
The Yeast Polo Kinase Cdc5
Current Biology 24, 2861–2867, December 1, 2014 ª2014 Elsevier Ltd All rights reserved http://dx.doi.org/10.1016/j.cub.2014.10.029
Report
Regulates

the Shape of the Mitotic Nucleus
Alison D. Walters,1 Christopher K. May,1 Emma S. Dauster,1

Bertrand P. Cinquin,2,3 Elizabeth A. Smith,2,3

Xavier Robellet,4 Damien D’Amours,4 Carolyn A. Larabell,2,3

and Orna Cohen-Fix1,*
1Laboratory of Molecular and Cellular Biology, National
Institute of Diabetes and Digestive and Kidney Diseases, NIH,
Bethesda, MD 20892, USA
2Department of Anatomy, University of California,
San Francisco, San Francisco, CA 94158, USA
3Physical Biosciences Division, Lawrence Berkeley National
Laboratory, Berkeley, CA 94720, USA
4Institute for Research in Immunology and Cancer and
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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 nu-
cleus elongates as chromosomessegregate and thendivides

at the end of mitosis to form two daughter nuclei without NE
disassembly. The budding yeast nucleus also undergoes re-

modeling during amitotic arrest; the NE continues to expand
despite the pause in chromosome segregation, forming a nu-

clear extension, or ‘‘flare,’’ that encompasses the nucleolus

[4]. The distinct nucleolar localization of themitotic flare indi-
cates 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 re-
vealed that following Cdc5 inactivation, nuclei expand iso-

metrically rather than forming a flare, indicating that Cdc5
is needed for NE compartmentalization. Even in an unin-

terrupted cell cycle, a small NE expansion occurs adjacent
to the nucleolus prior to anaphase in a Cdc5-dependent

manner. Our data provide the first evidence that polo kinase,
a key regulator of mitosis [5], plays a role in regulating nu-

clear morphology and NE expansion.

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 nu-
clear periphery (Figure 1A). During a mitotic delay the nuclear
envelope (NE) continues to expand, forming an extension, or
flare, that encompasses the nucleolus (Figure 1A) [4]. Whereas
in interphase the interface between the nucleolus and the rest
of the nucleoplasm is extensive (Figure 1A, image 1, arrow-
head), in the flare the nucleolus has only a very narrow interface
*Correspondence: ornac@helix.nih.gov
with the rest of the nucleoplasm (Figure 1A, image 2, arrow-
head). 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 1,500 conditional mutants that were
viable at 23�C but not at 34�C and screened them for mutants
that arrested inmitosis at 34�Cwith a roundnucleus (Figure 1A).
We found ‘‘no-flare’’ (nf) mutants in the yeast polo kinase gene
CDC5 and in the lipid synthesis genes FAS1, FAS2, and ACC1.
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 (Figure S1A avail-
able online). Less than 10% of nocodazole-treated, mitotically
arrested cdc5-nf cells possessed a nuclear flare, compared to
around90%ofwild-type (WT)cells (Figures1Aand1B). Expres-
sionofWTCDC5 fromaCENplasmid restores theflarednuclear
phenotype (Figure 1B). A similar result was observed when a
mitotic arrest was induced by inactivating an anaphase-pro-
moting complex subunit, Cdc16 [6] (Figures S1B and S1C). As
with previously isolated cdc5 mutant alleles [7–9], the terminal
phenotype of cdc5-nf at 34�C was a telophase arrest (Figures
1A and S2D) due to a requirement for Cdc5 in mitotic exit. In
mitotically arrested cells, Cdc5 accumulated in the nucleo-
plasm (Figures 1C and S1D) and spindle pole bodies [10] and
was occasionally visible as a fine thread through the nucleolus,
possibly due to its association with the rDNA array [11]. As
expected, cdc5-nf did not affect nuclear remodeling following
exposure to a factor mating pheromone (Figures S1E and
S1F), because Cdc5 is not expressed during G1 [12].
The no-flare phenotype was not specific to cdc5-nf, as other

cdc5 alleles that were inviable at 34�C, cdc5-1 and cdc5-66
[13] (Figures S1A and S2A), also exhibited amitotic flare forma-
tion defect (Figure 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 (Figures 1D
and 1E). Depletion of Cdc5 using an auxin-induced cdc5-de-
gron allele [14] (Figures S2C and S2D) also resulted in a mitotic
no-flare phenotype (Figure 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 (Figure 1F). The flares
that did persist in cdc5-nf cells tended to be collapsed (a
smaller loop than at time 0) or flattened onto the DAPI mass
(Figures 1G and S2F). Based on their rate of appearance,
‘‘bulged’’ nuclei, where the nucleolus only slightly protrudes
away from the DAPI mass, may be an intermediate step be-
tween a flared and round nucleus (Figures 1G and 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
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Figure 1. Cdc5 Affects Nuclear Morphology during a Mitotic Arrest

(A)Merged fluorescence images of fixedmitotically arrestedWT (top row) and cdc5-nf (bottom row) cells. The nucleoplasm ismarkedwith Pus1-GFP (green)

and the nucleolus with Nsr1-mCherry (red). A nuclear flare containing the nucleolus forms in WT cells during a mitotic arrest induced by nocodazole at both

(legend continued on next page)
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(mitotic exit network) [15, 16], and rDNA condensation [17]. All
mitotically arrested FEAR and MEN mutants tested displayed
a flared nuclear phenotype indistinguishable fromWT (Figures
S2G and 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 (Figures 1D,
1E, and S2B), it was possible that flare formation was depen-
dent on rDNA condensation. If that were the case, then disrup-
tion of rDNA condensation by other means, such as condensin
inactivation [18], should also result in a no-flare phenotype.
However, condensin mutants (brn1-9 [19] and ycs4-1 [20])
that exhibit rDNA condensation defects at 34�C (Figures 2A
and 2B) still form flares when arrested in mitosis at 34�C (Fig-
ures 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 (Figures 2C and S3). Thus, although 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 (Figure 2E). This strain grew
poorly and exhibited jagged-edged nuclei (Figure 2E). How-
ever, flared nuclei were observed in 70% 6 7% of mitotically
arrested cells compared to only 21%6 1% of interphase cells
(Figure 2E). The presence of NE extensions during interphase
may be due to the poor growth of this strain. Nonetheless,
mitotic flares can form independent of rDNA.

Finally, we examined whether Cdc5 affects nuclear mor-
phology 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 pro-
duce a no-flare phenotype. However, such mutants, including
heh1D, csm1D, lrs4D, and nur1D [22], exhibited flared nuclei
when arrested in mitosis (Figure 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,
because the rDNA is constitutively detached from the NE.
However, deletion of rDNA attachment genes in a cdc5-nf
background did not restore flare formation (Figure 2F). There-
fore, Cdc5 is not affecting nuclear morphology via rDNA
condensation or its NE attachment.
23�C and 34�C (panels 2 and 4) and in cdc5-nf cells at 23�C (panel 6). Nuclei of c

of NZ, cdc5-nf cells arrest in late telophase at 34�C (panel 7; Figure S2E). White

(panels 1 and 2). The scale bars represent 2 mm.

(B) Quantification of phenotypes of NZ-treated cells shown in (A). For each co

(C) Cdc5 nuclear localization during amitotic arrest. WT cells expressing Cdc5-

imaged using fluorescence confocal microscopy. Bright green spots are at t

panels) is expanded in the bottom-right panel to show a thin line of Cdc5-sfGF

asynchronous cells. The scale bar represents 3 mm.

(D) Images from fluorescence in situ hybridization (FISH) using a probe for rDNA

(1) is isogenic to strains cdc5-1 and cdc5-66, whereas WT (2) is isogenic to stra

row), whereas mutants defective in rDNA condensation exhibit amorphous stru

(E) Quantification of rDNA phenotypes of cdc5 mutants from FISH described i

(F) Cdc5 is required for the maintenance of a nuclear flare. cdc5-nf andWT cells

34�C. Samples were taken at the indicated time points. For each time point, n

(G) Images of cdc5-nf cells from the experiment in Figure S2F showing example

Cdc5. NZ-arrested WT and cdc5-nf cells were shifted from 23�C to 34�C. Cells
The images shown are from 60 and 120 min. The NE is marked with Nup49-GF

The scale bar represents 3 mm.

Error bars in all panels indicate SD.
Cdc5 Confines NE Expansion to the Nucleolar Region
during a Mitotic Arrest

Because 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 nuc-
lear membrane is distributed uniformly throughout the NE, re-
sulting in isometric expansion. To distinguish between these
two possibilities, NE expansion during a mitotic arrest was
measured using soft X-ray tomography. WT and cdc5-nf cells
were staged in G1 and released intomedia containing nocoda-
zole (NZ) at 34�C, and NE expansion was followed as cells pro-
gressed toward a mitotic arrest (Figure 3A), using cell volume
as a proxy for cell-cycle progression.
Tomographic reconstructions (Figure 3B) revealed that, as

seen previously by fluorescence, very few nuclei (9%) in large
budded cdc5-nf cells (cell volume >140 mm3) 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., the amount of
surface area added as a function of cell volume) (Figure 3C),
demonstrating that cdc5-nf nuclei are expanding isometri-
cally. This suggests that Cdc5 is required to designate the
nucleolus as the site of NE expansion during a mitotic arrest.
Interestingly, mutant cells had the same nuclear:cell volume
ratio as WT cells, despite their different morphologies (Fig-
ure 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 spec-
ulate that flare formation allows the cell to expand its nuclear
surface area without altering its nuclear volume, thus main-
taining 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 in-
creases the space occupied by the chromosomes, the conse-
quences 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 min until they completed anaphase. Small
budded cells (Figure 4A, 0 min) had a spherical nucleus, but
in 10 out of 16 time courses a small expansion of the nucleus
in the nucleolar regionwas visible prior to anaphase (Figure 4A,
15min, white arrowhead; Figure S4B). This expansion, or ‘‘min-
iflare,’’ was defined as an expansion of an interphase nucleus
that disrupts the continuity of the normal round nuclear shape
dc5-nf cells are round at 34�C in the presence of NZ (panel 8). In the absence

arrowheads indicate the interface between the nucleolus and nucleoplasm

ndition, n = 100 in at least two biological replicates.

sfGFP and Nsr1-mCherry (nucleolar marker) were arrested in NZ at 30�C and

he spindle pole bodies. The area contained in the white dashed box (right

P within the nucleolar flare. See Figure S1D for Cdc5-sfGFP localization in

in WT and cdc5mutants. Cells were arrested in NZ at 34�C for 150 min. WT

in cdc5-nf. WT cells arrested in mitosis typically exhibit an rDNA ‘‘loop’’ (ar-

ctures referred to as ‘‘puff’’ (arrowhead) [31]. The scale bar represents 5 mm.

n (D).

were arrested in mitosis at 23�C to allow flare formation and then shifted to

= 100 in at least three biological replicates. See also Figure S2F.

s of the collapse and eventual loss of nuclear flares upon the inactivation of

were fixed every 30 min and imaged by confocal fluorescence microscopy.

P (green), the nucleolus with Nsr1-mCherry (red), and DNA with DAPI (blue).
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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 is in red. The

scale bar represents 5 mm.

(B) Quantification of rDNA phenotypes of condensin mutants from FISH described in (A).

(C) Merged fluorescence images ofWT and condensin mutant cells arrested in NZ at 34�C. The nucleoplasm ismarkedwith Pus1-GFP (green) and the nucle-

olus with Nsr1-mCherry (red). The scale bar represents 3 mm. See also Figure S3.

(D) Quantification of nuclear phenotypes for the NZ-arrested condensinmutant experiment shown in (C). WT (1) is isogenic to strain cdc5-nf, whereasWT (2)

is isogenic to strains brn1-9 and ycs4-1.

(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 arrowheads indicate nuclear flares. The nuclear pore subunit Nup49-GFP marks the NE (green), Nsr1-mCherry marks the ‘‘dot’’

nucleolus (red spot), and DAPI-stained DNA is shown in blue. The scale bar represents 3 mm.

(F) Quantification of nuclear phenotypes of NZ-arrested rDNA-NE detachment mutants alone and in combination with the cdc5-nf allele.

For (B), (D), and (F) for each condition, n = 100 in each of at least two biological replicates. Error bars in all panels indicate SD.
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(Figure 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 (Figures 4C and 4D).

As a more objective measure of the formation of a miniflare,
the sphericity of interphase nuclei was determined. The sphe-
ricity 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
would equal 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 sphe-
ricity of the elongated nuclei in a factor-arrested cells (Fig-
ure S1E) is around 0.8. We found that nuclei that did not
have a miniflare had an average sphericity value of 0.95,
whereas the average sphericity of nuclei that were designated
as having a miniflare was 0.88 (Figures S4A and S4B).
We next determined whether these miniflares were depen-

dent 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
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were analyzed after 2 hr in the presence of auxin, whenw50%
of the cdc5-degron cells had arrested in telophase and Cdc5
levels were significantly reduced (Figure S2C). Miniflares
were visible in 36% of budded control cells but only in 18%
of budded Cdc5-depleted cells (Figure 4C), and this difference
was even more pronounced in cells with larger buds (bud:-
mother size ratio >0.66) (Figure 4D). Moreover, the sphericity
of nuclei in the absence of Cdc5 was significantly greater
than the sphericity of the control cells (Figure 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 compart-
mentalization 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 nu-
cleus isometrically during G1 and S phase and confine NE
expansion to the nucleolar region early in mitosis and during
amitotic delay. It is likely that whenmitosis is delayed and lipid
synthesis continues unabated [4], the
miniflare develops into a full-sized flare.
How might Cdc5 affect NE distribution?
Although 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 miniflare to the NE adja-
cent to the nucleolus may prevent
disruption to the rest of the nucleus,
where the majority of the chromosomes
reside. Once released from a mitotic ar-
rest, the nonflared 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. Although 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
abscission with other mitotic events during cytokinesis [27].
Plk1 has also been proposed to affect NE breakdown [28, 29].
In mammalian cells, depletion of Plk1 leads to altered nuclear
morphology [30], a phenotype that has been attributed to chro-
mosome missegregation in the absence of Plk1. Our findings
linking yeast polo kinase to NE expansion indicate that Plk1
may have a more direct role in regulating nuclear shape.
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olus (red). Sphericity data are from Figure S4A.
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cells were scored. The frequency of miniflares
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strain (p < 0.0001, Fisher’s exact test).

(D) Data from (C) divided into categories by bud:

mother cell-size ratio. For bud:mother <0.66, n =
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V., Ratsima, H., and D’Amours, D. (2009). Polo kinase regulates mitotic

chromosome condensation by hyperactivation of condensin DNA

supercoiling activity. Mol. Cell 34, 416–426.

18. Freeman, L., Aragon-Alcaide, L., and Strunnikov, A. (2000). The conden-

sin complex governs chromosome condensation and mitotic transmis-

sion of rDNA. J. Cell Biol. 149, 811–824.

19. Lavoie, B.D., Tuffo, K.M., Oh, S., Koshland, D., and Holm, C. (2000).

Mitotic chromosome condensation requires Brn1p, the yeast homo-

logue of Barren. Mol. Biol. Cell 11, 1293–1304.

20. Biggins, S., Bhalla, N., Chang, A., Smith, D.L., and Murray, A.W. (2001).

Genes involved in sister chromatid separation and segregation in the

budding yeast Saccharomyces cerevisiae. Genetics 159, 453–470.

21. Wai, H.H., Vu, L., Oakes, M., and Nomura, M. (2000). Complete deletion

of yeast chromosomal rDNA repeats and integration of a new rDNA

repeat: use of rDNA deletion strains for functional analysis of rDNA pro-

moter elements in vivo. Nucleic Acids Res. 28, 3524–3534.

22. Mekhail, K., Seebacher, J., Gygi, S.P., and Moazed, D. (2008). Role for

perinuclear chromosome tethering in maintenance of genome stability.

Nature 456, 667–670.

23. Jorgensen, P., Edgington, N.P., Schneider, B.L., Rupes, I., Tyers, M.,

and Futcher, B. (2007). The size of the nucleus increases as yeast cells

grow. Mol. Biol. Cell 18, 3523–3532.

24. Neumann, F.R., and Nurse, P. (2007). Nuclear size control in fission

yeast. J. Cell Biol. 179, 593–600.

25. Wadell, H. (1935). Volume, shape, and roundness of quartz particles.

J. Geol. 43, 250–280.

26. Lin, C.Y., Madsen, M.L., Yarm, F.R., Jang, Y.J., Liu, X., and Erikson, R.L.

(2000). Peripheral Golgi protein GRASP65 is a target of mitotic polo-like

kinase (Plk) and Cdc2. Proc. Natl. Acad. Sci. USA 97, 12589–12594.

27. Chen, C.-T., Hehnly, H., and Doxsey, S.J. (2012). Orchestrating vesicle

transport, ESCRTs and kinase surveillance during abscission. Nat.

Rev. Mol. Cell Biol. 13, 483–488.

28. Li, H., Liu, X.S., Yang, X., Song, B., Wang, Y., and Liu, X. (2010). Polo-like

kinase 1 phosphorylation of p150Glued facilitates nuclear envelope

breakdown during prophase. Proc. Natl. Acad. Sci. USA 107, 14633–

14638.

29. Laurell, E., Beck, K., Krupina, K., Theerthagiri, G., Bodenmiller, B.,

Horvath, P., Aebersold, R., Antonin, W., and Kutay, U. (2011).

Phosphorylation of Nup98 by multiple kinases is crucial for NPC disas-

sembly during mitotic entry. Cell 144, 539–550.

30. Lera, R.F., and Burkard, M.E. (2012). High mitotic activity of Polo-like ki-

nase 1 is required for chromosome segregation and genomic integrity in

human epithelial cells. J. Biol. Chem. 287, 42812–42825.

31. Lavoie, B.D., Hogan, E., and Koshland, D. (2004). In vivo requirements

for rDNA chromosome condensation reveal two cell-cycle-regulated

pathways for mitotic chromosome folding. Genes Dev. 18, 76–87.



Current Biology, Volume 24 

Supplemental Information 

The Yeast Polo Kinase Cdc5 Regulates 

the Shape of the Mitotic Nucleus 

Alison D. Walters, Christopher K. May, Emma S. Dauster, Bertrand P. Cinquin, Elizabeth 

A. Smith, Xavier Robellet, Damien D’Amours, Carolyn A. Larabell, and Orna Cohen-Fix 
 



Cdc5-sfGFP

Nsr1-CR

G1 S S
metaphase anaphase

Kinase PB1 PB2

cdc5-66
D263N

cdc5-nf
E178K

cdc5-1
P511L

A

B C

0

50

100

%
 a

rr
es

te
d 

ce
lls

 w
ith

 a
 fla

re
d 

nu
cle

us

cdc16-123 cdc16-123
cdc5-nf

WT

cdc5-nf

23°C 34°C

WT cdc5-nf
0

50

100
23°C
34°C

%
 a

rre
st

ed
 c

el
ls

 w
ith

 a
n 

el
on

ga
te

d 
nu

cl
eu

s
D

E

Figure S1

cdc16-123 cdc16-123 cdc5-nf

Nsr1-CR
Cdc5-sfGFP

F

telophase

Nsr1-CR
Pus1-GFP

Nsr1-CR
Pus1-GFP



WT cdc5-nf

cdc5-1 cdc5-66

WT cdc5-nf

cdc5-1 cdc5-66

F

23°C 34°C

WT

cdc15-2

cdc14-3esp1-1

cdc5-nf

WT

cdc15-2

cdc14-3esp1-1

cdc5-nf

23°C 34°C

23      °C
34 °C

WT cdc5-nf cdc5-1 cdc5-66
0

50

100

%
 a

rr
es

te
d 

ce
lls

 w
ith

 a
 fla

re
d 

nu
cle

us

B

Figure S2

WT
cd

c5
-nf WT

es
p1

-1
WT

sp
o1

2∆ WT

slk
19
Δ WT

cd
c1

4-3 WT

cd
c1

5-2
0

50

100

23°C
34°C

G

0

50

100

%
 c

el
ls

 in
 te

lo
ph

as
e

WT

cd
c5

-nf

co
ntr

ol

Cdc
5-d

eg
ron

D

co
ntr

ol
Cdc

5-d
eg

ron

0

50

100

%
 a

rr
es

te
d 

ce
lls

 w
ith

 a
 fla

re
d 

nu
cle

us

%
 a

rr
es

te
d 

ce
lls

 w
ith

 a
 fla

re
d 

nu
cle

us

A

E

H

0 30 60 90 120
0

50

100

Time after shift (min)

%
 a

rre
st

ed
 c

el
ls

WT

%
 a

rre
st

ed
 c

el
ls

0 30 60 90 120
0

50

100

Time after shift (min)

flare
round
bulge

cdc5-nf

C

1 10.83 0.69 1.05 0.77 0.32 0.14

0 40 80 120 0 40 80 120

Cdc5

Pgk1

Control Cdc5-degron
Time (min)

Norm. intensity



brn1-9 ycs4-1WT
Nsr1-CR
Pus1-GFP

DAPI

Figure S3



Control Cdc5-depleted
0.7

0.8

0.9

1.0

sp
he

ric
ity

 o
f n

uc
le

us

Figure S4

A

B
0.97 0.96 0.95

0.92 0.88 0.86

ro
un

d
m

in
i-f

la
re

Nsr1-CR (nucleolus)
Pus1-GFP (nucleoplasm)



Supplemental material 

Figure S1. Relates to Figure 1.  

A) The domain structure of Cdc5. Positions of mutations used in this study are 

indicated. B) Merged fluorescence images showing cdc16-123 and cdc16-123 

cdc5-nf cells shifted to 34°C for 3 hrs. Because microtubules are present in the 

arrested cdc16-123 cells, the nucleus often goes through the bud neck. 

Nonetheless, these nuclei possess flares (which often go through the mother-bud 

neck), while cdc16-123 cdc5-nf cells arrest at metaphase with round nuclei. The 

nucleus is marked with Pus1-GFP (green), the nucleolus with Nsr1-mCherry 

(red). Scale bar, 3 µm. C) Quantification of nuclear phenotypes shown in B (for 

each strain, n=100 in each of 2 biological replicates). D) Localization of Cdc5 

throughout the cell cycle.  Asynchronous cells expressing Cdc5-sfGFP (in green) 

and Nsr1-mCherry (nucleolar marker, in red) were imaged using fluorescence 

confocal microscopy.  Example images of cells throughout the cell cycle are 

shown (approximate cell cycle stages are indicated).  Cdc5 accumulates in the 

nucleus only during mitosis (metaphase to telophase images). Top row shows 

only Cdc5-sfGFP, bottom row shows merged images. E) Merged fluorescence 

images of fixed alpha-factor arrested cells are shown with the nucleoplasm 

marked with Pus1-GFP (green) and nucleolus with Nsr1-mCherry (red). Cells 

were treated with alpha-factor for 4 hrs at 23°C or 34°C. Scale bar, 2 µm. F) 

Quantification of phenotypes shown in panel E (for each strain, n=100 in each of 

two biological replicates). Error bars in all panels represent SD. 
	  



Figure S2.  Relates to Figure 1. 

A) cdc5-nf, cdc5-1 and cdc5-66 are unable to grow on YPD at 34°C. B) Multiple 

cdc5 conditional alleles displayed the no-flare phenotype when arrested in 

mitosis. The difference between % cells with a nuclear flare at 34°C are 

statistically significant for WT versus cdc5-nf, cdc5-1 or cdc5-66 (p<0.0001, 

p=0.015, p<0.0001, respectively, Fisher’s exact test). WT shown is isogenic to 

cdc5-1 and cdc5-66. Data for cdc5-nf and its isogenic WT strains are shown in 

the main text. C) The depletion of Cdc5-degron by auxin. Extracts were prepared 

from a CDC5-degron TIR1 and a CDC5-degron control strain (lacking Tir1, a 

ubiquitin ligase essential for degradation) at the indicated time points following 

auxin addition, and western blot analysis was performed using an anti-Cdc5 

antibody.  The relative levels of Cdc5 (normalized to Pgk1 and quantified using 

alpha-view software) are indicted below each lane. D) Depletion of Cdc5 activity 

in cdc5-nf (at 34°C) and CDC5-degron strains (at 23°C) led to cell cycle arrest in 

telophase due to the essential role of Cdc5 in exit from mitosis.  The control for 

the CDC5-degron strain is as in panel C. E) Depletion of Cdc5 at 23°C using a 

CDC5-degron allele resulted in a no flare phenotype when cells were arrested in 

mitosis. The control strain for CDC5-degron is as in panel C. F) Quantification of 

nuclear phenotypes for NZ-arrested WT and cdc5-nf cells upon shifting from 

23°C to 34°C. Cells were fixed every 30 min after the temperature shift and were 

imaged by confocal fluorescence microscopy.  Nuclear phenotypes were scored 

using a NE marker (Nup49-GFP), a nucleolar marker (Nsr1-mCherry) and DAPI 
	  



to mark the DNA. A flare was defined, as before, as an extension of the nucleus 

containing the nucleolus that forms a narrow contact with the rest of the nucleus, 

containing the DAPI mass. A bulge was defined as a protrusion of the nucleolus 

away from the DAPI mass that has a wide interface with the DAPI mass. See 

examples in Fig. 1E. G) Conditional alleles of genes from the FEAR pathway and 

MEN are unable to grow on YPD at 34°C. H) Mutations in components of the 

FEAR pathway and MEN did not result in a no-flare phenotype when cells were 

arrested in mitosis for 4 hours with NZ at the indicated temperatures. Each strain 

contained a nucleoplasmic marker (Pus1-GFP). Nuclear phenotypes were scored 

using fluorescence microscopy. For each strain, n=100 in each of 2 biological 

replicates. Error bars for all panels represent SD.  

 

Figure S3. Relates to Figure 2. 

Merged Pus1-GFP and Nsr1-mCherry (top row) and DAPI (bottom row) images 

of WT and condensin mutants arrested in NZ at 34°C.  brn1-9 and ycs4-1 have 

wider, less extended flares than WT. DNA stained with DAPI is abnormal, and 

typically less compact in the brn1-9 cells (bright puncta are likely mitochondrial 

DNA). 

 

Figure S4. Relates to Figure 4. 

A) Distribution of sphericity values for nuclei from control and Cdc5-depleted cells 

7-8 µm in length (medium to large budded cells). Cdc5 was depleted by addition 
	  



of auxin to a CDC5-degron strain. The control strain, lacking TIR1, was also 

treated with auxin. Cells were fixed 2 hrs after the addition of auxin and imaged 

by confocal fluorescence microscopy. To measure sphericity, 3D reconstructions 

of nuclei were done using Imaris software as described in [S1].  Sphericity values 

were calculated using the Imaris software. Red symbols indicate nuclei that were 

designated “mini-flared” during manual scoring of nuclear phenotypes. In WT 

cells, sphericity for nuclei designated “mini-flared” (red circles) (mean=0.88, 

n=37) was significantly different (p=0.0002, student’s T-test) from the sphericity 

of nuclei designated “round” (black circles) (mean=0.95, n=58). The mean 

sphericity of all nuclei from the CDC5-degron strain was 0.95 (triangles) (n=93). 

Black bars indicate mean and SD. B) Examples of round and mini-flared nuclei 

from WT cells.  Images shown are maximum projections from fluorescence 

confocal images. A sphericity value calculated using Imaris is displayed above 

each nucleus. The nucleoplasm is marked with Pus1-GFP (green) and the 

nucleolus with Nsr1-mCherry (red).  Scale bar, 1µm. 
	  



	  

Table S1 

Strains used in this study. All strains are in the W303 background, except those 

denoted by *, which are in S288C. 
Strain Genotype Source Figure 
MWY721 MATa his3 leu2 ura3 NSR1-mCherry-his5+ 

pPUS1-GFP-URA3 
This study   

AWY52 MATa ade2 his3 leu2 trp1 ura3 cdc5-
77::NATMX6 

This study  

AWY56 MATa his3 leu2 ura3 NSR1-mCherry-his5+ 
cdc5-nf::NATMX6 

This study  

AWY59 MATa his3 leu2 ura3 NSR1-mCherry-his5+ 
CDC5::NATMX6 pPUS1-GFP-URA3 

This study 1A,B,D 
2A, B (WT2), F 
(WT1), H,  
3B,C 
4A 
S1E,F 
S2A,B,D,F,G,H 

AWY60 MATa his3 leu2 ura3 NSR1-mCherry-his5+ 
cdc5-nf:NATMX pPUS1-GFP-URA3 or 
pNUP49-GFP-URA3 

This study 1A,B,D,E 
2A,B,F,H 
3B,C 
S1E,F 
S2A,B,D,F,G,H 

OCF2528 MATα ade2 his3 leu2 trp1 ura3 CDC5-
superfolderGFP::HIS5 NSR1-mCherry-KAN  

This study 
based on 
LBY1642 
[S2] 

1C, S1D 

D1 MATa ade2 his3 leu2 trp1 ura3 pPUS1-GFP-
URA3 

[S3] 2A,B (WT1) 
 

D27 MATa ade2 his3 leu2 trp1 ura3 cdc5-1 
pPUS1-GFP-URA3 

[S3]  2A,B 
S2A,B 

D1032 MATa ade2 his3 leu2 trp1 ura3 cdc5-
66:HIS3MX6 pPUS1-GFP-URA3 

[S3]  2A,B 
S2A,B 

D1224 MATa ade2 his3 leu2 trp1 ura3 cdc5-
77:HIS3MX6 pPUS1-GFP-URA3 

[S3]  

D4107 MATa ade2 his3 leu2 trp1 ura3  S2C,D 
D266 MATa ade2 his3 hml::LEU2 trp1 ura3 ycs4-1 

pPUS1-GFP-URA 
Based on 
[S4] 

S2C,D 

D4003 MATa ade2 his3 leu2 brn1-9::TRP1 ura3 
pPUS1-GFP-URA 

Based on 
[S5] 

S2C,D 

AWY117 MATa ade2 his3 leu2 brn1-9::TRP1 ura3 
NSR1-mCherry-KANMX pPUS1-GFP-URA 

This study  2E,F 
S3 

AWY120 MATa ade2 his3 hml::LEU2 trp1 ura3 ycs4-1 
NSR1-mCherry-KANMX pPUS1-GFP-URA 

This study 2E,F 
S3 

AWY121 MATa ade2 leu2 trp1 ura3 NSR1-mCherry-
KANMX pPUS1-GFP-URA 

This study 2E,F 
S3 

OCF2527 MATa his3 leu2 trp1 ura3 rdnΔΔ::HIS3 NSR1-
mCherry-KANMX pNUP49-GFP-URA3 
pNOY130  

This study 
based on 
NOY891 
[S6] 

2G 

AWY66 MATa his3 leu2 ura3 NSR1-mCherry-his5+ This study 2H 



	  

csm1Δ::KANMX pPUS1-GFP-URA 
AWY67 MATa his3 leu2 ura3 NSR1-mCherry-his5+ 

heh1Δ::KANMX pPUS1-GFP-URA 
This study 2H 

AWY68 MATa his3 leu2 ura3 NSR1-mCherry-his5+ 
lrs4Δ::KANMX pPUS1-GFP-URA 

This study 2H 

AWY69 MATa his3 leu2 ura3 NSR1-mCherry-his5+ 
nur1Δ::KANMX pPUS1-GFP-URA 

This study 2H 

AWY112 MATa his3 leu2 ura3 NSR1-mCherry-his5+ 
csm1Δ::KANMX cdc5-nf::NATMX pPUS1-
GFP-URA 

This study 2H 

AWY113 MATa his3 leu2 ura3 NSR1-mCherry-his5+ 
heh1Δ::KANMX cdc5-nf::NATMX pPUS1-
GFP-URA 

This study 2H 

AWY114 MATa his3 leu2 ura3 NSR1-mCherry-his5+ 
lrs4Δ::KANMX cdc5-nf::NATMX pPUS1-GFP-
URA 

This study 2H 

AWY115 MATa his3 leu2 ura3 NSR1-mCherry-his5+ 
nur1Δ::KANMX cdc5-nf::NATMX pPUS1-GFP-
URA 

This study 2H 

AWY93-17B* MATa ade2 leu2 ura3 cdc5-AID*-9MYC-Hyg 
Nsr1-mCherry-KAN pPUS1-GFP-LEU2 

This study 
 

4C,D 
S2C,D,E 
S4A,B 

AWY93-21D* MATa ade2 leu2 ura3::ADH1-OsTir1-9myc-
URA3 cdc5-AID*-9MYC-Hyg Nsr1-mCherry-
KAN pPUS1-GFP-LEU2 

This study 
 

4C,D 
S2C,D,E 
S4A,B 

AWY108-3D MATa his3 leu2 trp1 NSR1-mCherry-his5+ 
cdc16-123 pPUS1-GFP-URA 

This study S1B,C 

AWY108-20B MATa ura3 leu2 trp1 NSR1-mCherry-his5+ 

cdc16-123 cdc5nf::NATMX pPUS1-GFP-URA 
This study S1B,C 

KR3307-12A MATa ade2 his3 leu2 trp1 ura3 
slk19Δ::KANMX6 pPUS1-GFP-URA3 

This study S2H 

JD1933 MATa ade2 his3 leu2 trp1 ura3 cdc15-2 
pPUS1-GFP-URA3 

J. Diffley S2H 

OCF1533-4B MATa ade2 his3 leu2 trp1 ura3 pPUS1-GFP-
URA3 

This study S2H 

AA5321 MATa ade2 his3 leu2 ura3 cdc14-3 pPUS1-
GFP-URA3 

A. Amon S2H 

OCF1533-1A MATa ade2 his3 leu2 ura3 pPUS1-GFP-
URA3 

This study S2H 

AWY51 MATa his3 leu2 ura3 NSR1-mCherry-his5+ 
spo12Δ::KANMX pPUS1-GFP-URA3 

This study S2H 

AWY49-2A MATa his3 leu2 ura3 esp1-1 NSR1-mCherry-
his5+ pPUS1-GFP-URA3 

This study S2H 

AWY50-15D MATa his3 leu2 ura3 NSR1-mCherry-his5+ 
pPUS1-GFP-URA3 

This study S2H 

 
 

 

 



Supplemental Experimental Procedures 

Media and growth conditions 

Strains containing plasmids were initially grown in synthetic complete (SC) media 

lacking the appropriate amino acids for plasmid selection [S7] at 23°C. For a 

metaphase arrest, cultures in early log-phase were switched from SC media into 

YPD [S7] for 2 hrs prior to the addition of 15 µg/ml final concentration of 

nocodazole (NZ) (Sigma) and incubated at either 23°C or 34°C for 4 hrs. The 

fraction of arrested cells was 80-90%.  For the rDNA deletion strain, cells were 

grown at 30°C to early log in SC media, switched to YPD for 2 hrs and then NZ 

was added as described above.  The percentage of cells arrested in mitosis was 

around 50% due to the exceedingly slow doubling time of this strain (~6 hrs, 

compared to 1.5 hrs for a WT strain; a longer NZ treatment did not increase the 

fraction of arrested cells). For Cdc5-degron experiments, Cdc5 degradation was 

induced by the addition of 4 mM final concentration of indole-3-acetic acid (IAA, 

Sigma) [S8]. For a G1 arrest, cultures in early log-phase were switched from SC 

media into YPD for 2 hrs prior to the addition of 20 µM alpha-factor (Zymo 

research) and incubated at either 23°C or 34°C for 4 hrs. 

 

Strains and plasmids 

The strains used in each figure are indicated in Table S1. Strain construction was 

carried out through crosses or homology-directed integration [S9]. The cdc5-nf 

mutation was moved from the EMS-mutagenized strain into a WT background 
	  



 

using strain D1224 [S3] as a template. The HISMX6 marker at the C-terminus of 

cdc5-77 in strain D1224 was switched for NATMX6 by homologous 

recombination using NATMX6 PCR-amplified from plasmid pAG25 [S10] to 

generate strain AWY52. The C-terminal 300bp of Cdc5, the NATMX6 cassette 

and 300bp of DNA immediately downstream of NATMX6 was amplified from 

AWY52 by PCR and transformed into the cdc5-nf mutant strain to allow 

integration by homologous recombination to generate strain AWY56. The mutant 

allele plus NATMX6 cassette were then amplified by PCR from the genomic DNA 

of AWY56 and transformed into a WT strain (MWY721) to allow insertion of cdc5-

nf at the CDC5 locus via homologous recombination, generating strain AWY60.  

A WT control strain (AWY59) was generated by insertion of the NATMX6 

cassette at the C-terminus of CDC5 in MWY721. CDC5 and cdc5-nf from strains 

AWY59 and AWY60 were PCR-amplified and their accuracy was confirmed by 

sequencing. The brn1-9 mutant was obtained by transformation of W303 with 

BamHI/SacII-digested pCH1725 (obtained from D. Koshland’s lab). Plasmid 

pPUS1-GFP is a CEN-based plasmid described in [S1] and was used with either 

a URA3 or LEU2 marker. Plasmid pNUP49-GFP is a URA3 CEN-based plasmid 

described in [S1]. 

 

Generation of temperature sensitive mutants and screening of nuclear 

phenotypes 
	  



WT strain MWY721 containing pPUS1-GFP-URA3 was grown in SC-uracil at 

30°C until to an optical density (OD600) of 2-2.5.  Cells were washed in H2O and 

resuspended in 0.1 M sodium phosphate buffer (pH 7.0) and treated with 0 µl, 25 

µl, 50 µl or 100 µl EMS for 90 mins at 23°C.  Cells were washed in H2O followed 

by 5% sodium thiosulphate before resuspension in YPD.  A sample of cells from 

each EMS treatment was counted and then plated for viability.  The EMS-treated 

cells that had approximately 50% viability were plated on SC-ura agar and 

incubated at 23°C for 72 hrs. Colonies were replica-plated to YPD agar and 

incubated at 23°C and 34°C to identify temperature sensitive (TS) colonies 

unable to grow at 34°C. A non-permissive temperature of 34°C was chosen 

because it is the highest temperature at which a robust mitotic arrest using 

nocodazole (NZ) could be achieved. Temperature sensitivity was validated by 

streaking individual colonies to YPD at 23°C then replica plating to 23°C and 

34°C to confirm lack of growth at 34°C. Individual TS mutants were grown in SC-

uracil liquid medium for 2 days at 23°C in deep 96-well plates. These cultures 

were used to inoculate 600 µl of YPD in deep 96-well plates (approximately 4 µl 

per well) containing a single glass bead to allow agitation and incubated at 23°C 

until they reached OD600=0.2 (∼16 hrs growth). Nocodazole was added to each 

well to a final concentration of 15 µg/ml and cultures were shifted to 34°C for 4 

hrs.  Cells were fixed in 4% paraformaldehyde for 1 hr at 23°C, washed in PBS 

buffer then stored at 4°C for a maximum of 72 hrs before visualization by 

fluorescence microscopy. 
	  



Western blot analysis 

Cdc5 was detected from whole-cell extracts using a mixture of mouse 

monoclonal antibodies 11H12 and 4F10 (Medimabs) diluted 1:500.  Pgk1 was 

detected using mouse monoclonal anti-Pgk1 (Invitrogen) diluted 1:1000. 

Secondary antibody was IRdye 800CW goat-anti mouse (LI-COR Biosciences) 

and western blot signal was detected using the Odyssey Imager (LI-COR 

Biosciences). Signal was quantified using alpha-view software (Protein Simple).  

 

Fluorescence microscopy and measurements  

Nuclear phenotypes were scored by fluorescence microscopy. Images of fixed 

cells were captured using a microscope (E800, Nikon) equipped with a CFI Apo 

TIRF 100x oil objective lens (Nikon) using a charge-coupled device camera 

(C4742-95, Hamamatsu) operated by iVision software (Biovision Technologies). 

For three-dimensional imaging of WT and Cdc5-depleted cells, fixed cells were 

incubated with 100 µg/ml of calcofluor white (Sigma-Aldrich) for 5 minutes at 

room temperature, washed with 1x PBS and mixed with an equal volume of 

vectashield mounting medium and mounted on 3% agarose pads.  For three-

dimensional imaging of live WT cells progressing from S-phase into anaphase, 

cells from log-phase cultures grown in SC-leucine were mounted on 3% agarose 

containing SC-leucine and imaged at 23°C at 5 minute intervals.  Images were 

taken by spinning-disk confocal microscopy using a microscope (Eclipse 

TE2000U; Nikon) equipped with a CFI Apo TIRF 100x oil objective lens (Nikon) 
	  



and operated by iVision software (Biovision Technologies) using 0.2 μm intervals 

for fixed cells and 0.5 μm intervals for live cells. The imaging system also 

included a spinning- disk unit (CSU10; Yokogawa) and an EM-CCD camera 

(C9100-13; Hamamatsu). Log phase or NZ treated Cdc5-sfGFP cells were 

imaged on this spinning-disk confocal microscope without fixation.  

For quantification of mini-flared and round nuclei in WT and Cdc5-depleted cells, 

100 budded cells were scored for each of two independent cultures of each 

strain. Sphericity was calculated from 3D reconstruction of nuclei from 

fluorescence confocal images using Imaris software (Bitplane).  In experiments 

where a cell cycle stage-specific phenotype was being scored (eg mitotic arrest, 

G1 alpha-factor arrest) only cells arrested at that particular stage were scored. P 

values for histograms were calculated using Fisher’s exact test.  

 

Fluorescence in situ hybridization 

Cells were grown in liquid SC media to exponential phase then supplemented 

with 15 μg/ml nocodazole and shifted to 34°C for 150 min. Cultures were 

supplemented with an additional dose of 7.5 μg/ml nocodazole 90 min after 

shifting to 34°C to maintain a tight mitotic arrest. The morphology of the rDNA 

locus was examined in metaphase-arrested cells by FISH using published 

procedures with minor modifications [S11]. Specifically, cells were harvested and 

fixed for 2hrs at 23°C in 0.1M KPO4 buffer pH 6.4 containing 3.7% formaldehyde.  
	  



The FISH probe was generated by PCR amplification of the 9.1 kb rDNA unit, 

and purified after electrophoresis using Qiagen’s Gel Extraction kit. Incorporation 

of digoxigenin in the FISH probe was performed using the BioNick Labelling 

System (Invitrogen) together with 1 μl of digoxigenin DNA labelling mixture 

(Roche) and 5 μl of 10X reaction buffer (0.5 M Tris-HCl pH 7.8, 50 mM MgCl, 100 

mM beta-mercaptoethanol, 100 μg/ml Bovine Serum Albumin). The digoxigenin-

labelled probe was detected in situ using a mouse anti-DIG antibody (Roche), 

FITC-conjugated goat anti-mouse IgG (Jackson Immunoresearch), and Alexa 

Fluor 488-conjugated rabbit anti-goat IgG antibodies (Jackson Immunoresearch). 

All three antibodies were diluted 1:250 using 10% horse serum immediately prior 

to use. Nuclei were counterstained with propidium iodide (Sigma) in 5 mg/ml of p-

phenylenediamine (Sigma). rDNA morphology was visualized on a DeltaVision 

microscope using the softWoRx software (Applied Precision). The microscope 

was equipped with a 100X/NA 1.4 Plan APO objective (Olympus) and a 

CoolSnap HQ2 camera (Photometrics). Images were acquired at 1x1 binning. 

Images were deconvolved (softWoRx) to accurately represent the morphology of 

the rDNA observed under the microscope. Final images represent maximum 

intensity projections of multiple image stacks taken at 0.2 μm intervals. 

 

Soft X-ray microscopy 

Soft X-ray imaging and image processing were carried out as in [S12]. X-ray 

datasets were collected using the XM-2 soft X-ray microscope operated by the 
	  



National Center for X-ray Tomography (http://ncxt.lbl.gov) at the Advanced Light 

Source (http://www.als.lbl.gov) of Lawrence Berkeley National Laboratory 

(LBNL). The XM-2 soft X-ray microscope is equipped with Fresnel zone plate 

based condenser and objective lenses (made by the Center for X-ray Optics, 

LBNL). The objective lens is the resolution-defining element of this microscope; 

these data used a zone plate with a 50-nm outer zone width, which gave with 50-

nm resolution. To prepare specimens for soft X-ray tomography, cells were 

rapidly transferred from their growth media to thin-walled glass capillaries, and 

immediately vitrified by plunge-freezing in ~90K liquid propane. The propane was 

cooled by liquid nitrogen. SXT imaging was performed with the specimens in an 

atmosphere of helium gas cooled by liquid nitrogen [S13]. For each dataset, 180 

projection images were collected sequentially around a rotation axis in 2° 

increments, giving a total rotation of 360°. Exposure time varied between 150 to 

300 ms, depending on the capillary thickness. Manual alignment of images, 

based on fiducial markers, was performed using the IMOD package [S14]. 

Iterative optimization methods were used to calculate tomographic 

reconstructions [S15, S16]. Manual segmentation of cells and visualizations of 

nuclear and cell surface areas were carried out using Amira software (FEI 

Visualization Sciences Group). Statistical analyses were carried out using Prism 

(Graphpad Software), which utilizes ANCOVA to compare slopes and elevations 

of linear regressions.  
	  



 

 

Supplemental References 

 

S1. Webster, M. T., McCaffery, J. M., and Cohen-Fix, O. (2010). Vesicle 
trafficking maintains nuclear shape in Saccharomyces cerevisiae during 
membrane proliferation. The Journal of Cell Biology 191, 1079–1088. 

S2. Tsuchiya, D., Yang, Y., and Lacefield, S. (2014). Positive feedback of 
NDT80 expression ensures irreversible meiotic commitment in budding 
yeast. PLoS Genet 10, e1004398. 

S3. Ratsima, H., Ladouceur, A.-M., Pascariu, M., Sauvé, V., Salloum, Z., 
Maddox, P. S., and D'Amours, D. (2011). Independent modulation of the 
kinase and polo-box activities of Cdc5 protein unravels unique roles in the 
maintenance of genome stability. Proc. Natl. Acad. Sci. U.S.A. 108, E914–
23. 

S4. Biggins, S., Bhalla, N., Chang, A., Smith, D. L., and Murray, A. W. (2001). 
Genes involved in sister chromatid separation and segregation in the 
budding yeast Saccharomyces cerevisiae. Genetics 159, 453–470. 

S5. Lavoie, B. D., Tuffo, K. M., Oh, S., Koshland, D., and Holm, C. (2000). 
Mitotic chromosome condensation requires Brn1p, the yeast homologue of 
Barren. Mol. Biol. Cell 11, 1293–1304. 

S6. Wai, H. H., Vu, L., Oakes, M., and Nomura, M. (2000). Complete deletion 
of yeast chromosomal rDNA repeats and integration of a new rDNA repeat:
use of rDNA deletion strains for functional analysis of rDNA promoter 
elements in vivo. Nucleic Acids Research 28, 3524–3534. 

S7. Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G., 
SMith, J. A., Struhl, K., G, J., Smith, A, J., et al. (2003). Current protocols in
molecular biology (New York: John Wiley and Sons). 

S8. Nishimura, K., Fukagawa, T., Takisawa, H., Kakimoto, T., and Kanemaki, 
M. (2009). An auxin-based degron system for the rapid depletion of 
proteins in nonplant cells. Nat. Methods 6, 917–922. 

S9. Longtine, M. S., McKenzie, A., Demarini, D. J., Shah, N. G., Wach, A., 
Brachat, A., Philippsen, P., and Pringle, J. R. (1998). Additional modules 
for versatile and economical PCR-based gene deletion and modification in 
Saccharomyces cerevisiae. Yeast 14, 953–961. 

S10. Goldstein, A. L., and McCusker, J. H. (1999). Three new dominant drug 
resistance cassettes for gene disruption in Saccharomyces cerevisiae. 
	  



 

 

Yeast 15, 1541–1553. 

S11. St-Pierre, J., Douziech, M., Bazile, F., Pascariu, M., Bonneil, E., Sauvé, V.,
Ratsima, H., and Amours, D. D. (2009). Polo Kinase Regulates Mitotic 
Chromosome Condensation by Hyperactivation of Condensin DNA 
Supercoiling Activity. Molecular Cell 34, 416–426. 

S12. Uchida, M., McDermott, G., Wetzler, M., Le Gros, M. A., Myllys, M., 
Knoechel, C., Barron, A. E., and Larabell, C. A. (2009). Soft X-ray 
tomography of phenotypic switching and the cellular response to antifungal
peptoids in Candida albicans. Proc. Natl. Acad. Sci. U.S.A. 106, 19375–
19380. 

S13. Le Gros, M. A., McDermott, G., and Larabell, C. A. (2005). X-ray 
tomography of whole cells. Curr. Opin. Struct. Biol. 15, 593–600. 

S14. Kremer, J. R., Mastronarde, D. N., and McIntosh, J. R. (1996). Computer 
visualization of three-dimensional image data using IMOD. J. Struct. Biol. 
116, 71–76. 

S15. Stayman, J. W., and Fessler, J. A. (2004). Compensation for nonuniform 
resolution using penalized-likelihood reconstruction in space-variant 
imaging systems. IEEE Trans Med Imaging 23, 269–284. 

S16. Mastronarde, D. N. (1997). Dual-axis tomography: an approach with 
alignment methods that preserve resolution. J. Struct. Biol. 120, 343–352. 
	  

	  


	The Yeast Polo Kinase Cdc5 Regulates the Shape of the Mitotic Nucleus
	Results and Discussion
	Cdc5 Affects Nuclear Morphology during a Mitotic Arrest
	Cdc5 Is Required for Maintenance of the Nuclear Flare
	The Effect of Cdc5 on Nuclear Morphology Is Not Imposed through FEAR, MEN, or rDNA Condensation
	Cdc5 Confines NE Expansion to the Nucleolar Region during a Mitotic Arrest
	Cdc5 Allows Transient NE Expansion at the Nucleolus during Uninterrupted Mitosis

	Supplemental Information
	Acknowledgments
	References




