested in mitosis typically exhibit an rDNA “loop” (arrow), while
mutants defective in rDNA condensation exhibit amorphous structures referred to as “puff”
(arrowhead) [31]. Scale bar, 5 pm. E) Quantification of rDNA phenotypes of cdc5 mutants
from FISH described in D. F) Cdc5 is required for the maintenance of a nuclear flare. cdc5-
nfand WT cells were arrested in mitosis at 23°C to allow flare formation and then shifted to
34°C. Samples were taken at the indicated time points. For each time point n=100 in at least
3 biological replicates. See also Fig. S2F. G) Images of cdc5-nf cells from the experiment in
Fig. S2F showing examples of the collapse and eventual loss of nuclear flares upon the
inactivation of Cdcb. NZ-arrested WT and cdc5-nf cells were shifted from 23°C to 34°C.
Cells were fixed every 30 min and were imaged by confocal fluorescence microscopy. The
images shown are from 60 and 120 min. The NE is marked with Nup49-GFP (green), the
nucleolus with Nsr1-mCherry (red) and DNA with DAPI (blue). Scale bar, 3 um. Error bars
in all panels indicate SD.
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Figure 2. Cdc5 is not affecting nuclear morphology through rDNA condensation or attachment
to the NE

A) Images from FISH using a probe for rDNA in condensin mutants. Cells were arrested in
NZ at 34°C for 150 min. rDNA is shown in green, DNA in red. Scale bar, 5 um. B)
Quantification of rDNA phenotypes of condensin mutants from FISH described in A. C)
Merged fluorescence images of WT and condensin mutant cells arrested in NZ at 34°C. The
nucleoplasm is marked with Pus1-GFP (green) and nucleolus with Nsr1-mCherry (red). D)
Quantification of nuclear phenotypes for NZ-arrested condensin mutants experiment shown
in C. WT(1) is isogenic to strain cdc5-nf while WT(2) is isogenic to strains brn1-9 and
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ycsA-1. E) Merged fluorescence images of asynchronous and NZ-arrested cells in a strain
where the chromosomal rDNA was replaced by a single plasmid-borne copy of the rDNA.
White arrows indicate nuclear flares. The nuclear pore subunit Nup49-GFP marks the NE
(green), Nsr1-mCherry the "dot" nucleolus (red spot) and DAPI-stained DNA is shown in
blue. F) Quantification of nuclear phenotypes of NZ-arrested rDNA-NE detachment mutants
alone and in combination with the cdc5-nf allele. For panels B, D and F for each condition
n=100 in each of at least 2 biological replicates. Error bars in all panels indicate SD.
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Figure 3. Nuclei of cdc5-nf cells expand isometrically during a mitotic arrest
A) Outline of the experiment. WT and cdc5-nf cells were arrested in G1 with alpha factor

and then released into NZ at 34°C. Samples were taken every 20 min and processed for soft
X-ray imaging. B) Surface rendered views of the cell (pink) and nucleus (pale green) after
segmentation of three dimensional reconstructions of WT and cdc5-nf cells from the
experiment described in panel A. Scale bar, 1 ym. C) Quantification of nuclear surface areas
as a function of cell size of WT and cdc5-nf cells (n=74 and 86, respectively). Nuclear flares
begin to appear in cells of approximately 140 um?3 (black triangle). Linear regressions were
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calculated using Prism (R2 \y1=0.633, R? ¢4e5.ni=0.774). There is no significant difference
between the slope of the line describing the increase in nuclear surface areas in WT and
cdc5-nf (p=0.44, ANCOVA). Nuclei of WT cells have a slightly greater surface area than
nuclei of cdc5-nf across all cell sizes (p=0.0006, ANCOVA). D) Quantification of nuclear
volumes as a function of cell size of the same cells as panel C. There is no significant
difference between nuclear volumes in WT (R2=0.677) and cdc5-nf (R?=0.762) across all
cell sizes (p=0.48, ANCOVA).
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Figure 4. Cdc5 allows NE expansion at the nucleolar region during an uninterrupted mitosis
A) Time course of images of a WT cell progressing from a small budded stage into

anaphase. The nucleoplasm is marked with Pus1-GFP (green) and the nucleolus with Nsr1-
mCherry (red). Images shown are maximum projections of merged fluorescence confocal
images. A mini-flare (white arrowhead) is visible at 15 min. Scale bar, 1 pm. B) A mini-
flare disrupts the spherical surface of the nucleus (green), specifically at the site of the
nucleolus (red). Sphericity data are from Fig. S4A. C) Mini-flares are Cdc5-dependent.
Quantification of the frequency of mini-flares in a control strain and Cdc5-degron cells.
Fixed log-phase cells were imaged by fluorescence confocal microscopy and nuclear
phenotypes of all budded cells were scored. The frequency of mini-flares in budded cells
was lower in the Cdc5-degron strain (p<0.0001, Fisher’s exact test). D) Data from panel C
divided into categories by bud:mother cell size ratio. For bud:mother <0.66, n=79 and 66 for
WT and Cdc5-degron, respectively. For bud:mother >0.66, n= 69 and 134 for WT and
Cdc5-degron, respectively. The frequency of mini-flares in cells with larger buds is
significantly lower in the Cdc5-degron strain (p<0.0001, Fisher’s exact test). The difference
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in frequency of mini-flares in cells with small buds is not statistically significant (p=0.1665,
Fisher’s exact test). Error bars in all panels represent SD.
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