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The cell cycle transition from interphase into mitosis is best characterized by the appearance of condensed

chromosomes that become microscopically visible as thread-like structures in nuclei. Biochemically, launching
the mitotic program requires the activation of the mitotic cyclin-dependent kinase Cdk1 (cyclin-dependent kinase
1), but whether and how Cdk1 triggers chromosome assembly at mitotic entry are not well understood. Here we

report that mitotic chromosome assembly in prophase depends on Cdkl-mediated phosphorylation of the
condensin II complex. We identified Thr 1415 of the CAP-D3 subunit as a Cdk1 phosphorylation site, which
proved crucial as it was required for the Polo kinase Plk1 (Polo-like kinase 1) to localize to chromosome axes
through binding to CAP-D3 and thereby hyperphosphorylate the condensin IT complex. Live-cell imaging analysis
of cells carrying nonphosphorylatable CAP-D3 mutants in place of endogenous protein suggested that phos-
phorylation of Thr 1415 is required for timely chromosome condensation during prophase, and that the Plk1-
mediated phosphorylation of condensin II facilitates its ability to assemble chromosomes properly. These
observations provide an explanation for how Cdk1 induces chromosome assembly in cells entering mitosis, and
underscore the significance of the cooperative action of Plkl with Cdk1.
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Cells pass their genome from one to the next by forming
mitotic chromosomes that become discernible as cells
divide. Such large-scale reorganization of chromatin
fibers into mitotic chromosomes depends on chromo-
some condensation and dissociation of sister chromatid
cohesion. These two processes, together constituting
mitotic chromosome assembly, initiate in prophase and
are thought to ensure the correct orientation of chromo-
somes on the mitotic spindle and the faithful separation
of sister chromatids in anaphase. The mitotic cyclin-
dependent kinase 1 (Cdkl) has a fundamental function
to drive cells into mitosis, as cells, in principle, do not
initiate the mitotic entry program in the absence of Cdk1
activity (Nurse 1990; Nigg 1995). Despite its undisputed
role in inducing the mitotic program, surprisingly few
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substrates for Cdkl have been identified to date. Thus,
finding direct substrates for Cdk1 in this context continues
to be a major challenge in order to elucidate the molecular
mechanisms underlying morphological changes as cells
enter mitosis, including chromosome assembly.

Mitotic chromosome assembly is mediated primarily
through the activity of Smc (structural maintenance of
chromosomes) protein complexes called condensins (for
review, see Hirano 2005; Nasmyth and Haering 2005).
Two classes of condensin complex, termed condensin I
and II, have been identified in metazoans that share the
core two ATPases—Smc2 and Smc 4 (also known as CAP-E
and CAP-C, respectively}—and contain different, yet
related, sets of non-Smc subunits. In human cells, non-
Smc subunits of condensin I include CAP-D2, CAP-G,
and CAP-H (also known as Kleisin-y), and the respective
counterparts in the condensin II complex are called CAP-
D3, CAP-G2, and CAP-H2 (also known as Kleisin-8) (Ono
et al. 2003; Yeong et al. 2003). Despite these structural simi-
larities, condensin I and condensin I behave differently
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from each other and have distinct functions during
mitotic chromosome assembly (Hirota et al. 2004; Ono
et al. 2004). Condensin I localizes in the cytoplasm until
the nuclear envelope breakdown (NEBD), and gains access
to chromosomes thereafter to confer physical properties
to chromosomes required to withstand spindle-pulling
forces (Gerlich et al. 2006). Condensin II, in contrast,
localizes in the nucleus and thus can accumulate at chro-
mosome axes from early stages of prophase. Consistent
with this observation, the activity of condensin II is in-
dispensable to initiate chromosome condensation in pro-
phase (Hirota et al. 2004; Ono et al. 2004).

The activity of condensin is stimulated during mitosis
when condensin subunits are phosphorylated (for review,
see Hirano 2009). Seminal experiments using frog egg
extracts showed that the activity of condensin, quantified
by measuring its ability to induce supercoils into DNA
substrates, is stimulated during mitosis when condensin I
subunits are phosphorylated by Cdkl (Kimura et al.
1998). The requirement of another major mitotic kinase,
Aurora B, for the association of condensin I to chromo-
somes is widespread in metazoans (Giet and Glover 2001;
Hagstrom et al. 2002; Kaitna et al. 2002; Petersen and
Hagan 2003; Lipp et al. 2007; Takemoto et al. 2007).
Similarly, in budding yeast, whose single class of conden-
sin is structurally related to vertebrate condensin I, con-
densin is phosphorylated by the Aurora kinase Ipl1 (Lavoie
et al. 2004). Moreover, in this organism, the Polo kinase
Cdc5 has been found recently to phosphorylate condensin
and promote supercoiling activity and chromosome con-
densation in anaphase (St-Pierre et al. 2009). In contrast to
what had been unraveled for condensin I regulation, it is
largely unknown how condensin II is controlled, however.

What are the mechanisms that drive condensation of
the duplicated chromosomes as the cell enters mitosis?
Because condensin II is the only chromosomal compo-
nent that is known to be essential for timely chromosome
condensation in prophase (Hirota et al. 2004; Ono et al.
2004), elucidating the regulation of condensin II would
provide a clue to this long-standing question. Here we
described that chromosome condensation in prophase de-
pends on Cdkl-mediated phosphorylation of the CAP-D3
subunit of condensin II. We found that Cdk1 phosphoryla-
tion of the Thr 1415 residue allows Plk1 (Polo-like kinase
1) recruitment to CAP-D3 and the chromosomal axis,
which then propagates phosphorylation of the whole
condensin II complex. Replacement of endogenous CAP-
D3 by nonphosphorylatable mutants indicated that the
phosphorylation of Thr 1415 triggers chromosome conden-
sation in prophase and stimulates condensin II-mediated
assembly of chromosomes. Defining CAP-D3 as a physio-
logical substrate of Cdk1 provides a molecular explanation
for how Cdk1 triggers mitotic chromosome assembly.

Results

PIk1 binds to the condensin II complex

To address how condensin II is regulated in mitosis, we
searched for proteins that bind to condensin II in mitotic
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cell extracts. Mass spectrometric analysis of immunopre-
cipitates using antibodies to the condensin II subunit
CAP-D3 identified the Polo kinase Plkl as a candidate
binding protein of condensin II. To validate this interac-
tion, we performed an immunoprecipitation assay using
different polyclonal antibodies to condensin II subunits.
All of the antibodies used immunoprecipitated Plkl as
well as condensin II components from mitotic cell
extracts (Supplemental Fig. 1A). Coimmunoprecipitation
of Plkl was seen more clearly when condensin II com-
plexes were purified from a mitotic chromosome-
enriched fraction, implying that the interaction occurs
predominantly on chromosomes (Fig. 1A).

One mode of interaction of Plkl with its binding
proteins is via a phospho-Ser/Thr-binding motif called
the polo-box domain (PBD) (Elia et al. 2003). To address
whether Plkl binds directly to condensin II—and, if so,
which of the condensin subunits binds to Plkl—the
condensin II complex purified from mitotic cell extracts
was subjected to Far-Western analysis using recombinant
PBD protein as a probe. We found a PBD signal on the
CAP-D3 protein but not on the other subunits (Fig. 1B).
The signal appeared to react specifically to a phosphory-
lated form of CAP-D3, which was revealed by retarded
electrophoretic mobility in a polyacrylamide gel (Yeong
et al. 2003; Lipp et al. 2007). Supporting this idea, this
binding of PBD was diminished when isolated condensin
II was pretreated with protein phosphatase (Fig. 1B).
These data suggested that Plkl binds directly to CAP-
D3 in a phosphorylation-dependent manner.

Mitotic phosphorylation of condensin II depends
on both Cdk1 and Plk1

It has been shown that non-Smc subunits of condensin are
phosphorylated in mitosis, some of which can be indicated
by their electromobility shifts (Fig. 1C; Yeong et al. 2003).
To be able to detect phosphorylated species more clearly,
we used a Phos-tag acrylamide gel mixture for SDS-PAGE,
which allowed us to differentiate the mobility shifts for all
condensin non-Smc subunits (Fig. 1D). We then addressed
which of the mitotic kinases are involved in the phosphor-
ylation of condensin II. We found that a 20-min pretreat-
ment of mitotic cells with a Cdk1 inhibitor abolished the
mitotic mobility retardation of both condensin I and
condensin II subunits. Plkl inhibition largely reversed the
mobility shifts for condensin I subunits. Among them, the
mitotic retardation of CAP-D3 was markedly suppressed
by Plkl1 inhibition, implying that hyperphosphorylation of
this protein depends on Plkl activity, but some shift-up
still remained, which appeared to depend on Cdk1 activity
(Supplemental Fig. 1B). In contrast, Plk] inhibition did not
detectably affect the mitotic mobility retardation for con-
densin I subunits (Fig. 1D). These experiments suggested
that mitotic phosphorylation of condensin II depends on
both Cdkl and Plkl. Consistent with this idea, a large-
scale proteomic analysis has recently found condensin II
subunits as Plk1 substrates (Santamaria et al. 2011).

To investigate how these kinases are involved in
regulating condensin II, we first generated cell lines that
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Figure 1. Regulation of condensin II in mitosis. (A) Immunoprecipitation of Plkl with condensin II. Condensin II components were
immunoprecipitated from a chromosome-enriched fraction prepared from mitotic cell extracts using either of two different antibodies
to CAP-D3 (#1 or #2), CAP-G2, CAP-H2, or nonimmune IgG as a control, and resulting precipitates (IP) were analyzed by
immunoblotting with the antibodies indicated. Note that none of the condensin I subunits copurified with the condensin II complex,
discounting the possibility that the interaction between condensin II and Plk1 is mediated indirectly by DNA. (B) Plk1 binds directly to
CAP-D3 in a phosphorylation-dependent manner. Immunoprecipitates with either control or CAP-D3 antibodies from mitotic cell
extracts were incubated with or without phosphatase (PPase), and were analyzed by immunoblotting with indicated antibodies (left
panel) and Far-Western blotting with PBD (right panel). (C) Detection of CAP-D3 phosphorylation in mitotic cell extracts. Synchronized
cell populations were analyzed by immunoblotting at the indicated times after the release from thymidine arrest (i.e., early S phase)
(lanes 1-6) or nocodazole arrest (i.e., mitosis) (lanes 7,8). As reported previously (Yeong et al. 2003; Lipp et al. 2007), slowly migrating
bands of CAP-D3 were detected specifically during mitosis, but little retardation was detectable for CAP-G2 and CAP-H2. (D) Mitotic
phosphorylation of condensin IT depends on Cdk1 and Plkl. Thymidine-arrested interphase cells (lane 1), nocodazole-arrested mitotic
cells (lane 2), a Cdk1 inhibitor RO3306-treated nocodazole-arrested mitotic cell (lane 3), or a Plk1 inhibitor BI2536-treated nocodazole-
arrested mitotic cell (lane 4) were analyzed by immunoblotting for condensin subunits. The mobility shifts for Cdc27 verify that these
pretreatments efficiently abolished the activities of the targeted kinases in mitotic cells (Kraft et al. 2003).

express GFP-tagged CAP-D3 at physiological levels, we performed mass spectrometric analysis of immuno-
which appeared to possess tested properties of the endog- purified CAP-D3 from mitotic cells (Supplemental Fig. 3).
enous protein (Supplemental Fig. 2A-C). We could also Among the phosphorylated residues suggested, Ser 1329
show that the GFP-tagged protein is functional, as the cell and Thr 1415 were found to meet the consensus of the
line expressing GFP-CAP-D3 showed a rescue of pheno- PBD-binding motif.

typic defects observed after suppression of the endoge- In human CAP-D3, there are three sites in total that
nous gene by RNAI in analyses below. The finding that meet the PBD-binding motif, including the above two. To
the association of Plkl with CAP-D3 requires phosphor- address whether any of these candidate sites are involved
ylation of CAP-D3 led us to predict that CAP-D3 contains in the interaction with Plk1, we generated cell lines that
the PBD-binding motif S-pS/pT-P (Elia et al. 2003). To express a series of GFP-tagged nonphosphorylatable mu-
obtain an objective picture of CAP-D3 phosphorylation, tants of full-length CAP-D3 by changing one of the
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candidate residues to alanine. By immunoprecipitation
assay, we found that the binding of Plkl was abolished
when Thr 1415 is mutated (Fig. 2A). Consistent with this
result, a Far-Western analysis revealed that the PBD
protein did not bind to the Thr 1415 mutant when the
others do (Fig. 2B). These results suggest that the binding
of P1k1 to CAP-D3 depends on the phosphorylation of Thr
1415. Interestingly, the Thr 1415 residue appears to be
conserved in higher eukaryotes, whereas the other two
candidate sites are not (Fig. 2C).

Because phosphorylation of CAP-D3 depends on both
Cdk1 and Plk1 (Fig. 1D), we thought one of these kinases
might mediate CAP-D3 Thr 1415 phosphorylation, as
these kinases are known to mediate phosphorylation of
the PBD-binding motif (Elia et al. 2003; Petronczki et al.
2008; Archambault and Glover 2009). Moreover, we
found that the amino acid sequence adjacent to Thr
1415 fits the consensus for Plkl, which led us to predict
the Ser 1419 site as a target of this kinase (Fig. 2C). To
address these possibilities, we generated recombinant
polypeptides that encompass these prospective phos-
pho-sites and used them as substrates for in vitro kinase
reactions. The phosphorylation of the peptide was readily
catalyzed by Cdkl/Cyclin B and Plkl. In these assays,
phosphorylation by Cdk1/Cyclin B was significantly sup-
pressed in a peptide bearing the T1415A substitution, and
phosphorylation by Plkl was suppressed in a S1419A

peptide, suggesting that Cdkl and Plkl can mediate
phosphorylation of CAP-D3 on the Thr 1415 and Ser
1419 residues, respectively (Fig. 2D). Notably, in addition
to Thr 1415, Ser 1419 or its equivalent site also seems to
be conserved (Fig. 2C).

Enrichment of PIk1 on chromosome axes

The biochemical analyses suggest that Plkl associates
with condensin II by binding directly to CAP-D3. To
address at which subcellular region this interaction might
occur, we revisited the localization of Plkl by immuno-
fluoresence microscopy using monoclonal antibodies to
Plk1, the specificity of which was verified by staining the
Plkl-depleted cells with the same antibodies (Supple-
mental Fig. 4A-C). In addition to the characteristic lo-
calization of Plk1 at kinetochores and the central spindle,
enrichment of Plkl was evident on chromosomal axes
during the early stages of mitosis (Fig. 3A), as suggested
previously (Santamaria et al. 2007). This localization of
Plkl on chromosome arms accordingly colocalized with
condensin II (Fig. 3C). Importantly, the localization of
Plk1 on chromosomal axes was perturbed in the absence
of CAP-D3, while its enrichment at kinetochores and the
central spindle was not affected (Fig. 3B). With a closer
inspection of chromosome spread preparations, the en-
richment of Plk1 to chromosome axes was unambiguously

A B Figure 2. Identification of phosphorylation sites on
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proteins were immunoprecipitated (top panel) and
analyzed by Far-Western analysis with PBD (bottom
panel). Note that, like the endogenous protein, GFP-
CAP-D3 can be detected as two major bands in
mitotic extracts from the wild-type and S729A and
S1329A mutant cells, but not the T1415A cells. (C)

A PBD-binding motif in CAP-D3. Among three
candidate sites, Thr 1415 and Ser 1419 fall within

a PBD-binding motif (boxed) and the Plkl consensus
phosphorylation site (color-coded), respectively.
Equivalent regions from orthologous proteins from
different species are aligned, highlighting the evolu-
tionary conservation of these motifs. The numbers
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equivalent threonine (bold) in the full amino acid
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respectively, in vitro. A series of polypeptides corre-
sponding to a partial fragment of CAP-D3 that

encompasses the prospective phosphorylation sites
were incubated with mock (control), Cdk1l/Cyclin B,

or Plkl. (Top panels) Incorporation of 3*P was detected by autoradiography. (Bottom panels) Coomassie Brilliant Blue staining (CBB|

verifies that equivalent amounts of substrate appear in each lane
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Figure 3. Enrichment of Plkl on chromosomal
axes. (A) Localization of Plk1 by immunofluores-
cence microscopy. Exponentially growing HeLa
cells were fixed with methanol, incubated with
antibodies to Plkl, and labeled with an Alexa
fluorescent dye (red). DNA was stained with
DAPI (green). Representative cells in interphase,
prophase, prometaphase, metaphase, anaphase,
and telophase are shown. Note the chromosome
axial staining with Plkl antibodies in prometa-
phase and metaphase (arrowheads). Bar, 10 pm.
(B) Enrichment of Plkl on chromosome axes is
lost in the absence of CAP-D3. Cells depleted of
CAP-D3 were processed for immunofluorescence
microscopy as in A. Note that Plkl signals on
chromosome axes are displaced (arrowheads),
while the other localizations are preserved. (C)
Colocalization of Plkl with CAP-D3. Wild-type
GFP-CAP-D3-expressing cells were fixed and
stained with Plk1 antibodies. Both CAP-D3 (right
bottom panel; green in top merged panels) and
Plk1 (left bottom panel; red in top merged panels)
signals are visible on chromosome axes. (D) En-
richment of Plk1 at chromosome axes depends on
condensin II but not condensin I. Chromosome
spread samples prepared from mitotic cells that
had been depleted of CAP-D2, CAP-D3, or mock
(control) were fixed and stained for Plkl with
either condensin I (CAP-H) or condensin II
(CAP-D3), as indicated. Quantification of fluores-
cence intensities for Plkl signals is shown in

telophase

Plk1 Condensin

Plk1 DAPI

seen and abolished in CAP-D3-depleted cells but not in
cells depleted of a condensin I subunit, CAP-D2 (Fig. 3D).

To address whether this CAP-D3-dependent chromo-
somal axis localization of Plk1 requires phosphorylation at
Thr 1415, as the above biochemical assays suggested (Fig.
2), we generated a series of cell lines that stably express
GFP-tagged nonphosphorylatable alanine mutants, and
depleted endogenous CAP-D3 proteins from those cells.
The immunoblot analysis of cell extracts showed that the
endogenous protein was largely replaced with GFP-tagged
CAP-D3 for each cell line (Fig. 4A). Under these condi-
tions, we found that the chromosomal axis-enriched Plk1
became undetectable in T1415A-replaced cells, whereas
wild-type-replaced or S1419A-replaced cells retained the
axial PIkl staining (Fig. 4B, arrowheads). These findings
were further confirmed by immunofluoresence micros-
copy of spread chromosomes (Fig. 4C).

Supplemental Figure 5A.

Regulation of CAP-D3 phosphorylation in vivo

Thus, the recruitment of Plkl to chromosomal axes
depends on the binding to CAP-D3, and crucial to this
is the phosphorylation of this subunit on the Thr 1415
residue. To elucidate the regulation of CAP-D3 phosphor-
ylation in vivo, we generated antibodies named pT1415
and pS1419, which can primarily recognize CAP-D3
when Thr 1415 or Ser 1419 residues are phosphorylated,
respectively. Using these antibodies for immunoblot anal-
yses, we found two phosphorylated species of CAP-D3 in
mitotic cell extract; phosphorylation at Thr 1415 is seen in
both bands, whereas phosphorylation at Ser 1419 contrib-
utes only in the upper band; i.e., the hyperphosphorylated
form (Fig. 4D). As generation of the hyperphosphorylated
form of CAP-D3 depends on the Plkl activity (Fig. 1D),
this finding implies that Ser 1419 is a phospho-site of P1k1.
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Figure 4. Mitotic phosphorylation of CAP-
D3 on Thr 1415 and Ser 1419. (A) Replace-
ment of endogenous CAP-D3 protein with
GFP-tagged CAP-D3 proteins. HeLa cells
that stably express GFP-tagged GFP-D3,
either wild-type (WT) or the nonphosphor-
ylatable mutant for Thr 1415 (T1415A) or
Ser 1419 (S1419A), were generated. Expres-
sion of endogenous CAP-D3 was suppressed
by RNAI designed to target the untranslated
region of the gene. Interphase cell extracts
were analyzed by immunoblotting for the
amount of endogenous CAP-D3 (bottom
bands) and GFP-CAP-D3 (top bands). (B)
Delocalization of Plkl from chromosome
axes in T1415A-replaced cells. Wild-type-
replaced, T1415A-replaced, or S1419A-
replaced cells were fixed and stained with
Plk1 antibodies (red). DNA was stained with
DAPI (green). Representative prometaphase
cells are shown. Note that T1415A and
S1419A were both found enriched at chro-
mosomal axes at levels comparable with the
wild-type version, which discounts the pos-
sibility that these phosphorylations have
a major role in the chromosomal association
of condensin II. (C) Enrichment of Plkl at
chromosome axes is perturbed in T1415A-
replaced cells. Fixed chromosome spread
samples prepared from mitotic cells that
had been replaced with the indicated ver-
sion of CAP-D3 were stained with Plkl
antibodies. Quantification of fluorescence
intensities for Plkl signals is shown in
Supplemental Figure 5B. (D) Generation of
phospho-specific CAP-D3 antibodies. Total
extracts of nocodazole-arrested cells treated
with either mock (control) or CAP-D3 RNAi

replaced

telophase

were subjected to immunoblotting by pT1415 or pS1419 antibodies. Note that two major pT1415 reactive bands and one major pS1419
reactive band (as denoted on the left side) are diminished in CAP-D3-depleted cells. Bands that do not disappear after CAP-D3 depletion
are nonspecific reactive proteins (a band marked by an asterisk, for example). Specific reactivity to phospho-sites and mitotic forms are
later shown in Supplemental Figure 6, A and B, respectively. (E) Timing of CAP-D3 Thr 1415 phosphorylation during mitotic
progression. Fixed HeLa cells were stained with pT1415 antibodies and labeled with an Alexa dye (red). DNA was stained with DAPI
(green). Representative pictures of interphase, prophase, prometaphase, metaphase, and early and late anaphases are shown. Bar, 10 pm.

For p1419 staining, see Supplemental Figure 6B.

Immunofluoresence microscopy using pT1415 and
pS1419 demonstrated that these modifications take place
specifically in mitosis, from prophase to early anaphase
(Fig. 4E; Supplemental Fig. 6B). The finding that phos-
phorylation of Thr 1415 induces Plkl to bind CAP-D3
raises the possibility that phosphorylation of Ser 1419 is
facilitated by CAP-D3-bound Plk1. In line with this idea,
we noticed that the chromosome staining with pS1419
antibodies is diminished in T1415A-replaced cells (Fig.
5A). Immunoblotting analysis also suggested that the
levels of Ser 1419 phosphorylation were reduced with-
out Thr 1415 phosphorylation (Fig. 5B, lane 14; Supple-
mental Fig. 6B, lane 8). These data support the notion that
phosphorylation of Ser 1419 is efficiently catalyzed by
CAP-D3-bound PIk1. In this experiment, we also noticed
that the hyperphosphorylation of CAP-D3 is suppressed
in T1415A-replaced cells (Fig. 5B, lane 4; Supplemental
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Fig. 6B, lane 2), suggesting that phosphorylation of Thr
1415 is required for hyperphosphorylation of CAP-D3.
Moreover, the finding that S1419A has little effect on
hyperphosphorylation of CAP-D3 implies the existence
of other Plkl-mediated phospho-sites (Fig. 5B, lane 5).

Phosphorylation of CAP-D3 Thr 1415 triggers full
phosphorylation of condensin IT

As the other condensin I subunits, CAP-G2 and CAP-H2,
undergo Plkl-dependent phosphorylation (Fig. 1D), we
asked whether phosphorylation of these subunits also
relies on Thr 1415 phosphorylation (Fig. 6A). In mitotic
extracts, CAP-G2 can be detected as two major bands, the
upper being the hyperphosphorylated form (Figs. 1D, 6A
[cf. lanes 1 and 2]). We found that the upper band was
decreased in T1415A-replaced cells (Fig. 6A, lane 8), as in
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Figure 5. Hyperphosphorylation of CAP-D3
depends on CAP-D3-bound Plkl1. (A) Reduced
levels of Ser 1419 phosphorylation in
T1415A-replaced cells. Cells in which endog-
enous CAP-D3 was replaced by either wild-
type (top panels), T1415A (middle panels), or
S1419A (bottom panels) forms of GFP-CAP-
D3 were fixed and stained with pT1415 or
pS1419 antibodies. Note that pS1419 anti-
bodies cross-react with an unidentified epi-
tope at centrosomes, seen as two marked dots
that do not disappear after depletion of CAP-
D3. Quantification of fluorescence intensities
is summarized in Supplemental Figure 5, C
and D. (B) Regulation of Thr 1415 and Ser
1419 phosphorylation. (First two lanes of each
panel) Two species with different phosphory-
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CAP-D3 CAP-D3 pT1415 pS1419

cells depleted of CAP-D3 or Plkl (Fig. 6A, lanes 3,4).
Likewise, the mitotic mobility retardation of CAP-H2
was mostly abolished in these three conditions (Fig. 6A,
lanes 3,4,8). These results suggest that Plkl bound to
CAP-D3 facilitates hyperphosphorylation of all of the
non-Smc subunits of condensin II. Of note, threonine
residues in the C-terminal region of condensin I subunit
CAP-D2 have been identified as a mitotic phosphoryla-
tion target of Cdkl in frog extracts (Kimura et al. 1998).
However, CAP-D2 does not seem to participate in
recruiting Plk1, as depletion of CAP-D2 did not displace
Plk1 from chromosomal axes (Fig. 3D).

Having been able to detect phosphorylations on CAP-
D3 in vivo, we wished to identify the kinases involved. A
20-min pretreatment of mitotic cells with a Cdkl in-
hibitor abolished phosphorylation of Thr 1415, and pre-
treatment with a Plkl inhibitor reversed Ser 1419 phos-
phorylation (Fig. 6B). Together with in vitro experiments
(Fig. 2), these results suggest that phosphorylation of Thr
1415 and Ser 1419 depends primarily on Cdkl1 and Plk1,
respectively. The Ser 1419 phosphorylation was also
reversed by inhibiting Cdkl (Fig. 6B), consistent with
the idea that phosphorylation of Thr 1415 is a crucial step
to induce further Plkl-mediated phosphorylation of con-
densin II. Based on these observations, we propose that
the Cdkl-mediated phosphorylation of CAP-D3 Thr 1415
creates a binding module for the PBD, and CAP-D3-bound
Plkl further promotes hyperphosphorylation of the
whole condensin II complex, including CAP-D3 itself
(Fig. 6C).

CAP-D3 are positioned on the right side.
Asterisks mark nonspecific bands, which do
not appear in immunopurified GFP-CAP-D3
samples (Supplemental Fig. 6A).

Phosphorylation stimulates the activity of condensin I1

Finally, to investigate the consequences of condensin II
phosphorylation, we carried out live-cell imaging analy-
sis and monitored the behavior of chromosomes during
mitotic progression (Fig. 7A,B). Similar to previous stud-
ies (Hirota et al. 2004; Ono et al. 2004), the initial phase
of chromosome condensation typically became discern-
ible ~15 min before NEBD and progressed during pro-
phase. In CAP-D3-depleted cells, the condensation was
delayed and appeared only a few minutes before NEBD.
This defective chromosome condensation in prophase
after CAP-D3 depletion was recovered by expressing
wild-type CAP-D3. In contrast, the T1415A mutant failed
to rescue the defect; cells largely lacked chromosome
condensation during prophase, when it arose shortly
before NEBD, as seen in CAP-D3-depleted cells.

To supplement these observations in live cells, we ad-
ditionally assessed the extent of chromosome condensa-
tion in fixed-cell preparations. As shown previously (Hirota
et al. 2004), inactivation of condensin II by CAP-D3 de-
pletion caused a strong reduction in chromosome conden-
sation in prophase. This reduction was sufficiently recov-
ered by expressing either wild-type CAP-D3 or the S1419A
mutant, but not the T1415A mutant (Supplemental Fig. 7).
These experiments indicate that CAP-D3 phosphorylation
at Thr 1415 is a key modification for condensin II to initiate
chromosome condensation in prophase.

One chromosome morphology related to condensin II
depletion is known as “curly” chromosomes (Ono et al.
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Figure 6. Cdkl-mediated phosphorylation
of Thr 1415 is required for the full phos-
phorylation of condensin II. (A) Mitotic
phosphorylation of non-Smc subunits of
condensin II is perturbed in the T1415A
mutant. Mitotic cell extracts prepared from
indicated cell lines, with or without RNAi
to Plkl or to CAP-D3, were analyzed with
the antibodies to condensin subunits. Pa-
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Note that changes in phosphorylation
levels, as seen for condensin II subunits,
are not readily detectable for condensin I
subunits. (B) Phosphorylation of Thr 1415
and Ser 1419 depends primarily on Cdkl
and Plkl1, respectively. Total cell extracts
were prepared from thymidine-arrested
interphase cells (lane 1) or nocodazole-
arrested mitotic cells (lanes 2-4) in which
the activity of Cdkl or Plkl is inhibited by
RO3306 or BI2536 treatment, respectively
(lanes 3,4), and were analyzed by immuno-
blotting using the antibodies indicated.
Note that pT1415 and pS1419 antibodies
can hardly detect CAP-D3 protein in in-
terphase cells (cf. lanes 1 and 2), indicating
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2003). This characteristic structural change, emerging
after treating cells with a hypotonic condition, is thought
to reflect an improper chromosome assembly in the ab-
sence of condensin II. We found that 50% of the T1415A-
replaced cells had chromosomes with the typical curly
change, whereas in control wild-type-replaced cells, only
15% were affected. Importantly, 27% of the S1419A-
replaced cells were found to have curly chromosomes,
which implies that the Plkl-mediated phosphorylation of
CAP-D3 is directly involved in mitotic chromosome
assembly (Fig. 7D,E). Concomitantly, we found that
T1415A-replaced cells were more susceptible to chromo-
some segregation failure than controls, as revealed by
increased incidence of bridging or lagging chromosomes
(Fig. 7C; Ono et al. 2004; Gerlich et al. 2006). The increased
frequency of these errors was also seen in S1419A-replaced
cells (Fig. 7C).

These results are consistent with the notion that
phosphorylation of Thr 1415 and subsequent Plk1l-medi-
ated phosphorylation of CAP-D3 are essential for con-
densin II's function to properly assemble chromosomes
and prevent segregation errors. Unlike T1415A-replaced
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S1419A

¢ phosphorylation

the specific reactivity of these antibodies to
mitotic phosphorylated forms. (C) Illustra-
tions depicting how condensin II complex is
phosphorylated in mitosis, and how phos-
phorylations are affected in the T1415A and
S1419A mutants. The model predicts the
crucial role of Cdkl in phosphorylating
CAP-D3 at Thr 1415, which triggers the full
phosphorylation of the condensin II com-
plex, and explains why the phosphorylation
levels are markedly decreased in T1415A-
replaced but not S1419A-replaced cells.

cells, however, S1419A-replaced cells did not reveal overt
defects in chromosome condensation in prophase (Fig.
7A,B; Supplemental Fig. 7). We suspect that this is be-
cause defects in chromosome condensation in prophase
cells lacking a single Plkl phosphorylation site were
beyond the detection level of the light microscope. As
Ser 1419 phosphorylation seems to already appear in
prophase (Supplemental Fig. 6B), it is possible that chro-
mosome assembly in prophase involves Plkl-mediated
phosphorylation of condensin II.

Discussion

CAP-D3 phosphorylation at Thr 1415 is crucial
for condensin II function

Mitotic chromosome assembly in prophase was largely
suppressed in Thr 1415 nonphosphorylatable mutant
cells, which indicates a key role of CAP-D3 phosphory-
lation on this particular site for the function of condensin
II. In eukaryotic cells whose nuclear envelopes disas-
semble in mitosis, chromosome condensation seems to
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Figure 7. Nonphosphorylatable CAP-D3
mutants defective in mitotic functions of
condensin II. (A) Analysis of the initial
phases of chromosome condensation in live
cells. Prophase image sequences were aligned
on the time axis according to time before
NEBD, which is defined by loss of a defined
nuclear boundary. Bar, 5 pm. (B) Quantifica-
tion of chromosome condensation in pro-
phase. Time (minutes before NEBD) when
chromosome condensation first became rec-
ognizable was scored and plotted for the
indicated live-cell recordings. (C) Analysis
of defective chromosome segregation in ana-
phase in nonphosphorylatable CAP-D3 mu-
tants. During live-cell imaging analysis,
anaphase cells were assessed for the presence
of lagging and/or bridging chromosomes,
as exemplified in the panels on the right.
Mean = SD from three experiment replicates
(n = 20~30 cells per experiment) are shown
in the histogram. Similar results were
obtained in a fixed-cell analysis (Supplemen-
tal Fig. 8). (D) Examples of chromosome
spreads demonstrating normal (left panels)
or curly (right panels) appearance. Chromo-
some spreads were prepared from cells that
had been treated with a hypotonic buffer and
stained with CAP-H (a condensin I subunit)
antibodies (red). DNA was counterstained
with DAPI (green). (E) Abnormal curly
change of chromosomal axes in nonphos-
= 4 phorylatable CAP-D3 mutants. More than
100 cells per indicated condition were exam-
ined and scored based on their chromosomal
axis appearance (mean * SD).
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initiate universally in prophase; i.e., before the NEBD.
Our amino acid sequence conservation analysis identified
a PBD-binding motif in conjunction with an adjacent
prospective phospho-site in the C-terminal region of
CAP-D3 protein in mammals as well as in worms and
flies (Fig. 2C), but not in the budding/fission yeast CAP-
D3 counterparts Ycs4/Cndl. An attractive hypothesis
would be, therefore, that CAP-D3 phosphorylation at
Thr 1415 or the equivalent site plays an essential role
in activating condensin II, and thereby triggers chromo-
some condensation in prophase in all eukaryotes un-
dergoing open mitosis.

In addition to the defective chromosome condensation
in prophase, we found that chromosomes in the Thr 1415
mutant cells often reveal a curly appearance of chromo-

replaced

somal axes and an increasing rate of chromosome segre-
gation failure (Fig. 7). Taking into account a FRAP exper-
iment that indicated that condensin II complexes bind
stably to chromosomes throughout mitosis (Gerlich et al.
2006), condensin II complexes bearing the T1415A mu-
tant possibly stay on chromosomes throughout mitosis
once they are loaded during prophase. If so, we consider it
plausible that the chromosomal phenotypes after NEBD
are causally related to condensin II’s inability to induce
chromosome condensation in prophase.

How does phosphorylation regulate condensin II?

How might phosphorylation at Thr 1415 mechanisti-
cally stimulate the activity of condensin II? The mass
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spectrometric analysis pointed out multiple phospho-
sites on CAP-D3, and thus Thr 1415 would not be the
only residue that is phosphorylated by Cdkl; still, our
findings identify it as a key site that promotes further
phosphorylation of the condensin I complex by Plk1. The
Polo kinase-mediated phosphorylation of condensin has
been shown to stimulate its supercoiling activity in
budding yeast (St-Pierre et al. 2009). Thus, there is a pre-
cedent for the regulation of condensin via Plkl-mediated
phosphorylation, and this mechanism may be conserved
through evolution for the regulation of condensin II
Supporting this possibility, the S1419A mutation per-
turbed the ability of condensin II to induce mitotic
chromosome assembly properly (Fig. 7C-E; Supplemental
Fig. 8).

It is important to point out, however, that identifica-
tion of Plk1 as a kinase for condensin II does not discount
the possibility that phosphorylation by Cdkl per se
contributes to the activation of condensin II, as was
originally proposed for condensin I (Kimura et al. 1998).
The fact that chromosome condensation takes place
before the NEBD in cells depleted of Plk1 activity (Lenart
et al. 2007) allows us to hypothesize that phosphorylation
of Cdk1 itself can stimulate the activity of condensin II,
at least to some extent. Consistent with this view, in
yeast, phosphorylation by Cdk1 alone can partially stim-
ulate the ability of condensin to induce supercoils
(St-Pierre et al. 2009).

Analogous to condensin I, phosphorylation of conden-
sin II might mediate the chromosomal localization of
condensin II. However, we noticed that the nonphosphor-
ylatable CAP-D3 mutants T1415A and S1419A were both
found enriched at chromosome axes at levels comparable
with the wild-type version (Fig. 4B), precluding the pos-
sibility that these phosphorylations by Cdkl and Plkl
have a major role in the chromosomal association of
condensin II. This interpretation is also consistent with
the recent finding that chromosomal targeting of con-
densin II is mediated through the action of PP2A
(Takemoto et al. 2009). Thus, instead of controlling the
localization, we propose that the phosphorylation stim-
ulates the activity of condensin II to promote mitotic
chromosome assembly.

Enrichment of Plk1 at chromosome axes

A prominent feature of P1k1 is that this kinase changes its
localization to various cellular structures during mitotic
progression (including centrosomes, kinetochores, and
the central spindle), which appears to be important to
conduct specific functions at the right place (for review,
see Petronczki et al. 2008; Archambault and Glover
2009). Our data are consistent with the model that Plkl
is recruited to chromosome axes along chromosome arms
by binding to CAP-D3, and that CAP-D3-bound Plkl
further mediates phosphorylation of condensin II sub-
units. An obvious follow-up question is to ask whether
the range of P1k1 activities is confined to the condensin II
complex, or whether it can also promote phosphorylation
of other chromosomal proteins. Surprisingly, when elec-
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trophoretic mobility retardation is used as a readout for
protein phosphorylation, Plk1 does not seem to act on the
closely related complex condensin I (Fig. 1D), which also
localizes at chromosome axes, but this might simply be
because condensin I is not a substrate for Plkl1.

It would be interesting to find out next whether topo-
isomerase Ila is controlled by the chromosomal axis-
enriched Plkl, as this enzyme becomes enriched at
chromosome axes in prophase to promote chromosome
assembly (Gimenez-Abian et al. 1995) and is found
to undergo Plkl-dependent mitotic phosphorylation
(Santamaria et al. 2011). However, we speculate that the
function of topoisomerase Ila to shorten chromatid
lengths is not directly regulated by Plkl on axes because
we have never seen that condensin II depletion, a condi-
tion that displaces Plk1 from chromosome axis, resulted
in abnormally long chromosomes (Hirota et al. 2004).
These observations support the view that Plk1 has a very
special mode of action in that it requires physical binding
to its substrates to ensure efficient phosphorylation, and
therefore the activity of the kinase can, in principle, reach
to its bound protein or the protein complex to which Plk1
is bound. Such confined action of Plk1 contrasts with the
properties of other mitotic kinases.

Plk1 has been implicated in the phosphorylation of the
cohesin complex during the so-called “prophase path-
way,” the mechanism that removes cohesin complexes
from chromosome arms in prophase (Losada et al. 2002;
Sumara et al. 2002). An interesting question to ask is
whether cohesin complexes enriched in between sister
chromatids are targeted by CAP-D3-bound Plkl. How-
ever, the prophase pathway seems to be intact in cases in
which Plk1 had been depleted or displaced from chromo-
some axes, because both dissociations of sister chromatid
cohesion between chromosome arms seem to proceed
normally under those conditions (Supplemental Fig. 9).
How might Plkl then act on cohesin on chromosome
arms? Having found the confined action of Plkl to
condensin II, we consider it possible that Cdk1 phosphor-
ylates one of the cohesin subunits and recruits Plkl,
which enables an efficient phosphorylation of the cohesin
complex. This hypothesis would provide an intriguing
view of how Cdk1 activity promotes dissociation of sister
chromatid cohesion on the chromosome arms, which
proceeds in parallel to chromosome condensation in cells
entering mitosis.

Materials and methods

Antibodies

Polyclonal rabbit antibodies to condensin complexes were raised
by immunizing two peptides in combination for each subunit, as
follows: CAP-D3 (CTKRAISTPEKSISD [corresponding amino
acid sequence number 1409-1422] and CSRRSLRKTPLKTAN
[1484-1498]), CAP-D2 (EFHLPLSPEELLKSC [7-20] and CTTPIL
RASARRHR [1388-1400]), CAP-H2 (CRTNVDLKNDQTPSE
[78-91] and CKREQTYAAPSMAQP [543-556]), CAP-G2 (CGED
NMETEHGSKMR [77-90] and CYESSSRTLGELLNS [1130-
1143)), Smc4 (AGEKILGPFHKRFSC [10-24] and VAVNPKEIAS
KGLC [1189-1202]). The resulting antisera were affinity-purified



against the peptides used for immunization. Antibodies to Smc2
and CAP-H were generously provided by Jan-Michael Peters (Re-
search Institute of Molecular Pathology, Vienna), and CAP-G is
published in Nakajima et al. (2007) . The phospho-specific anti-
bodies pT1415 and pS1419 were raised against synthetic phospho-
peptides CTKRAIS(pT)PEKSISDVTF and CTPEK(pSJISDVT, re-
spectively, in rabbits. The resulting antisera were subjected to
sequential affinity purification on phospho-peptide and non-
phospho-peptide columns. The following monoclonal mouse
antibodies were used: Plkl (F8, Santa Cruz Biotechnology),
Cyclin Bl (clone 18, BD Biosciences), a-tubulin (B512, Sigma),
GFP (G1544, Sigma), Cdc27 (clone 35, BD Biosciences).

Immunoblot and Far-Western analyses

Cells were extracted in a buffer consisting of 20 mM Tris-HCI
(pH 7.4), 100 mM NaCl, 20 mM B-glycerophosphate, 5 mM
MgCl,, 0.1% Triton X-100, 10% glycerol, and 1 mM DTT,
supplemented with a cocktail of protease inhibitors (Complete
Mini EDTA-free, Roche Diagnostics). When looking for electro-
phoretic mobility shifts, extraction was performed in the pres-
ence of 100 nM okadaic acid, 2 mM NazVOy,, and 10 mM NaF. To
control the protein amount loaded per lane, total protein
concentration of cell lysates was measured by the Bradford
method (Protein Assay System, Bio-Rad Laboratories). Immuno-
blotting was performed as described previously (Nakajima et al.
2007). The recombinant PBD protein was purified from bacteria
expressing a GST-fused C-terminal fragment of Plkl (spanning
amino acid residues 305-903) that contains the PBD. Far-Western
assays were performed with the recombinant GST-PBD protein
(20 pg/mL) in Tris-buffered saline (TBS) containing 1% skim milk
and 0.01% Triton X-100 for 3 h at 4°C, followed by detection of
bound proteins with monoclonal Plk1 antibodies that recognize
its C-terminal fragment.

Immunoprecipitation

Mitotic cells were lysed in immunoprecipitation buffer (20mM
Tris-HCl at pH 7.5, 150 mM NaCl, 20 mM B-glycerophosphate,
5 mM MgCl,, 0.1% NP-40, protease inhibitors [Complete Mini
EDTA-free, Roche], 1 mM DTT), supplemented with 100 nM
okadaic acid, 2 mM NazVO4;, 10 mM NaF, and 0.25 U/L
benzonase nuclease (Novagen), for 20 min on ice. Cell extracts,
after removing the insoluble fraction by centrifugation at 15,000
rpm for 30 min at 4°C, were used for immunoprecipitation.
Typically, 10 pL of protein A (Bio-Rad) or protein G-Sepharose
(GE Healthcare) beads coupled to antibodies were incubated with
cell extracts for 2 h at 4°C, then washed three times with im-
munoprecipitation buffer and three times with 0.05% TBS-
Tween20. Mass spectrometry was performed as described (Nozawa
et al. 2010). Dephosphorylation of immunoprecipitated condensin
was performed on beads using A-phosphatase (New England
Biolabs) in a buffer containing 50 mM Tris-HCI (pH 7.5), 0.1 mM
Na,EDTA, 5 mM DTT, and 2 mM MnCl, for 30 min at 30°C.

Cell synchronization, inhibitor treatment, and cell lines

HeLa cells were cultured and synchronized with a double-
thymidine block protocol as described previously (Nakajima
et al. 2007). Mitotic cells were shaken off and collected from
cell culture dishes that had been treated for 3 h with 50 ng/mL
nocodazole, which was added at a 6 h-time point after the release
from the second thymidine block. These mitotic cells were then
treated with 10 wM RO3306 (Roche) or with an equivalent
concentration of the solvent DMSO (mock) for 20 min before
being harvested for immunoblot analyses. To inhibit Plkl

How Cdk1 triggers chromosome assembly

activity, 100 nM BI2536 (Tocris) was added at the 6-h time point
with nocodazole. To generate cell lines that stably express
fluorescent-tagged proteins, plasmids encoding a series of
AcGFP-CAP-D3 were transfected using FuGENE 6 reagent
(Roche). Stably expressing cell clones were selected in a complete
medium containing 0.2 wg/mL puromycin and verified by
fluorescence microscopy and immunoblotting for the expression
of the tagged transgene.

RNAi

The sequences of the siRNAs were as follows: CAP-D3, 5-AGG
AAUUCAAGUUAACAGAGGCUUG-3’; Plk1, 5'-CGCCCAAC
CAUUAACGAGCUGCUUA-3'. The cells were transfected by
incubating 50 nM duplex siRNA with RNAi-MAX transfection
reagent (Invitrogen) in antibiotic-free growth medium. RNAi
treatment was performed concomitantly with the synchroniza-
tion with thymidine; the length of substantial transfections with
siRNA targeting CAP-D3 and Plkl was 48 h and 24 h, respec-
tively. For control transfections, the same annealing reaction
was set up using H,O instead of siRNA oligonucleotides.

In vitro phosphorylation

Recombinant GST-fused CAP-D3 fragments (amino acid se-
quence 1399-1429), including wild-type and mutants, were
expressed in bacteria BL21 and purified using glutathione beads,
and used as kinase substrates. Reactions were carried out for 30
min at 37°C in a kinase reaction buffer (5 mM MOPS at pH 7.2,
2.5 mM B-glycerolphosphate, 5 mM MgCl,, 1 mM EGTA,
0.4 mM EDTA, 100 ng/pL BSA, 10 mM DTT, 1 mM ATP,
1 pCi/pL [y->2P]ATP). The protein kinases used were recombi-
nant Cdk1/Cyclin B (Carna Bioscience) or Plkl (Cell Signaling
Technology). Phosphorylation of GST-fused CAP-D3 fragments
was detected by autoradiography.

Immunofluorescence microscopy

Cells grown on coverslips were fixed with ice-chilled 100%
methanol for 20 min at —20°C, or with 2% paraformaldehyde in
0.137 M sodium phosphate buffer (pH 7.4). In some cases, a pre-
extraction protocol was carried out for 2 min in 0.1% Triton
X-100-PBS, followed by a 3-min incubation in PBS before
fixation. Fixed cells were permeabilized with 0.2% Triton
X-100-PBS and incubated with 3% BSA/PBS for at least 1 h. In
some experiments, mitotic cells were shaken off, immersed in
a hypotonic buffer (PBS:distilled water = 2:3 solution) for 5 min,
and spun onto glass slides at 1000 rpm for 5 min using a cytospin
centrifuge (Shandon). Cells were incubated with the primary
antibodies overnight at room temperature, followed by incuba-
tion with secondary antibodies for 1 h. The secondary antibodies
used in this study were goat anti-rabbit IgG Alexa fluor 488 and
568, goat anti-mouse Alexa fluor 488 and 568, and goat anti-
human IgG Alexa fluor 568 (Molecular Probes). After a 5-min
incubation with 0.1 pg/mL 4’ ,6-diamidino-2-phenylindole
(DAPI), cells were mounted in Prolong Gold anti-fade mounting
reagent (Invitrogen). Images were acquired on a Zeiss Imager Z.1
microscope equipped with epifluorescence and a Photometrics
Cool Snap HQ CCD camera.

Live-cell imaging analysis

Cells were placed into CO,-independent medium without phe-
nol red (Gibco) on Lab-Tek chambered coverslips (Nunc), and the
chamber lids were sealed with silicone grease. Images were
captured every 2 min, with 100-msec exposure times, through
a 100%/1.40 NA Plan Apochromat oil objective lens mounted on
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an inverted microscope (IX-71; Olympus) equipped with a Cool
Snap HQ CCD camera (Photometrics). A series of projected
images of five Z-sections with 4.0-um intervals were analyzed.
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