A high-sensitivity phospho-switch
triggered by Cdk1l governs chromosome
morphogenesis during cell division
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The initiation of chromosome morphogenesis marks the beginning of mitosis in all eukaryotic cells. Although
many effectors of chromatin compaction have been reported, the nature and design of the essential trigger for
global chromosome assembly remain unknown. Here we reveal the identity of the core mechanism responsible for
chromosome morphogenesis in early mitosis. We show that the unique sensitivity of the chromosome
condensation machinery for the kinase activity of Cdkl acts as a major driving force for the compaction of
chromatin at mitotic entry. This sensitivity is imparted by multisite phosphorylation of a conserved chromatin-
binding sensor, the Smc4 protein. The multisite phosphorylation of this sensor integrates the activation state of
Cdk1 with the dynamic binding of the condensation machinery to chromatin. Abrogation of this event leads to
chromosome segregation defects and lethality, while moderate reduction reveals the existence of a novel
chromatin transition state specific to mitosis, the intertwist configuration. Collectively, our results identify the
mechanistic basis governing chromosome morphogenesis in early mitosis and how distinct chromatin compaction

states can be established via specific thresholds of Cdk1 kinase activity.
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In his seminal description of mitosis, Flemming (1882)
recognized that the formation of visible chromosomes is
one of the earliest cytological landmarks of the cell
division program. Since then, much effort has been de-
voted to unraveling the structural and regulatory mech-
anisms that underpin the formation of mitotic and
meiotic chromosomes (for review, see Maeshima and
Eltsov 2008; Baxter and Aragon 2012; Hirano 2012). A
number of independent steps—such as chromosome
replication, condensation, and the establishment of sister
chromatid cohesion—are required for the formation of
mature and functional chromosomes during cell division.
The morphological changes that associate with these
steps are collectively referred to as the process of chro-
mosome morphogenesis (van Heemst et al. 1999; Yu and
Koshland 2005).

The compaction of amorphous chromatin into visible
chromosomes is one of the earliest and most extensive
changes in the morphogenetic process (Flemming 1882).
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Given the physical challenges associated with the assem-
bly of micrometer-scale chromosomes in the crowded
cellular environment (Marko 2008), it is not surprising
that many chromatin and cell cycle effectors have been
suggested as possible regulators of the process. Chief
among those is the condensin complex, a pentameric
ATPase that binds to chromatin and alters its configura-
tion and/or association status with distant chromatin
regions (Bazile et al. 2010; Baxter and Aragon 2012;
Hirano 2012). Other factors, such as cell cycle kinases
and histone-modifying enzymes, have also been proposed
as possible regulators of chromosome condensation dur-
ing mitosis (Morishita et al. 2001; St-Pierre et al. 2009;
Abe et al. 2011; Neurohr et al. 2011; Wilkins et al. 2014).
Although it is clear that these enzymes impact chroma-
tin compaction at specific genomic locations and/or
during specific stages of mitosis, it is remarkable that
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the chromosome condensation process as a whole remains
largely operational when these enzymes are fully inhibited
in mammalian cells (Cimini et al. 2003; Ditchfield et al.
2003; Hauf et al. 2003; Ono et al. 2004; Lenart et al. 2007;
Abe et al. 2011). The fact that no specific mutations and/or
inhibitory conditions prevent the formation of con-
densed chromosomes during metaphase in mammalian
cells suggests that the fundamental nature of the mech-
anism responsible for global chromosome assembly is
still unknown.

Another key issue about chromosome morphogenesis
relates to the timing of the process in relationship to
other mitotic events. It was established several decades
ago that mitosis is initiated by a sudden increase in Cdk1
activity (Morgan 2007). The fact that the early assembly
of mitotic chromosomes correlates well with the early
increase in Cdk1 activity in prophase (Gavet and Pines
2010) suggests that Cdkl may regulate early chromo-
some assembly directly. However, the dependency of the
chromosome morphogenesis process on mitotic entry
(Vassilev et al. 2006; Paulson 2007; Gong and Ferrell
2010) makes it difficult to determine whether the
impact of Cdkl on chromosome morphology reflects
a direct role in this process or, alternatively, a need to
establish a mitotic state prior to initiating chromosome
assembly. Moreover, given that a requirement for Cdk1
activity is shared between many mitotic processes, it is
unclear why the establishment of chromosome conden-
sation should precede other mitotic landmarks if all
mitotic processes respond to the same Cdk1 signal. The
temporal primacy of condensation in the mitotic pro-
gram could be due to heightened sensitivity to Cdkl
phosphorylation, higher specificity for specific cyclin—
Cdk1 complexes, or a yet-unknown Cdkl1-independent
mechanism. In this study, we tested those possibilities
and showed how Cdkl1 can initiate chromosome mor-
phogenesis directly using quantitative multisite phos-
phorylation of the Smc4 protein. Moreover, we identi-
fied a novel two-step mechanism necessary for the
folding of chromatin and subsequent assembly of func-
tional chromosome during mitosis.

Results

Regulation of chromosome morphology by Cdk1

To investigate the mechanistic basis for chromosome
morphogenesis, we first determined whether the process
was under direct Cdk1 control in Saccharomyces cerevi-
siae. Yeast cells carrying a Cdkl temperature-sensitive
(ts) mutation, cdc28-4, were arrested in mitosis, and the
morphology of the ribosomal DNA (rDNA) locus was
evaluated in these cells. The shape of the rtDNA locus is
dramatically reorganized during mitosis, which provides
a sensitive assay to monitor chromosome morphogenesis
in yeast (Guacci et al. 1994). Whereas wild-type cells
arrested in mid-mitosis showed the typical condensed
“loop” configuration of the rDNA locus at both 23°C and
37°C, inactivation of Cdk1 resulted in the formation of an
uncondensed “puff” rDNA signal at 37°C (Fig. 1 A; Guacci
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et al. 1994). Having established the Cdkl dependency of
the chromosome morphogenesis process in yeast, we
next asked whether chromosome condensation could be
quantitatively modulated by down-regulation of Cdkl
activity using conditional B-type cyclin mutations (i.e.,
clbl cIb3 clb4 clb2-VI; clb-ts mutant henceforth). Al-
though able to enter mitosis, cIb-ts cells are incapable of
executing subsequent mitotic events (Amon et al. 1993).
Analysis of chromosome morphology in this mutant
revealed the existence of a novel intertwined rDNA
configuration distinct from the uncondensed “puff” signal
(Fig. 1B) or the fully condensed loop signal (Fig. 1A).
Specifically, under low Cdk1 activity, individual chromo-
somal “threads” are clearly visible at the rDNA locus and
appear to follow an elaborate intertwined path distinct
from the nonoverlapping path of chromosome threads in
the loop configuration (Fig. 1A,B; Supplemental Fig. S1).
We therefore refer to this novel stage in chromosome
condensation as the intertwist configuration. Interest-
ingly, chromatin folding within the intertwist configura-
tion is consistent in shape with the early condensation
intermediates that were recently proposed to exist based
on polymer simulation models (Naumova et al. 2013).
Cytological characterization of clb-ts mutants confirmed
that other mitotic events, such as bipolar spindle forma-
tion and chromosome segregation, do not occur in these
cells (Supplemental Fig. S1; Amon et al. 1993).

To exclude the possibility that rDNA intertwist forma-
tion is a consequence of a change in Cdk1 specificity in cIb-
ts mutants, we monitored chromosome morphology in the
cdc28-as1 mutant. This mutant, when treated with low
concentrations of INM-PP1 inhibitor, experiences a cell
cycle arrest at mitotic entry (i.e., after DNA replication but
prior to mitotic spindle formation) (Bishop et al. 2000)
similar to the point of arrest of cIb-ts mutants. Examina-
tion of chromosome morphology in cdc28-as1 cells treated
with the inhibitor revealed a striking enrichment in the
number of cells carrying the intertwist configuration at the
rDNA, whereas untreated cells formed mostly loops at this
locus under identical conditions (Fig. 1C). Interestingly, the
intertwist configuration appears to be stabilized at low
temperature and could be readily observed in wild-type
cells progressing synchronously into mitosis at 16°C (Sup-
plemental Fig. S2). As previously observed with the fully
condensed loop configuration (Lavoie et al. 2004), forma-
tion of the intertwist tDNA intermediate also requires
cohesin activity, since inactivation of mcd1-1 prevented
the appearance of this rDNA configuration in mitosis
(Supplemental Fig. S3). Taken together, our results indicate
that chromosome condensation is initiated at levels of
Cdkl activity that are too low to induce other mitotic
events. Moreover, conditions of low Cdk1 activity revealed
the existence of a hitherto unknown early chromatin-
folding step in the formation of mitotic chromosomes.

The Smc4 subunit of condensin is a target for Cdk1
in early mitosis

What is the target of Cdkl in the induction of chromo-
some morphogenesis? A likely candidate is the condensin
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complex, a central effector of chromosome condensation
in eukaryotes (for review, see Baxter and Aragon 2012;
Hirano 2012). To test this possibility, we removed all of
the core Cdkl consensus sites (i.e., Ser/Thr-Pro) (Holt
et al. 2009) from condensin subunits and determined the
effect of these mutations on cell proliferation (Fig. 2A,B).
Only smc4-10A showed detectable growth defects in the
absence of Cdk1 phosphorylation (Fig. 2B). Combining all
mutations in one yeast strain had only modest additive
effects on cell proliferation relative to the smc4-10A
single mutant (Fig. 2B). These results indicate that the
Smc4 subunit of condensin is a likely target of Cdkl in
vivo. To further substantiate this notion, we immuno-
purified the condensin complex from metaphase-arrested
cells and subjected the immunoprecipitate to mass spec-
trometry analysis to identify possible in vivo phosphor-
ylation sites. This analysis revealed the existence of five
phosphorylation sites that conform to the Cdkl consen-
sus in Smc4 (Fig. 2C; Supplemental Fig. S4A) and none in
the other subunits of condensin. An additional Cdkl
phospho-site, Ser117, was uncovered in Smc4 in pro-
teome-wide analyses of mitotic cells (Holt et al. 2009;
Kao et al. 2014). Interestingly, all of these Cdk1 phospho-
sites were clustered in the N-terminal extension of
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Figure 1. Modulation of Cdkl activity unveils

clb1A clb3A clb4A clb2-ts
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mLine distinct steps in the process of chromosome
morphogenesis. (A-C) The morphology of the
B Puff yeast tDNA locus was revealed by fluorescence
in situ hybridization (FISH). Representative mi-
I crographs of the most prominent rDNA morphol-

ogy observed for each condition are shown at the
left. Propidium iodide (PL red) and fluorescein

CDC28 CDC28 cdc28-4 cdc28-4 . .
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the nucleus and tDNA locus, respectively. Quan-
tification of each rtDNA species is shown at the
right. At least 100 nuclei were counted per

Loop condition (n = 3 for all experiments). Error bars
Mintertwist| represent SD. (A) cdc28-4 mutants exhibit classic
ELine condensation defects. Cells were blocked in
 Puft metaphase at 23°C using nocodazole and shifted

for 1 h to 37°C before processing of the samples
for FISH analysis. To ensure that the quantifica-
tion reflects loss of condensation in mitotic cells
rather than a return to interphase due to the loss
of cdc28-4 activity (Sanchez-Diaz et al. 2012),
we normalized the rDNA quantification accord-
ing to the budding index of cells during the
arrest. (B,C) Reducing Cdkl activity uncovers
a novel condensation intermediate at the rDNA.

L
oo ) (B) clb-ts cells growing asynchronously at 23°C
Wintertwist|  yere arrested in G1 or early mitosis by incubation
M Line with a factor or by shifting the culture to 37°C
B Puff for 135 min, respectively. Cells were subsequently

harvested, and their rDNA morphology was re-
vealed by FISH. (C) cdc28-as1 cells growing asyn-
I chronously at 25°C were arrested in early mitosis
by incubation with nocodazole with or without
the kinase inhibitor NM-PP1 for 150 min. Samples
were then fixed, and the morphology of the IDNA

1NM-PP1 locus was monitored as above.
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Smc4, a region of the protein that is conserved among
eukaryotic Smc4 family members but absent in the
Smc1-3 families (Supplemental Fig. S4B,C). Deletion of
the N-terminal extension of Smc4 results in a stable but
inactive protein, thereby revealing the essential role
played by this part of Smc4 in condensin function (Fig.
2D). Finally, we asked whether Cdk1 is directly respon-
sible for condensin phosphorylation. To test this possi-
bility, we purified condensin from yeast and exposed it to
purified Cdk1-Clb2 in the presence of radiolabeled ATP.
We observed that a single band corresponding to the
molecular mass of Smc4 became phosphorylated follow-
ing the kinase reaction (Fig. 2E; St-Pierre et al. 2009).
Performing a similar experiment using only the N-termi-
nal fragment of Smc4 (residues 1-163) resulted in a Cdkl1
phosphorylation-induced gel retardation of the substrate
after electrophoresis (Fig. 2F). Taken together, these exper-
iments demonstrate that Cdkl phosphorylates Smc4 in
vitro and in vivo.

We next characterized the timing of Smc4 phosphory-
lation during the cell cycle. Since phosphorylation of the
N-terminal part of Smc4 by Cdkl causes a gel shift after
electrophoresis (Fig. 2F), we used cells expressing the
N-terminal extension of Smc4 fused to an epitope tag
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Figure 2. Smc4 is a key target of Cdkl in the
yeast condensin complex. (A) Schematic represen-
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shown at the right. Bullets indicate the different subunits of condensin. Asterisks correspond to the Cdk1-Clb2 complex, and the
open circle marks the position of histone H1. (F) The N-terminal extension of Smc4 is phosphorylated by Cdkl in vitro. Purified
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SDS-PAGE and stained with Coomassie.

(henceforth, Smc4-NT) to monitor in vivo phosphorylation.
As expected, the electrophoretic behavior of Smc4-NT
changes dramatically during the cell cycle, starting as
a single band in G1 and acquiring at least two retarded
species as cells progressed toward mitosis (Fig. 3A).
Phosphatase treatment of Smc4-NT confirmed that the
retarded species were due to phosphorylation (Fig. 3B).
Importantly, Smc4-NT became phosphorylated simulta-
neously with or slightly prior to Swel, an early Cdkl
substrate during mitosis (Harvey et al. 2005), and much
earlier than Ycgl, a condensin subunit phosphorylated in
anaphase (Fig. 3A; St-Pierre et al. 2009). These results
indicate that Smc4 phosphorylation occurs at or very
close to mitotic entry. Consistent with this interpreta-
tion, monitoring the phosphorylation of two of the Cdk1
sites—Ser4 and Ser128—on Smc4 using phospho-specific
antibodies confirms that these residues are also modified
early in mitosis (Fig. 3C,D; Supplemental Fig. S5A,B). The
in vivo kinetics of Smc4 phosphorylation revealed by the
Smc4-NT construct and the phospho-specific Ser128
antibody were essentially identical (Fig. 3D), thereby

validating Smc4-NT as an effective reporter to monitor
Smc4 phosphorylation status. Importantly, removal of
the seven Cdkl sites in the Smc4-NT fragment com-
pletely abrogated its phosphorylation-induced gel retar-
dation in live cells (Fig. 3E; Supplemental Fig. S5C). These
results strongly suggest that Cdkl is the kinase that
targets Smc4 for phosphorylation in early mitosis. Con-
sistent with this prediction, cells defective in early (cIb5
and cIb6) and late (cIb1, cIb3, clb4, and clb2-ts) cyclin
subunits showed marked reductions in the extent of
Smc4 phosphorylation in vivo (Fig. 3F; Supplemental
Fig. S5D,E). Moreover, removal of the Clb5 targeting
RxL motifs (Loog and Morgan 2005; Koivomagi et al.
2011) in the N terminus of Smc4 caused a substantial
reduction in the extent of its phosphorylation (Fig. 3G;
Supplemental Fig. S5F). Finally, we wanted to test the
possibility that Smc4 phosphorylation might be mediated
by Cdc5, since this kinase is known to be activated by
Cdc28 in mitosis (Mortensen et al. 2005). However, the
fact that Smc4-NT phosphorylation remained normal in
cdc5-99 mutant cells entering mitosis (Supplemental Fig.
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Figure 3. Cdkl phosphorylates Smc4 in early
mitosis. (A) Kinetics of Smc4 modification during
the cell cycle. Cells expressing the Smc4-NT
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S5G) or in cells already arrested at this stage of the cell
cycle (Supplemental Fig. S5H) argues against a role for
this kinase as the major or sole Smc4 kinase in early
mitosis. Taken together, our results show that effective
phosphorylation of Smc4 in early mitosis requires direct
targeting of condensin by cyclin-Cdk1 complexes.

Smcd phosphorylation activates chromosome
morphogenesis

What is the physiological significance of Smc4 phosphor-
ylation by Cdk1? To answer this question, we introduced
in the yeast genome mutations that either prevent or
mimic the phosphorylation of the seven Cdk1 sites in the
N-terminal extension of Smc4. Whereas removal of in-
dividual Cdk1 sites resulted in little or no effect on growth
properties and on chromosome condensation (Supplemen-
tal Fig. S6A,B), cells carrying a SMC4 allele that lacks all
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N-terminal Cdkl sites exhibited a strong growth defect
at the nonpermissive temperature (i.e., smc4-7A) (Fig.
4A). We noticed that the Smc4-7A protein was less
abundant than its wild-type counterpart in immunoblot
analysis (Fig. 4B, first two lanes). This reduction in Smc4-
7A protein levels is not responsible for its growth defect,
since down-regulation of wild-type Smc4 abundance
using the auxin-inducible degron (i.e., Smc4-AID) did
not result in detectable growth defects at Smc4 protein
levels comparable with or lower than those of the Smc4-
7A mutant (Fig. 4B,C, cf. 40 uM auxin/IAA and smc4-7A
lanes). Consistent with this, inactivation of the pathway
responsible for the degradation of unstable nuclear pro-
teins did not suppress the ts phenotype of smc4-7A cells
(Supplemental Fig. S7A), and no defect in condensin
complex formation was detected in smc4-7A mutants
(Fig. 4D). Collectively, these results indicate that the
conditional lethality phenotype of the smc4-7A mutant
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A high proportion of anaphase nuclei connected
with lagging genetic material (arrowheads) and
having an elongated morphology can be seen in
a culture of smc4-7A mutants growing at the
nonpermissive temperature. Chromatin and spin-
dle pole bodies were visualized using HTA1 fused
to mCherry and Spc42 fused to GFP, respectively.
(F) Quantification of anaphase bridges in the wild
type and smc4 phospho-mutant (n = 3). Error bars

smc4-7A

indicate SD. (G) Chromosome condensation defects in the smc4 phospho-mutant. For each genotype, a representative micrograph of the
most prominent rDNA species detected by FISH is shown. Cells were grown asynchronously at 23°C until exponential phase and shifted
to 37°C for 2.5 h. Nocodazole was used to block cells in metaphase. Nuclei and rDNA were stained with PI (red) and FITC (green),
respectively. (H) Quantification of rDNA condensation in SMC4, smcd4-7A, and smc4-82 mutants grown at the nonpermissive
temperature. At least 100 cells were counted for each genotype in three independent experiments. Error bars indicate SD.

is specifically due to the loss of Cdkl-mediated phos-
phorylation of condensin.

Microscopic examination of smc4-7A mutants at the
nonpermissive temperature provided critical insights
into the nature of the cellular defect responsible for the
lethality of this mutant. We noticed that there was
a significant fraction of dividing cells in the mutant
population that contained unequal amounts of nuclear
material and/or connecting threads of chromosomal
DNA between separating nuclei (Fig. 4E, see arrowheads).
This phenotype was much less frequent in wild-type
cells (Fig. 4F) and is indicative of severe chromosome
segregation defects in the absence of Smc4 phosphory-
lation. The root cause for the segregation defect of
condensin mutants has been ascribed to their inability
to promote chromosome condensation (Hirano 2012).
To test this notion, we examined the rDNA condensa-
tion proficiency of the smc4-7A mutant and compared

it with that of SMC4 and smc4-82 cells (i.e., a strong ts
mutant of condensin) (see below). Whereas wild-type
cells were able to condense the rDNA effectively at
37°C, both the smc4-7A and smc4-82 mutants were
completely defective in rDNA loop formation at non-
permissive temperatures (Fig. 4G H). These results in-
dicate that Cdk1 phosphorylation is absolutely necessary
to activate condensin and initiate chromosome conden-
sation in vivo.

A previous study using the fission yeast Schizosaccharo-
myces pombe suggested that Cdc2 might regulate con-
densin by phosphorylation. Sutani et al. (1999) showed
that overexpression of the cut3-T19A phosphomutant
caused a dominant-negative chromosome segregation de-
fect in this organism (however, no chromosome conden-
sation defects were observed in this study). Since the
phenotype of the cut3-T19A mutant expressed at its
natural level was not reported by Sutani et al. (1999) and
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protein overexpression can often obscure the physiolog-
ical relevance of natural regulatory processes (Robbins and
Cross 2010), we wondered what might be the phenotype
associated with loss of Thr19 phosphorylation when Cut3
is expressed at physiological levels. To address this, we
integrated the cut3-T19V phosphomutant at its natural
locus in diploid S. pombe. The valine substitution was
used in cut3 instead of alanine, since valine is structurally
more similar to threonine, thus precluding destabilizing
effects not related to loss of phosphorylation. Dissection
of a sporulated heterozygous diploid yeast carrying the
cut3-T19V allele revealed that loss of Thr19 phosphory-
lation is lethal in haploid cells when the mutant is
expressed from its physiological locus (Supplemental
Fig. S7B). Interestingly, the heterozygous diploid carry-
ing cut3-T19V grew normally (Supplemental Fig. S7C),
thereby suggesting that the dominant-lethal effects pre-
viously observed with the cut3-T19A mutant might be
specific to the alanine substitution and/or the over-
expression of the protein (Sutani et al. 1999). Taken
together, these results further strengthen the conclusion
that Cdk1 phosphorylation of the N-terminal extension
of Smc4 family members plays a critical role in the
regulation of condensins in eukaryotes.

Cdk1 phosphorylation sites activate condensin
by altering its charge

We next examined the phenotype of a SMC4 allele
carrying phospho-mimetic residues (i.e., negatively
charged glutamates) at the position of Cdk1 sites. Con-
stitutive activation of condensin by such mutations is
expected to create a lethal form of the enzyme because it
would permanently alter chromatin structure in yeast.
However, replacement of phosphorylated residues by
glutamates in Smc4 did not result in an obvious activa-
tion of condensin or a strong growth defect in the smc4-7E
mutant (Fig. 4A). This is not completely unexpected, since
a single negatively charged residue does not accurately
mimic the structure or net charge of a phosphorylated
residue, as previously observed (Lyons and Morgan 2011;
Pearlman et al. 2011). Based on the fact that the N-
terminal extension of Smc4 is predicted to be highly
unstructured (Supplemental Fig. S8A-C), we considered
the possibility that the change in charge imparted by
phosphorylation of this domain would be more relevant
as a regulatory mechanism than a possible change in
structure. We therefore created a smc4-7EE allele where
the phosphorylated residues and adjacent prolines (+1
position of the CDK motif) were mutated to double
glutamates to more accurately mimic phosphate charges
(Fig. 5A,B; Pearlman et al. 2011). It was recently shown
that this approach is more effective at mimicking an
“activated” state than single glutamate/aspartate substi-
tutions in substrates targeted by proline-directed kinases
(Strickfaden et al. 2007; Li et al. 2014). The charge-mimetic
allele, together with additional control mutations, was
integrated at the SMC4 locus in a diploid yeast strain, and
the resulting heterozygous mutants were sporulated and
dissected to reveal the phenotypes of the mutations in
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haploid spores. Remarkably, introducing dual charge-mi-
metic mutations at the seven phospho-sites and adjacent
positions (i.e., Ser/Thr-Pro motif) of Smc4 led to lethality in
all spores inheriting those mutations, whereas simulta-
neously altering the seven phospho-sites with single
glutamates at either position of the Ser/Thr—Pro motifs
had no detectable effect on viability (i.e., four viable spores
per tetrad) (Fig. 5B). Moreover, a mutant carrying dual
glutamines—an amino acid approximately isosteric with
glutamate but lacking the negative charge (Fig. 5A)—did
not show any obvious viability defects (Fig. 5B). These
results demonstrate that the lethality of the smc4-7EE
mutant is due to the presence of negative charges that
effectively mimic the phosphorylated state of the active
protein. Immunoblot analysis of heterozygote diploids
confirmed that the Smc4-7EE mutant is expressed at
normal levels in yeast (Supplemental Fig. S8D).

To further strengthen our previous interpretation, we
asked whether an alternative means of imposing a consti-
tutive state of phosphorylation on Smc4 would recapitu-
late the phenotype of the smc4-7EE allele. To achieve
this, we fused the B-type cyclin CIb2 to the N terminus of
Smc4 in order to target Cdkl to Sme4 throughout the cell
cycle, an experimental approach previously described
(Lyons and Morgan 2011). Dissecting a sporulated hetero-
zygous diploid strain carrying the CLB2-SMC4 fusion
gene led to lethality or severe growth defects in most of
the spores inheriting the fusion construct (Fig. 5B).
Preventing phosphorylation of Smc4 by removal of its
phospho-sites or deletion of Clb2’s cyclin box (the part of
the protein responsible for interaction with Cdk1) largely
suppressed the lethality associated with the cyclin-Smc4
fusion protein (Fig. 5B; Supplemental Fig. S9A). These
results are consistent with the phenotype of the smc4-
7EE allele and indicate that inducing a permanent state of
phosphorylation in Smc4 is incompatible with viability
in yeast. Since the phenotype associated with mimicking
phosphorylation is much stronger than that caused by loss
of phosphorylation, we posit that the smc4-7EE and CLB2-
SMC4 mutants behave as gain-of-function alleles in vivo.

We envision two possible regulatory modes that can
account for the lethality of the smc4-7EE and CLB2-
SMC4 mutants. First, constitutive phosphorylation of
condensin may simply activate the enzyme and result
in a permanent state of chromosome condensation that is
not compatible with viability. Alternatively, preventing
phosphate removal in phospho-mimetic mutants may
abrogate iterative phosphorylation/dephosphorylation cy-
cles that are normally required to maintain full enzyme
activity during mitosis (De Wulf et al. 2009). Overexpres-
sion of smc4-7EE can distinguish between these two
regulatory modes, since a version of condensin that is fully
activated by static phosphorylation (i.e., no turnover
model) would be expected to induce unscheduled con-
densation following overexpression, whereas a version of
this enzyme that is engaged into its activation cycle
by phosphorylation but not allowed to complete it by
dephosphorylation (i.e., dynamic phosphorylation model)
would act as a dominant-negative inhibitor. To test these
hypotheses, we expressed smc4-7EE ectopically in wild-
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type and cIb2-ts-arrested cells. Remarkably, ectopic ex-
pression of smc4-7EE was not able to induce unscheduled
condensation of the rDNA locus in G1 cells or full IDNA
condensation in G2/early mitotic cells (Supplemental
Figs. S9B-E, S10A), which suggests a need for dynamic
phosphorylation in the regulation of condensin in vivo.
Consistent with this, overexpression of smc4-7EE led to
dominant-negative lethality in both the wild type and
smc4-82 mutants (Fig. 5C). This lethality is not due to
unspecific loss of function in smc4-7EE or subunit im-
balance in condensin, since overexpression of smc4-1
(Freeman et al. 2000), smc4-7A, or SMC4 complemented
the lethality of the smc4-82 mutant at 37°C without
causing dominant-lethal effects in wild-type cells (Fig.
5C). However, we note that overexpression of SMC4 in
wild-type cells caused a weak proliferation delay at 23°C.

It had been previously demonstrated that the effects of
mutations that confer a gain of activity on a protein can
be abrogated by fusion with known inactivating muta-

7EE-NT construct were spotted on solid medium, as
in C.

YEP-Raf/Gal

tions (Schott and Hoyt 1998). To formally test the gain-of-
function nature of the charge-mimetic mutations in
SMC4, we combined the 7EE substitutions with the
inactivating mutations in the smc4-1 allele and moni-
tored the ability of the chimeric mutant to behave in
a dominant-negative manner. As expected, overexpres-
sion of the smc4-7EE-1 chimeric mutant in conditions
under which its charge-mimetic mutations are not coun-
teracted by the smc4-1 mutations (i.e., 23°C, the permis-
sive temperature for smc4-1) led to a dominant-negative
lethality similar to that of the smc4-7EE single mutant
(Fig. 5, D vs. C,E). In contrast, overexpression of the
chimeric mutant at 37°C (i.e., the inactivating condition
for smc4-1 and, by extension, smc4-7EE) suppressed the
lethal gain of function associated with the charge-mi-
metic substitutions (Fig. 5D). Since Smc4-7EE must be
endowed with an activity to be able to lose it, we
conclude from this experiment that the charge-mimetic
mutations impart a new activity on Smc4 that requires
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otherwise normal protein function to mediate its effect.
Importantly, this new activity can be induced equally
well by fusion of SMC4 with CLB2 or by charge-mimick-
ing mutations, which indicates that Cdkl phosphoryla-
tion activates condensin by altering its charge in living
cells and that preventing Smc4 dephosphorylation is
lethal in vivo. Consistent with this interpretation, in-
activation of a major mitotic phosphatase and known
condensin interactor, PP2A (encoded by the PPHS,
PPH21, and PPH22 genes in budding yeast) (Yeong et al.
2003; Takemoto et al. 2009; Peplowska et al. 2014),
caused a large reduction in the ability of phosphatase-
defective cells to maintain chromosome condensation in
metaphase (Supplemental Fig. S10B). Collectively, our
results indicate that dynamic turnover of Cdkl phos-
phorylation events on condensin is important for mitotic
chromosome condensation.

Hypersensitivity of Smc4 to Cdk1 phosphorylation

How might charge-driven activation of condensin pro-
mote early mitotic appearance of condensed chromo-
somes? One likely possibility would be that condensin
is hypersensitive to low levels of Cdkl activity because
phosphorylation of any individual Cdk1 site is function-
ally equivalent for enzyme activation, and only a few of
them need to be modified (in any combination) to fully
activate the enzyme. The dominant effects of charge-
mimetic mutations provide a unique means to test this
hypothesis. Indeed, one would expect that progressive
removal of the seven dual glutamates in Smc4 would
eventually reverse the partial gain of function of the
smc4-7EE allele, thereby revealing the minimal number of
phospho-sites that is required to activate condensin in vivo.

Prompted by this rationale, we created a series of
heterozygous SMC4/smc4-EE mutants carrying progres-
sively smaller numbers of dual-glutamate mutations and
tested their phenotypes after sporulation of diploid cells.
Remarkably, diploid strains carrying as few as three to
four charge-mimetic mutations gave rise to tetrads with
a very penetrant 2:2 lethality phenotype cosegregating
with smc4 mutations (Fig. 6, rows 5,6). This is identical to
the phenotype of the original smc4-7EE or smc4-10EE
alleles (Fig. 6, rows 2,3) but is in contrast to the absence of
phenotype of mutations affecting the first three Cdkl
sites at the N terminus of the protein (Fig. 6, row 4). This
result suggests that three to four phosphorylation events
in the middle or C-terminal clusters of Cdk1 sites may be
sufficient to activate Smc4. To further refine this conclu-
sion, we focused our analysis of charge-mimetic muta-
tions on the middle cluster of phospho-sites (i.e., posi-
tions 109, 113, 117, and 128). Removing a single dual-
glutamate mutation from the four present in this cluster
did not fully suppress the lethality of the remaining
charge-mimetic mutations (Fig. 6, rows 7,8). However,
loss of any additional site either reduced the penetrance
of the lethality phenotype (Fig. 6, row 9] or allowed
complete recovery of spore viability (Fig. 6, rows 10-14).
Importantly, preventing phosphorylation of the Cdkl
sites away from the middle cluster of dual glutamates
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(i.e., the smc4-3A-4EE-3A mutant) did not suppress the
effect of the smc4-4EE mutant (i.e., Fig. 6, cf. rows 5 and
17), thereby indicating that the lethality of this strain was
not due to phosphorylation of the remaining Cdk1 sites in
Smc4-4EE. Taken together, these results indicate that
a threshold of two to three phospho-mimicking charges is
sufficient to generate dominant condensin activity in
vivo (Fig. 6, rows 7,16). Moreover, our data reveal a degree
of functional equivalency (or redundancy) in Cdkl phos-
pho-sites, thereby explaining how condensin activation
in early mitosis can be hypersensitive to Cdk1 levels.

Cdk1 controls condensin binding to chromatin

Finally, we wished to identify the specific aspect of
condensin behavior that was regulated by Cdkl phos-
phorylation. Multiple events have been previously
shown to be required for full activation of condensin in
eukaryotes, including nuclear import (Sutani et al. 1999),
recruitment on chromatin (Freeman et al. 2000), and
enzymatic activation (Kimura et al. 1998). The fact that
budding yeast condensin and mammalian condensin II
are constitutively located in the nucleus (Freeman et al.
2000; Ono et al. 2004; Gerlich et al. 2006) suggests that
the Cdk1 regulation of these enzymes may not occur at
the level of nuclear import. Interestingly, previous
studies in human cells showed that condensin II binding
to chromatin is very dynamic prior to chromosome
condensation but then becomes much more stable as
cells enter mitosis (Gerlich et al. 2006). The mechanistic
basis for this change in chromatin-binding dynamics
is unknown, but it seems likely that increasing the
duration of condensin interactions with chromatin
would stimulate chromosome condensation. To evalu-
ate whether condensin phosphorylation by Cdk1 could
affect its chromatin-binding dynamics, we used pho-
tobleaching confocal laser-scanning microscopy. A sub-
domain in the nucleus of live yeast cells expressing
GFP-fused Smc4 was photobleached using the line scan
feature of the microscope, and the kinetics of fluorescence
decay were determined over time at the region of interest
in the cell (i.e., red rectangle in Fig. 7A). In this experiment,
the Smc4-3xGFP contained within the unbleached area
is expected to replenish the fluorescence in the photo-
bleached area of the cell at a rate that is directly pro-
portional to the exchange of condensin complexes between
the two regions within the nucleus. As expected, prevent-
ing exchange by fixation of cells with paraformaldehyde led
to a very rapid loss of Smc4-3xGFP fluorescence signal in
the photobleached area while leaving the fluorescence in
the rest of the nucleus unaffected (Fig. 7A). In contrast,
photobleaching a subdomain of the Smc4-3xGFP signal in
live cells resulted in a rapid decay of fluorescence signal
throughout the entire yeast cell (Fig. 7A,B). This rapid loss
of fluorescence is consistent with the highly dynamic
exchange of condensin complexes between the site of
photobleaching and the rest of the nucleus, a behavior
consistent with that of condensin I in higher eukaryotes
(Gerlich et al. 2006). Remarkably, performing the same
experiment in cells expressing Smc4-7A revealed that the
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Figure 6. Determination of the minimal num-
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fluorescence decay of the phospho-mutant is significantly
slower than that of the wild-type protein (Fig. 7B). This result
is consistent with Smc4-3xGFP residing in the bleaching
volume for longer periods of time while it is bound to
chromatin, thereby causing it to bleach more quickly. The
rapidly exchanging Smc4-7 A still binds to DNA but does not
reside in the bleaching region as long, so it takes a longer
time to photobleach. To quantify this difference, decay
curves were fit with a two-component exponential decay
model with a short (d) and long (b) time decay constant (cf.
Equation 1 in the Supplemental Material). Both decay
constants were significantly longer for the highly dynamic
Smc4-7A or cytosolic GFP protein than that of wild-type
Smc4 (P = 0.001) (Fig. 7B,C; decay constant d is shown in
Supplemental Fig. S11A). Taken together, these results

reveal that Cdkl phosphorylation extends the duration of
condensin’s interaction with chromatin, thereby providing
an explanation of how this post-translational modification
regulates chromosome condensation during mitosis. These
rapid protein dynamics in the yeast nucleus are consistent
with other studies done using fluorescence correlation
spectroscopy in this organism (Slaughter et al. 2007).

Discussion

Quantitative activation of chromosome condensation
in early mitosis

The central prediction from the quantitative model of Cdk1
action is that cellular events occurring early in the cell
division program must be more readily activated by Cdkl
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than later events of the cell cycle (Stern and Nurse 1996).
Although differential susceptibility to Cdkl activation
explains the directionality of S and M phases (Coudreuse
and Nurse 2010), the notion that a similar process would
also explain the specific order of events in the mitotic
program is currently unknown. Here, we show that initia-
tion of chromosome condensation can be achieved at levels
of Cdk1 activity that are too low to activate other mitotic
processes. This result demonstrates that the order of
cellular events in early mitosis is dictated by quantitative
differences in substrate susceptibility to Cdkl activation.
Mechanistically, we show that the temporal kinetics of
chromosome condensation in mitosis can be explained by
functional redundancy in the phosphorylation sites that
Cdk1 uses to activate condensin in vivo. Multisite redun-
dancy in phospho-regulatory events is known to enable
quantitative activation of effectors at very low levels of
kinase activity in signaling cascades (Ferrell 1996).

Identification of a novel chromosome-folding state
in early mitosis

The nature of the individual steps leading to the forma-
tion of condensed mitotic chromosomes has been a topic
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GFP. Details of the data analysis are in the Materials
and Methods section. The bottom graph shows data
corresponding to the first 5-sec interval of the
experiment. (C) Histogram showing the calculated
decay constant b of wild-type Smc4, the Smc4-7A
mutant, and cytosolic GFP. Triple asterisks indicate
a significant difference in decay constant for cells
expressing different versions of Smc4-3xGFP ([***]
P < 0.001). Error bars indicate SD over three independent
experiments (n = 12 cells per experiment). (D) Model for
the role of Cdkl in the regulation of chromosome
morphogenesis (see the text for details).

of much debate over the years. Previous attempts to
define the architecture of mitotic chromosomes have
been frustrated by the absence of cytologically defined
chromatin-folding intermediates in the process of conden-
sation. More recently, a study has proposed a two-stage
mechanism of chromosome condensation that involves
longitudinal compression of arrays of consecutive chroma-
tin loops (Naumova et al. 2013). This model was generated
using in silico polymer simulations and predicts that the
formation of local loops of chromatin would represent the
initial stage of chromosome condensation. Our identifi-
cation of rDNA condensation intermediates containing
intertwined loops of thin chromatin threads—the inter-
twist configuration—gives credence to this in silico
model. Moreover, the resolution of the intertwist config-
uration into a thicker thread of rDNA chromatin later in
mitosis indicates that intertwined loops of rDNA are
eventually resolved by compaction into a linear organiza-
tion in yeast, as previously suggested for human chromo-
somes (Naumova et al. 2013). Taken together, our results
provide the first direct observation of a two-step process
involving distinct chromatin-folding states as intermedi-
ates in the process of chromosome condensation.



Mechanistic basis for condensin activation in early
mitosis

Our study reveals that the unique N-terminal extension
of Smc4 family members acts as a modulator of conden-
sin’s ability to bind on chromatin. Upon phosphorylation
by Cdkl, condensin binding to the bulk of chromatin
becomes less dynamic relative to the unphosphorylated
enzyme and thus allows extended interactions with
mitotic recruiters to promote condensation (Fig. 7D;
Supplemental Fig. S11B). It is tempting to speculate that
Cdk1 phospho-sites on Smc4 could enhance—by virtue of
their negative charges—the stability of the interaction
between condensin and the positively charged residues in
the N-terminal tails of histone H2A and H2A.Z on
chromosomes (Tada et al. 2011). Such stabilization would
nicely explain the observed Cdk1-dependent reduction in
the dynamic binding of condensin to chromatin in yeast
and human cells (Gerlich et al. 2006). Importantly, this
model explains how condensin can associate with chro-
matin throughout interphase without actually inducing
chromosome condensation before mitosis (Freeman et al.
2000).

From an evolutionary perspective, the mechanisms
that we unraveled in budding yeast are likely to be
conserved in a wide range of eukaryotes. Notably, the
Cdk1 consensus sites within the N-terminal extension of
Smc4 homologs are modified by phosphorylation in
several organisms, including fission yeast, budding yeast,
and humans (Supplemental Fig. S4C; Bazile et al. 2010).
We envision that these Smc4 phosphorylation events
collaborate with other regulatory events, such as Aurora
B, Polo kinase, and Cdkl phosphorylation of non-SMC
subunits, to establish a chromosome architecture that is
sufficiently condensed and yet adaptable to the unique
cellular conditions experienced during mitosis (Bazile
et al. 2010; Hirano 2012). In particular, it is conceivable
that the appearance of a second condensin complex
during evolution has resulted in a “division of labor”
and sharing of Cdkl phospho-sites between Smc4 and
CapD subunits (Supplemental Fig. S12) to allow a regu-
lation that is highly specific to either condensin I or II
complexes. In organisms where condensin is monomor-
phic, such as yeast, current data indicate that this
regulation would occur solely at the level of Smc4. This
simplified regulation has enabled us to reveal how Cdkl
can act as an essential and high-sensitivity trigger for
the initiation of chromosome morphogenesis during
mitosis.

Materials and methods

Yeast genetics and molecular biology

All S. cerevisiae strains used in this study are isogenic with K699
and K700. Yeast growth conditions, medium composition, and
procedures for genetic analysis were as described previously
(Guthrie and Fink 1991). The genotypes of yeast strains used in
this study are listed in Supplemental Table 1. Additional details
relating to mutant yeast construction and molecular biology
procedures are also included in the Supplemental Material.

Regulation of chromosome assembly in mitosis

Microscopy

For fluorescence in situ hybridization (FISH) analyses, cells were
fixed in 0.1 M KPO, buffer (pH 6.4) containing 3.7% formalde-
hyde for 2 h at 23°C. Probe preparation and hybridization were
performed as described previously (Guacci et al. 1994; Lavoie
et al. 2004). Images of tDNA morphology were acquired on a
DeltaVision microscope equipped with the softWoRx software
(Applied Precision). For photobleaching experiments, cells were
grown at 25°C, and images were acquired on a Zeiss 710 confocal
laser-scanning microscope (Carl Zeiss) after photobleaching. See
the Supplemental Material for a detailed description of specific
conditions used for microscopy experiments.

Electrophoresis and immunoblotting

Eight percent Phos-tag acrylamide gels (Wako Chemicals USA)
were used to resolve Smc4-NT phosphorylated species (Kinoshita
et al. 2006), whereas gels containing 7.5% Next gel acrylamide
(Amresco) were used to monitor Smc4 abundance and Yegl
phosphorylation (St-Pierre et al. 2009). All gels were transferred
using the iBlot apparatus (Invitrogen). Antibodies and condi-
tions used for immunoblotting are listed in the Supplemental
Material.

Mass spectrometry analysis of Smc4 phosphorylation

To identify the Cdkl phosphorylation sites on Smc4, conden-
sin was immunopurified from protein extracts prepared from
cells arrested in metaphase using nocodazole. Liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) analysis was
performed on immunoprecipitated condensin, as described
previously (St-Pierre et al. 2009). An extended description of
all methods used in this study is provided in the Supplemental
Material.
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