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ABSTRACT Condensins are multisubunit complexes that play central roles in chromosome
organization and segregation in eukaryotes. Many eukaryotic species have two different con-
densin complexes (condensins | and Il), although some species, such as fungi, have condensin
I only. Here we use the red alga Cyanidioschyzon merolae as a model organism because it
represents the smallest and simplest organism that is predicted to possess both condensins |
and Il. We demonstrate that, despite the great evolutionary distance, spatiotemporal dynam-
ics of condensins in C. merolae is strikingly similar to that observed in mammalian cells: con-
densin Il is nuclear throughout the cell cycle, whereas condensin | appears on chromosomes
only after the nuclear envelope partially dissolves at prometaphase. Unlike in mammalian
cells, however, condensin Il is confined to centromeres in metaphase, whereas condensin |
distributes more broadly along arms. We firmly establish a targeted gene disruption tech-
nique in this organism and find, to our surprise, that condensin Il is not essential for mitosis
under laboratory growth conditions, although it plays a crucial role in facilitating sister cen-
tromere resolution in the presence of a microtubule drug. The results provide fundamental
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insights into the evolution of condensin-based chromosome architecture and dynamics.

INTRODUCTION

Chromosomes are the principal carrier of genetic information in all
living organisms. Despite such fundamental functions assigned to
chromosomes, their size and number in individual organisms are as-
tonishingly variable. For instance, the average chromosome length
in a eukaryotic species ranges from ~0.26 Mb (Encephalitozoon cu-
niculi, a parasitic fungus) to ~1800 Mb (Triturus cristatus, a newt). It is
therefore highly puzzling, as well as thought-provoking, how higher-
order architecture and dynamics of chromosomes might be
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regulated by an evolutionarily conserved set of protein components
whose sizes are not radically different from species to species.
Among the structural components constituting chromosomes,
condensins are of particular interest. Recent studies established that
this class of protein complexes plays central roles in chromosome
condensation and segregation during mitotic and meiotic cell divi-
sions (Cuylen and Haering, 2011; Hirano, 2012). The canonical con-
densin complex (condensin 1) is composed of five subunits, all of
which are conserved in all eukaryotes examined (Hirano et al., 1997,
Sutani et al., 1999). In contrast, when the second condensin com-
plex (condensin ) was first discovered from vertebrate cells (Ono
etal., 2003; Yeong et al., 2003), none of the corresponding subunits
specific to condensin Il was found in fungi. This observation lead to
the hypothesis that condensin Il might be a new invention in evolu-
tion that provided an additional level of organization and rigidity
with large chromosomes (Ono et al., 2003). This hypothesis turned
out to be wrong, however, based on sequencing of an ever-growing
number of eukaryotic genomes. It is now clear that the subunits of
both condensins | and Il are widely conserved among eukaryotes
(Hirano, 2012). The implication is that the last eukaryotic common
ancestor possessed both condensins | and Il and some species, such
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as fungi, lost condensin Il during evolution (Supplemental
Figure S1).

The notion that most eukaryotes have two different types of con-
densin complexes raises a number of fundamental questions in
chromosome biology. For example, why do two condensins exist?
Do they each have unique functions? How are they regulated, and
how do they work at a mechanistic level? Early studies in human tis-
sue culture cells demonstrated that condensins | and Il are subjected
to differential spatiotemporal regulation during the cell cycle and
make distinct contributions to mitotic chromosome architecture and
dynamics (Ono et al., 2003). Condensin Il localizes to the nucleus or
chromosomes throughout the cell cycle and participates in the early
stage of chromosome condensation within the prophase nucleus. In
contrast, condensin | is sequestered into the cytoplasm during inter-
phase and gains access to chromosomes only after the nuclear en-
velope breaks down in prometaphase (Hirota et al., 2004; Ono etal.,
2004; Gerlich et al., 2006). More recent studies show that condensin
Il initiates its function as early as S phase (Ono et al., 2013) and that
the relative ratio of condensin | to Il is one of the critical factors that
determine the shape of metaphase chromosomes (Shintomi and
Hirano, 2011; Green et al., 2012). Despite such progress, under-
standing of the mechanisms, functions, and regulation of the two
condensin complexes is very limited.

To address these fundamental and diverse set of questions, an
evolutionary point of view is of great importance. It has been noted
that there is no apparent relationship between the possession of
condensin Il and the size of the genome among eukaryotic species.
This is best exemplified by the finding that all candidate subunits
comprising condensins | and Il are encoded by the very compact
genome (~16.5 Mb) of the primitive red alga Cyanidioschyzon mero-
lae (Matsuzaki et al., 2004; Hirano, 2005). C. merolae is a small and
simple unicellular organism composed of a single nucleus, mito-
chondrion, and plastid. Its nucleus contains 20 chromosomes, whose
average length (~0.83 Mb) is comparable to that of Saccharomyces
cerevisiae chromosomes (~0.76 Mb; Matsuzaki et al., 2004; Nozaki
et al., 2007). Thus C. merolae arguably represents the smallest and
simplest organism predicted to possess both condensins | and II.

In the present study, we report the first and comprehensive set of
analyses of C. merolae condensins that combines biochemistry, cy-
tology, and genetics. We show that the primitive red alga indeed
has two biochemically defined condensin complexes, both of which
are expressed during the mitotic cell cycle. Remarkably, the localiza-
tion and dynamics of condensins | and Il in C. merolae are very simi-
lar to those in vertebrate cells, except that C. merolae condensin I
is enriched at centromeres and absent along arms in metaphase. A
modified targeted gene disruption technique, firmly established in
the present study, shows that condensin Il is not essential for cell
division under laboratory growth conditions but is required for re-
solving sister centromeres in the presence of oryzalin. We also dis-
cuss the evolutionary implications of these findings for the chromo-
some organization/segregation machinery.

RESULTS

Redefining the cell cycle of C. merolae using stage-specific
markers

The cell cycle of C. merolae had been defined primarily on the basis
of its relationship to the division cycles of the mitochondrion and the
chloroplast (reviewed by Imoto et al., 2011; typical G1- and M-phase
cells of C. merolae are depicted in Figure 1A, also see Supplemental
Figure S2). In the present study, we first sought to establish stage-
specific immunofluorescence markers for defining the cell cycle of
this organism. On the basis of previous microarray data (Fujiwara
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et al., 2009), we selected proliferating cell nuclear antigen (PCNA),
a processivity factor for DNA polymerase 3, as a candidate for S
phase—specific markers (Celis and Celis, 1985; Supplemental Figure
S3, A and B) and also tested the phosphoepitope of histone H3 at
serine 10 (H3S10ph) for a potential M-phase maker (Hendzel et al.,
1997; Supplemental Figure S3C). Immunofluorescence analyses of
C. merolae cells in synchronized cultures showed that the signals of
PCNA and H3S10ph were both detectable within the nucleus but in
distinct phases of the cell cycle (Figure 1B). The signals of PCNA
were intensely observed within the nucleus in cells with a single
spherical chloroplast (S phase) but diminished before the chloro-
plast division plane initiated contraction (G2 phase). In contrast, the
signals of H3S10ph became detectable within the nucleus in cells
with a pair of divided chloroplasts (M phase) and persisted until cy-
tokinesis was completed. We therefore concluded that PCNA and
H3S10ph can be used as specific and reliable markers for S and M
phases, respectively, of the C. merolae cell cycle (Figure 1C; Supple-
mental Figure S3D). Of importance, we also noticed that it is possi-
ble to distinguish between prophase and metaphase cells on the
basis of4,6-diamidino-2-phenylindole (DAPI)-stained and H3S10ph-
labeled images: the nucleus had an ellipsoidal shape in prophase
and became more compact by metaphase (Figure 1B, top, pro and
meta). Furthermore, when viewed from a chloroplast-proximal an-
gle, the H3S10ph signals in the metaphase nucleus displayed a
characteristic rod-like shape (Figure 1B, bottom, compare pro and
meta). These results implicate that the bulk of C. merolae chromo-
somes undergo substantial structural changes during mitosis, al-
though individual chromosomes are indiscernible from each other.

We then performed colabeling of PCNA and the centromere-
specific histone H3 variant CENH3 (also known as CENP-A;
Maruyama et al., 2007). The signals of CENH3 were faintly detectable
in early S phase and became intense by mid S phase (Figure 1D). The
speckle-like signals of CENH3 persisted from G2 through prophase
and were then converted into two discrete clusters in metaphase. The
CENHS3 clusters, each of which would contain separating sister cen-
tromeres of 20 chromosomes, were partitioned into daughter nuclei
in telophase. Figure 1E shows the progression of the cell cycle on the
basis of the CENH3/PCNA labeling patterns. Immunoblotting analy-
ses further confirmed that the protein levels of PCNA, CENH3, and
H3S10ph increased and decreased during the cell cycle in a manner
consistent with the immunofluorescence analyses (Figure 1F).

To examine whether the nuclear envelope dissolves during mito-
sis in C. merolae, we colabeled mitotic cells with an antibody against
calnexin, a marker for nuclear endoplasmic reticulum (representing
the nuclear envelope in C. merolae; Yagisawa et al., 2012), and anti-
CENH3. In prophase cells, anti-calnexin smoothly decorated the
whole surface of the nucleus. In metaphase cells, in which the CENH3
signals were converted into two discrete clusters, the calnexin sig-
nals lost its continuity, implicating a partial breakdown of the nuclear
envelope (Figure 1G). We then colabeled mitotic cells with a mono-
clonal antibody recognizing a panel of nuclear pore complex pro-
teins (NPCs; Aris and Blobel, 1989) and anti-calnexin and found that
dotty signals of NPCs detected around the prophase nucleus were
largely dispersed by metaphase (Figure 1H). We therefore suggest
that C merolae undergoes so-called “semiopen” mitosis (Figure 11).

Biochemical characterization of condensin complexes

in C. merolae

As summarized in Figure 2A, condensins | and |l share a pair of SMC
core subunits (SMC2 and SMC4) and contain different sets of non-
SMC subunits (CAP-D2, CAP-G, and CAP-H for condensin |; CAP-D3,
CAP-G2, and CAP-H2 for condensin Il; Ono et al., 2003). We
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Characterization of cell-cycle markers in C. merolae. (A) Schematic diagrams of C. merolae cells at G1 and M
phases. Chl, chloroplast; Chn, chloroplast nucleoid; Mt, mitochondrion; Mtn, mitochondrial nucleoid; Nu, nucleus.
(B) Immunofluorescence labeling of C. merolae cells with antibodies against PCNA (green) and H3510ph (red). Phase-
contrast (PC) and DAPI-stained (blue) images are also shown. The images are arranged according to the predicted
stages of the cell cycle. Bottom, prophase and metaphase cells viewed from a different angle. Bar, 1 ym. (C) Time
course of frequencies of cells positive for PCNA and H3S10ph in a synchronized culture (shown in B; n > 300). Error bars
represent the SD. L indicates a light period. (D) Immunofluorescence labeling with antibodies against PCNA (green) and
CENH3 (red). Bar, 1 um. (E) Time course of frequencies of cells at different stages of the cell cycle as judged by PCNA
and CENH3 labeling in a synchronized culture (shown in D; n > 180). The sum of non-G1 cells (from S phase through
telophase) is also shown by the gray line. (F) Immunoblotting analysis for protein/modification levels in a synchronized
culture. A part of the gel stained with Coomassie brilliant blue (CBB) is shown as a loading control. (G) Prophase and
metaphase cells labeled with antibodies specific to calnexin (red) and CENH3 (green). Bar, 1 pm. (H) Prophase and
metaphase cells labeled with antibodies specific to nuclear pore complex proteins (NPC; green) and calnexin (red). Bar,
1 pm. (I) Schematic diagrams depicting “semiopen” mitosis in C. merolae.
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FIGURE 2: Biochemical characterization of condensin complexes in C. merolae. (A) Subunit compositions of condensins
I and II. (B) Immunoblotting analysis of a total lysate with affinity-purified antibodies against SMC2, SMC4, CAP-D2, CAP
-G, CAP-D3, and CAP-G2. (C) Time course of levels of condensin subunits in a synchronized culture. Immunoblotting
with anti-eukaryotic elongation factor-2 and a CBB-stained part of the gel is shown as loading controls. (D)
Immunoprecipitation of condensin complexes. A lysate prepared from C. merolae cells synchronized at M phase (input)
was subjected to immunoprecipitations using the antibodies indicated at the top. We analyzed 50% of each supernatant
(S) and 100% of each immunoprecipitate (P) by immunoblotting using the antibodies indicated at the left.

prepared a panel of specific antibodies against C. merolae SMC2,
SMC4, CAP-D2, CAP-G, CAP-D3, and CAP-G2, each of which rec-
ognized a band with the predicted molecular weight of the target
subunit, as judged by immunoblotting against a total lysate (Figure
2B). Immunoblotting against total lysates prepared from different
time points of a synchronized culture showed that the protein levels
of condensin subunits peaked in M phase (Figure 2C). No notice-
able difference in the kinetics of protein levels was detected among
different subunits of condensins | and Il.

We then performed a set of reciprocal immunoprecipitation
analyses to test whether C. merolae indeed has two biochemically
separable condensin complexes, as shown in vertebrate cells (Ono
etal., 2003; Lee et al., 2011). We found that anti-SMC2 precipitated
the CAP-D2 and CAP-G subunits of condensin |, as well as the CAP-
D3 and CAP-G2 subunits of condensin Il, along with SMC2 itself
(Figure 2D). Anti-CAP-D2 or anti-CAP-G precipitated SMC2, CAP-
D2, and CAP-G but not CAP-D3 or CAP-G2. Conversely, anti-CAP-
D3 or anti-CAP-G2 precipitated SMC2, CAP-D3, and CAP-G2 but
not CAP-D2 or CAP-G. Although we do not have antibodies against
the remaining two subunits (i.e., CAP-H and CAP-H2), the present
results strongly indicate that C. merolae has two conventional types
of condensins (condensins | and Il), each of which is composed of
five subunits. Moreover, as judged by the amounts of SMC2 precipi-
tated with the different antibodies, we estimate that condensin | is
more abundant than condensin Il in C. merolae.

Localization of SMC2, a common subunit of condensins |
and ll, during the cell cycle in C. merolae

To examine the subcellular localization of condensins in C. merolae,
we performed immunofluorescence labeling with an antibody
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against SMC2, a common subunit of condensins | and Il, along with
other cell-cycle markers. Although the signals of SMC2 were hardly
detectable in G1 and S phase cells, faint signals of SMC2 were ob-
served within the nucleus in prophase when the H3S10ph epitope
appeared (Figure 3A). In metaphase, brighter signals of SMC2 dec-
orated the whole nucleus, but a pair of discrete clusters, reminiscent
of CENH3-positive centromeres, often dominated (Supplemental
Figure S4A). When metaphase cells were viewed from a chloroplast-
proximal angle, SMC2 largely overlapped with the H3S10ph-posi-
tive, rod-shaped region, yet the pair of centromere-like signals were
also clearly discernible (Figure 3A, bottom). Colabeling with anti-
CENH3 confirmed that the bright pair of SMC2 signals was indeed
colocalized with CENH3-enriched centromeres (Figure 3B). The
SMC2 signals persisted on chromosomes from anaphase through
telophase (Figure 3, A and B).

Colabeling of SMC2 and calnexin demonstrated that the ap-
pearance of the bulk of SMC2 signals was coincident with the dis-
persion of calnexin in metaphase (Figure 3C), indicating that a large
portion of SMC2 entered into the nucleus upon partial dissolution of
the nuclear envelope.

Differential distributions of condensins | and Il on
chromosomes during the cell cycle

We then sought to differentially localize condensin |- and condensin
ll-specific subunits in C. merolae cells. Because our antibodies
against condensin ll-specific subunits (CAP-D3 and CAP-H2) failed
to work for immunofluorescence analysis, we decided to construct
strains in which the genomic copy of the CAP-D3 gene was replaced
with a hemagglutinin (HA)-tagged version. To this end, we modified
previously reported methods of targeted gene replacement

Molecular Biology of the Cell
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Subcellular localization of SMC2 during the cell cycle of C. merolae. (A) Immuno-
localization of SMC2 (green) and H3S10ph (red). Phase-contrast (PC) and DAPI-stained (blue)
images are also shown. The images are arranged according to the predicted stages of the cell
cycle. Bars, 1 pm. (B) Immunolocalization of SMC2 (green) and CENH3 (red). Bar, 1 um. (C)

Immunolocalization of SMC2 (green) and calnexin (red). Bar, 1 pm.

(Imamura et al., 2009, 2010) by using the wild-type C. merolae
URA5.3 gene (rather than the chimera of C. merolae URA5 and
Galdieria sulphuraria URA3 [referred to as URAc, gs)) as a selection
marker. As fully described in Supplemental Figure S5, our modified
method guaranteed single-copy insertions, resulting in one-step re-
placement of the targeted genes by homologous recombination at
a high frequency. In this way, transformation of the uracil-auxotrophic
strain M4 (Minoda et al., 2004), followed by selection for uracil-auto-
trophic cells, allowed us to recover strains expressing a C-terminally
HA-tagged version of CAP-D3 (D3-HA,; see Supplemental Materials
and Methods). It should be emphasized that the level of D3-HA ex-
pressed in this strain was exactly the same as that of endogenous
CAP-D3 expressed in M4 (Supplemental Figure S5D, right). Recipro-
cal immunoprecipitation analyses confirmed that D3-HA was incor-
porated into the condensin Il complex (Supplemental Figure S5E).
To determine the localization of condensins | and Il, we cola-
beled the D3-HA cells with an affinity-purified rabbit antibody
against CAP-G and a rat monoclonal antibody against HA
(Figure 4A). Neither CAP-G nor D3-HA signals were detectable in
G1 cells. From S phase to prophase, diffuse or speckled signals of
D3-HA were observed within the nucleus. Then the signals of D3-
HA became highly concentrated at centromeres in metaphase and
quickly disappeared in anaphase. In contrast, the signals of CAP-G
were hardly detectable within the nucleus from S phase through
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prophase and became apparent on chro-
mosomes only after metaphase. Unlike D3-
HA, the chromosomal signal of CAP-G per-
sisted through telophase. A metaphase
image viewed from a different angle also
indicated that D3-HA was specifically local-
ized at centromeres, whereas CAP-G was
distributed broadly on whole chromosome
regions (Figure 4A, bottom; also see Sup-
plemental Figure S4, B and C). The timing
of the appearance of D3-HA signals in S
phase and their enrichment at metaphase
centromeres were further confirmed by co-
labeling with anti-PCNA (Figure 4B) or anti-
CENH3 (Figure 4C). Moreover, we also
constructed strains expressing an N-termi-
nally HA-tagged version of CAP-H2 (see
HA-H2; Supplemental Figure Sé) and con-
firmed its colocalization with CENH3 in
metaphase (Figure 4D and Supplemental
Figure S7).

A genome-wide chromatin immuno-
precipitation (ChIP)-chip analysis had iden-
tified a single CENH3-enriched region in
each of 20 chromosomes in C. merolae.
The details of this analysis will be described
elsewhere. In the present study, we per-
formed ChlP-quantitative PCR (ChIP-gPCR)
analyses using 12 pairs of primers de-
signed along one arm of chromosome 2
and confirmed a specific enrichment of
CENH3 within the putative centromeric re-
gions in M phase cells but not in G1 cells
(Figure 4E, 212.6 and 213.5 kb). In the
present study, we defined this region as
the centromere of chromosome 2. We
then performed the same set of ChIP-
gPCR analyses to reveal the chromosomal
distributions of SMC2 (I + Il), CAP-G (1), and CAP-D3 (ll). In this ex-
periment, a synchronous culture was further treated with MG132, a
proteasome inhibitor, to enrich metaphase-arrested cells (Supple-
mental Figure S8). We found that in these cells the occupancy of
CAP-D3 peaked at the centromeric region, decreased gradually
toward both sides of the centromere, and reached a very low level
at the subtelomeric region (Figure 4F, left, red bars). In contrast, the
occupancies of SMC2 and CAP-G were detectable broadly along
the entire length of the chromosome arm, although highest peaks
were found at the centromeric region (Figure 4F, left, gray and blue
bars). The same set of analyses using G1 cells offered a negative
control (Figure 4F, right). Thus the ChIP-gPCR analyses nicely com-
plemented the immunolocalization data, demonstrating that con-
densin Il is enriched around centromeres at metaphase, whereas
condensin | distributes more broadly along chromosome arms in C.
merolae.

CENH3 /CENH3

Calnexin

Targeted gene disruption of condensin subunits

in C. merolae

To test how condensins might contribute to chromosome architecture
and segregation in C. merolae, we set up targeted gene disruption of
genes encoding condensin subunits (see Supplemental Materials and
Methods). Figure 5A shows the basic strategy for one-step disruption
of the CAP-D3 gene by homologous recombination, which allowed us

2519

Condensin dynamics in C. merolae |



A B
PC/DAPI () D3-HA (Il) G/D3-HA PC/DAPI

[
Cc
PC/DAPI () CENH3 /CENH3
o

G1

pro

meta

ana
pr

telo
meta

meta

telo

G olgG (M)
@]
s 020+ 5 cENH3 (M)
5 D
3 o415 | @lEG G
£ PC/DAPI INCENH3 /CENH3
T BCENH3 (G1)
= o010 ©
s T
3 005 S
o
o]
X 00 lamca oo o aa L L iR
S o Q“_ N2 958 S5l L o
© 2 g § e YV T Y
SR R R A A
F Metaphase-arrest (MG132) G1
iy 0.045 0.045
O 0040 olgG  @asMc2 &G () aD3 (Il 0.040 olgG msmMc2 aG ()mD3 (Il)
Z 0.035 0.035
3
goos0 0.030
o 0.025 0.025
T 0.020 0.020
g 0.015 0.015
3 0.010 0.010
& 0.005 0.005
000 o000 iR b, o sim i cfh, #th i e i e b
SS§fgssSssss N Y YN
o o o o o 9o j o o
"‘bv{i’»‘?mrsﬁ“&“&(kb) Nmfggﬁf\?a(s’a&;(kb)
Ste Arm Cen2  Arm
N\ [ — _—
Chr. 2

Differential distributions of condensins | and Il during the cell cycle of C. merolae.
(A) Immunolocalization of CAP-G (green) and D3-HA (red). Phase-contrast (PC) and DAPI-stained
(blue) images are also shown. Bar, 1 um. (B) Immunolocalization of D3-HA (green) and PCNA
(red). Bar, 1 pm. (C) Immunolocalization of D3-HA (green) and CENH3 (red). Bar, 1 pm.
(D) Immunolocalization of HA-H2 (green) and CENH3 (red). Bar, 1 pm. (E) ChIP-gPCR analysis for
CENH3 on chromosome 2 in M- and G1-phase cells. Error bars represent the SD (n = 3).
(F) ChIP-gPCR analysis for condensin subunits along chromosome 2 in metaphase-arrested and
G1-phase cells. Bottom, schematic diagram of chromosome 2 (457 kb long) with the positions
analyzed by ChIP-qPCR (Cen, centromere; Ste, subtelomere). Error bars represent the SD (n = 3).

predicted recombination by a double-cross-
over reaction successfully disrupted the
CAP-D3 gene in these CAP-D3-knockout
(CAP-D3-KO) strains. We then performed
immunoprecipitation analyses of the lysates
prepared from M4 and D3-1 with antibodies
against SMC2, CAP-D3, and CAP-G2. As ex-
pected, CAP-D3 was not detectable in all
immunoprecipitates prepared from the D3-1
lysate (Figure 5D). Anti-SMC2 coprecipitated
the condensin | subunits CAP-D2 and CAP-
G from the D3-1 lysate, indicating that the
condensin | complex is intact in this mutant
strain. Whereas the level of CAP-G2 was
substantially reduced in D3-1 compared with
M4 (Figure 5C, anti-G2), the residual fraction
of CAP-G2 was found to associate with
SMC2, as judged by reciprocal immunopre-
cipitations (Figure 5D). It was therefore most
likely that a defective form of condensin Il
missing only CAP-D3 exists in D3-1 cells, al-
beit at a reduced level. Moreover, ChlIP-
qPCR analyses demonstrated that the occu-
pancy of CAP-D3 at the centromeric region
was no longer detectable in D3-1 (Supple-
mental Figure S10).

We then investigated the growth prop-
erty of the CAP-D3-KO strains (D3-1 and
D3-8) in synchronous cultures using 2x Al-
len’s medium containing uracil. To our sur-
prise, we could not detect any significant
differences in their growth rate between
D3-1/D3-8 and their parental strain M4
(Figure 5E and Supplemental Figure S9B).
Immunoblotting analysis of lysates prepared
from the synchronized cultures demon-
strated that SMC2, CAP-D2, CAP-G, CAP-
G2, and other cell cycle markers appear and
disappear in a normal timing in D3-1 (Figure
5F and Supplemental Figure S9C).

To further substantiate the conclusion
that condensin Il function is not essential
for the survival and division of C. merolae at
least under the present growth conditions
in the laboratory, we generated mutant
strains lacking another condensin Il subunit,
CAP-H2. We found that the CAP-H2-KO
strains were also viable despite the fact that
the condensin Il complex was disrupted
more completely than in the CAP-D3-KO
strains (Supplemental Figures S9B and
S11). On the other hand, our attempts to
generate CAP-D2-KO or CAP-G-KO strains
have been unsuccessful, implying that, un-
like condensin Il, condensin | is essential for
the survival of C. merolae.

to recover three independent strains, named D3-1, D3-8, and D3-9. CAP-D3-KO strains display a defect in sister centromere

We verified the occurrence of the predicted recombination events by ~ resolution in the absence of functional microtubules

PCRs and Southern blotting (Supplemental Figure S?A and Figure 5B)  Because our immunofluorescence and ChIP-gPCR analyses showed
and further confirmed the loss of CAP-D3 in the mutant lysates by im-  that condensin Il is enriched at centromeres in metaphase, we ex-
munoblotting (Figure 5C). These results clearly demonstrated thatthe ~ amined the possibility that condensin Il might play a nonessential
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FIGURE 5: Construction and characterization of the CAP-D3-KO strains. (A) Schematic diagram of targeted gene
disruption by homologous recombination. The gray and magenta arrows indicate the URA5.3 (URA) and CAP-D3 genes,
respectively. The thick white lines indicate the upstream and downstream regions of the URA5.3 gene. The black lines
indicate the upstream and downstream regions of the CAP-D3 gene. The positions of primers for PCRs are shown by
the arrowheads. The yellow bars indicate the probe used for Southern blotting analysis. (B) Southern blotting analysis of
three CAP-D3-KO strains isolated independently (D3-1, D3-8, and D3-9), along with 10D (wild-type strain) and M4
(parental strain used for gene targeting). A part of the ethidium bromide (EtBr)-stained gel is shown as a loading
control. (C) Immunoblotting analysis against total lysates with anti-CAP-D3. A CBB-stained part of the gel is shown as a
loading control. (D) Immunoprecipitation analysis. Lysates prepared from M4 and D3-1 were subjected to
immunoprecipitations using the antibodies indicated at the top. We analyzed 100% of supernatants (S) and 100 and
200% of immunoprecipitates (P) by immunoblotting using the antibodies indicated at the left. Note that CAP-D3 was
not detectable at the expected position (indicated by D3*) in D3-1. (E) Growth curves of M4 and two CAP-D3-KO
strains in synchronized cultures. Error bars represent the SD. (F) Time course of the level of condensin subunits during
the cell cycle in M4 and D3-1. Note that CAP-D3 was not detectable in D3-1 at the expected position (D3*).

yet important function in the assembly and/or behavior of centrom-
eres in C. merolae. To this end, we tested for the effect of a microtu-
bule-polymerization inhibitor, oryzalin, in the two strains. In M4, the
addition of oryzalin increased the frequency of metaphase-like cells
with two centromere clusters (Figure 6A, M4, —/+Orz). Remarkably,
however, we found that a substantial fraction of D3-1 cells displayed
single (rather than two) centromere clusters in the presence of oryza-
lin (Figure 6A, D3-1, —/+0Orz). To further extend our observations, we
classified the observed morphologies into six different types (I-VI)
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and plotted the time course of their frequencies (Figure 6B). In the
absence of oryzalin, virtually no difference was observed between
M4 and D3-1 in the frequencies of the type |, IV, V, and IV cells. The
type Il cells, displaying a bar-like CENH3 signal, were observed in
both M4 and D3-1 but only in the presence of oryzalin. On the other
hand, the type Ill cells, displaying single dot-like clusters of centrom-
eres (shown in Figure 6A, D3-1, +Orz), were observed and accumu-
lated over time only in D3-1 and were hardly detectable in M4. Of
importance, we found that the type Il cells were readily detectable
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ization conditions than are interpolar micro-
tubules (e.g., Rieder, 1981).

Our interpretations of the observed
phenotypes are summarized in Figure 6C.
In the absence of oryzalin, intranuclear mi-
crotubules are formed and start searching
for kinetochores in the postulated prometa-
phase stage, eventually establishing bipo-
lar attachments by metaphase in collabora-
tion with interpolar microtubules (Figure
6C; also see Imoto et al., 2010). Sister cen-
tromeres are precociously separated from
each other on the metaphase spindle, be-
ing recognized as a pair of discrete cen-
tromere clusters. These processes can oc-
cur apparently normally even in cells lacking
functional condensin Il. On the other hand,
disruption of interpolar microtubules by
oryzalin helps to uncover a cryptic yet im-
portant function of condensin Il in resolving
sister centromeres (Figure 6C, inset): the
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pair of sister centromere clusters are no
longer discernible from each other when
functions of both microtubule and con-
densin Il are compromised at the same
time. We suggest that condensin ll-depen-
dent centromere resolution and microtu-
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faithful segregation of chromosome and
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CAP-D3-KO cells display a defect in sister centromere resolution in the presence of
oryzalin. (A) Immunofluorescence labeling with anti-CENH3 of M4 and D3-1 strains cultured in
the absence (-Orz) or presence (+Orz) of oryzalin. Phase-contrast (PC) and DAPI-stained (blue)
images are also shown. Bar, 2 pm. (B) Classification of cell types based on DAPI-stained and
CENH3 labeled images, and frequencies of the different cell types observed in M4 and D3-1 in
the absence or presence of oryzalin (n > 100). Type |, speckles; type II, bar-like shapes; type Ill, a
single cluster; type IV, a pair of clusters; V, telophase cells; VI, G1 cells. Bar, 1 ym. (C) Schematic
diagram of predicted centromere-microtubule interactions in C. merolae. The dark/light green
circles indicate CENH3-positive sister centromeres, and the light blue circles/ovals indicate arm
regions. Inset, observed behaviors of centromeres (top) and hypothesized organization of a pair
of sister centromeres/arms (bottom) in M4 and D3-1 strains cultured in the presence of oryzalin.

in a CAP-H2-KO strain in the presence of oryzalin but not in its ab-
sence (Supplemental Figure S12). Immunofluorescence labeling
with antibodies against CENH3 and o-tubulin showed that oryzalin
treatment disrupted interpolar microtubules but did not completely
remove tubulin-positive signals from spindle poles or their vicinity
(Supplemental Figure S9D). The residual signals could represent
very short kinetochore microtubules that connect centromeres and
spindle poles: it is well known that kinetochore microtubules are
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DISCUSSION

Most previous studies on condensins used
a subset of standard model organisms and
experimental systems, such as vertebrate
tissue culture cells, Xenopus egg extracts,
Drosophila melanogaster, Caenorhabditis
elegans, and yeasts. All of these organisms
belong to the supergroup Unikonta, al-
though some genetic studies have been
reported in Arabidopsis thaliana, which
belongs to the evolutionary distant super-
group Plantae (e.g., Liu et al, 2002;
Siddiqui et al., 2006; Sakamoto et al.,
2011). In the present study, we used the
unicellular red alga C. merolae because it
is the smallest and simplest organism pre-
dicted to have both condensins | and |l
(note that yeasts and other fungi lack con-
densin 1l). By combining cytology, bio-
chemistry, and genetics, we demonstrate that C. merolae indeed
possesses two different biochemically defined condensin com-
plexes, which display differential spatiotemporal dynamics and
have nonoverlapping functions. Equally important, the present
study establishes a highly reliable and reproducible method for
one-step gene replacement by homologous recombination in
C. merolae and demonstrates its fruitful use for both gene tagging
and targeted gene disruption.

Sister arms
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Redefining the cell cycle of C. merolae

We analyzed the nuclear division cycle of C. merolae in great detail
by introducing a new set of immunofluorescence markers. Our re-
sults show that PCNA and H3S10ph can be used as excellent mark-
ers for S and M phase, respectively, in this organism. Although previ-
ous work suggested that C. merolae would display “closed” mitosis
(Yagisawa et al., 2012), the present data provide evidence that the
nuclear envelope dissolves at least partially and the nuclear pore
complexes disperse into the cytoplasm in metaphase. The appear-
ance of condensin | subunits on chromosomes is indeed coincident
with these large-scale changes in nuclear architecture, implying that
condensin | gains access to chromosomes through partially dis-
rupted nuclear envelopes. Moreover, careful observations of DAPI-
stained and H3S10ph-positive regions indicate that C. merolae
chromosomes undergo substantial structural changes from pro-
phase through metaphase, most likely through the action of con-
densin |.

During the transition from prophase to metaphase, speckled sig-
nals of CENH3 in the prophase nucleus are converted into a pair of
two discrete clusters, as described previously (Maruyama et al.,
2007). We reason that, although the clusters of sister centromeres
are separated for a short distance (~0.5 um), sister chromatids are
held together along their arm regions at this stage. The clustering
and precocious separation of sister centromeres at metaphase ob-
served here in C. merolae are highly reminiscent of those reported
in S. cerevisiae (Goshima and Yanagida, 2000; He et al., 2000;
Anderson et al., 2009). Moreover, a subfraction of condensin | is
found between the two CENH3 clusters (possibly corresponding to
the pericentromeric region) at metaphase in C. merolae, again remi-
niscent of observations in S. cerevisiae (Stephens et al., 2011).

Unlike in S. cerevisiae, however, no centromere-specific se-
quences common to all chromosomes have been identified in
C. merolae (Maruyama et al., 2008). Furthermore, the C. merolae
genome encodes a simple set of conserved kinetochore compo-
nents (Matsuzaki et al., 2004). Future studies of centromere structure
and dynamics in this model organism will be of great interest and
will undoubtedly provide fundamental insights into the evolution of
centromere specification and kinetochore assembly.

Spatiotemporal regulation of condensins | and Il is widely
conserved among eukaryotes

Immunofluorescence microscopy shows that condensin Il subunits
are detectable as speckles within the nucleus in S phase. Whereas
their distribution within the nucleus from S phase through G2 phase
does not overlap with CENH3, condensin Il becomes enriched at
centromeres and colocalized with CENH3 by metaphase. In striking
contrast, immunofluorescence signals of condensin | become de-
tectable on chromosomes only after metaphase. Together with im-
munoblotting data, these results imply that condensin | subunits
present during S/G2 phase are dispersed in the cytoplasm (as shown
in Figure 7A), although this fraction cannot be visualized under the
present fixation and labeling conditions. It should be emphasized
that the differential nucleocytoplasmic localization and the order of
actions of condensins | and Il observed here in C. merolae are sur-
prisingly similar to those reported in animals cells, including human
tissue culture cells (Ono et al., 2004, 2013; Gerlich et al., 2006),
mouse oocytes (Lee et al., 2011), and Xenopus egg cell-free extracts
(Shintomi and Hirano, 2011). Thus these highly characteristic behav-
iors of condensins are most likely to represent an evolutionarily con-
served, most fundamental mechanism of chromosome assembly in
both mitosis and meiosis. We propose that the sequestration of con-
densin | in the cytoplasm until nuclear envelope breakdown helps to
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specify the order of action of the two condensin complexes (i.e.,
condensin Il first, condensin | later), thereby ensuring the two-step
process of chromosome condensation (Marko, 2008; Hirano, 2012).

Specific contribution of condensin Il to sister centromere
resolution in C. merolae

The distributions of the two condensin complexes in metaphase
chromosomes are clearly distinct from each other in C. merolae, as
judged by both immunofluorescence microscopy and ChIP-gPCR
analyses: condensin Il is highly enriched at centromeres, whereas
condensin | distributes broadly along chromosome arms as well as
at centromeres. To our surprise, targeted gene disruption analyses
show that condensin ll-specific subunits (CAP-D3 and CAP-H2) are
nonessential for the survival or growth of C. merolae cells under the
present laboratory conditions. In the presence of a microtubule
drug, however, condensin || mutants fail to resolve sister centrom-
eres. Although this phenotype is perfectly consistent with the spe-
cific enrichment of condensin Il at centromeres in metaphase, our
present data do not exclude the possibility that condensin Il partici-
pates in chromosomal events during interphase or in proper segre-
gation of chromosome arms during mitosis. It is also possible that
C. merolae condensin |l becomes essential under diverse nonlabo-
ratory conditions. For example, a recent genetic study demon-
strated that condensin Il confers tolerance for excess boron and
helps to reduce the incidence of DNA double-strand breaks in
A. thaliana (Sakamoto et al., 2011).

Evolutionary insights into differential use of condensins |
and Il
Whereas C. merolae has one of the smallest and simplest nuclear
genomes among nonsymbiotic eukaryotes studied so far, its chloro-
plast genome contains a large number of genes, implying that
C. merolae is a very ancient organism (Martin et al., 2002; Nozaki
et al., 2003). It is therefore tempting to speculate that the last eu-
karyotic common ancestor (LECA) might have shared many struc-
tural and functional properties of condensins | and Il with C. merolae
(i.e., condensin | along arms and condensin Il at centromeres). This
hypothesis, if correct, would enable us to consider at least three dif-
ferent paths of eukaryotic chromosome evolution in terms of the use
of the two condensin complexes (Figure 7B). In the first path, con-
densin Il was lost during evolution, and condensin | took over the
primary job of condensin Il at centromeres, as observed in fungi
(Sutani et al., 1999; Freeman et al., 2000). In the second path, a
specific fraction of condensin Il remained at centromeres, but the
bulk of condensin Il spread along whole chromosome arms, thereby
gaining an ability to participate in their axial condensation, as ob-
served in vertebrates (Ono et al., 2004; Shintomi and Hirano, 2011;
Green et al., 2012). The third and arguably most intriguing product
of evolution is found in the nematode C. elegans, in which con-
densin II's function became dominant over that of condensin |
(Csankovszki et al., 2009). It is reasonable to hypothesize that this is
because C. elegans chromosomes have a unique holocentric con-
figuration in which numerous centromeres assemble along the en-
tire length of chromatids. In fact, condensin Il-deficient C. elegans
embryos exhibit very severe defects in chromosome rigidity and
centromere resolution (Stear and Roth, 2002; Moore et al., 2005).
Thus we argue that the LECA's fortuitous possession of two different
condensin complexes could have provided great opportunities and
plasticity for the evolution of chromosome architecture and dynam-
ics in Eukarya.

It is also of great interest to consider the very deep origin of the
chromosome segregation machinery. Primitive forms of condensin
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FIGURE 7: Dynamics of condensins | and Il in the C. merolae cell cycle and evolutionary implications. (A) Spatiotemporal
localization of condensins | and Il during the cell cycle of C. merolae. (Top) Nuclear and cytoplasmic distributions of
CENHS3, condensin |, and condensin Il. (Middle) Schematic diagrams of individual chromosomes. (Bottom) Changes in
the nuclear levels of four components (condensin |, condensin Il, CENH3, and H3510ph), as judged by
immunofluorescence. (B) Hypothetical paths during the evolution of chromosome architecture based on the localization
and functions of condensins | (blue) and Il (magenta). The yellow circles indicate sister centromeres. See the text for

details.

complexes are widely conserved among Archaea and Bacteria. Re-
cent studies in Bacillus subtilis show that bacterial condensin is re-
cruited to centromere-like sequences (known as parS) and promotes
chromosome segregation by compacting replicated DNA molecules
(Gruber and Errington, 2009; Sullivan et al., 2009). It is of interest to
note that this function of bacterial condensins at centromere-like
sequences is more similar to that of condensin Il than that of con-
2524 |
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densin |. Thus the most ancestral function of condensins could have
been to organize and segregate centromere-like structures, a job
that is performed by condensin Il in many present-day eukaryotic
organisms. Future studies to further clarify the similarities and differ-
ences between the two condensin complexes not only will facilitate
our understanding of chromosome architecture and dynamics in
general, but they also will provide a valuable hint for the question of
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how an early form of life might have devised a strategy to handle
ever-increasing lengths of DNA molecules.

MATERIALS AND METHODS

Strains, culture conditions, and drug treatments

of C. merolae

The wild-type C. merolae strain 10D-14 (Toda et al., 1998) and the
uracil-auxotrophic mutant M4 (Minoda et al., 2004) were used in the
present study. They were maintained by gyratory culture (130 rpm)
in either 2x Allen’s medium (Allen, 1959) or MA2 medium (Ohnuma
et al., 2008) containing uracil (0.5 mg/ml) at pH 2.3 and 42°C under
continuous light. Cell synchronization was performed as described
previously (Suzuki et al., 1994). In brief, 10D cell cultures were di-
luted to an ODy5q of 0.4 and cultured under a 12-h light-dark cycle
with vigorous aeration. Alternatively, cultures of M4 and M4-derived
transformants were diluted to an OD7s5q of 0.4 and cultured under a
modified light-dark cycle (16 h in the light, 8 h in the dark, 12 h in
the light, and 12 h in the dark) with vigorous aeration. Drug treat-
ment of C. merolae was performed as described previously (Nishida
et al., 2005) with minor modifications. When necessary, oryzalin was
added at a final concentration of 40 pM (at 38 h in the synchronous
cultures of M4 and CAP-D3-KO). MG132 was added at a final con-
centration of 100 puM (at 16 h in the culture of 10D; at 38 h in the
cultures of M4, CAP-D3-KO, and CAP-D3-HA). Stock solutions of
100 mM oryzalin (Wako Pure Chemical Industries, Osaka, Japan)
and 50 mM MG132 (Peptide Institute, Osaka, Japan) were made in
dimethyl sulfoxide.

Generation and purification of antibodies

DNA fragments encoding a full or a partial amino acid sequence of
PCNA (CMS101C; gene locus in Cyanidioschyzon merolae Genome
Project, http://merolae.biol.s.u-tokyo.ac.jp/), SMC2 (CMG189C),
SMC4 (CME029C), CAP-D2 (CMR484C), CAP-G (CMS422C), CAP-
D3 (CMQ236C), and CAP-G2 (CMA089C) were PCR amplified using
specific primers containing restriction sequences or the adaptor se-
quence for In-Fusion reaction (Supplemental Table S1). The PCR
products were inserted into pQE80 expression vector (Qiagen,
Valencia, CA), resulting in constructs with a six-histidine tag at their
N-termini. The recombinant polypeptides of PCNA and SMC4 were
purified using a HisTrap column (GE Healthcare, Piscataway, NJ),
whereas those of SMC2, CAP-D2, CAP-G, CAP-D3, and CAP-G2
were purified by electroelution after SDS-PAGE. Alternatively, a syn-
thetic peptide corresponding to the C-terminal sequence of CAP-
D3 (CRRHLDGRYPSPF) was conjugated to KLH. Antisera were raised
by immunizing three different species (a mouse and a rat for PCNA,;
mice and rabbits for SMC2; rabbits for CAP-D2, CAP-G, CAP-D3,
and CAP-G2). The antiserum against SMC4 was affinity purified us-
ing a HiTrap N-hydroxysuccinimide (NHS)-activated HP column (GE
Healthcare), and the rabbit antisera against SMC2, CAP-D2, CAP-G,
CAP-D3, and CAP-G2 were affinity purified using Affi-Gel 15
(Bio-Rad, Hercules, CA).

Immunoprecipitation

Cells synchronized at M phase (2 x 107 cells/ml; 120 ml) were col-
lected by centrifugation at 1500 x g for 2 min and washed once with
TBS (20 mM Tris-HCI, pH 7.5, and 150 mM NaCl). The cell pellet was
frozen in liquid nitrogen and then resuspended and lysed in 1.2 ml
of TBS containing a protease inhibitor cocktail (1x Complete [Roche,
Indianapolis, IN]). The lysate was centrifuged at 20,000 x g for 5 min,
and the supernatant was supplemented with Triton X-100 at a final
concentration of 0.1%. For immunoprecipitations, 50 ul of the su-
pernatant was mixed with either 5 pg of affinity-purified antibodies
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or 1 ug of anti-HA (clone 3F10) on ice for 1 h and then incubated
with protein A or protein G Sepharose (GE Healthcare) on ice for 1 h.
After washed with TBS containing 0.1% Triton X-100, the immuno-
precipitates were eluted with 2x SDS sample buffer at 100°C for
2 min. Rabbitimmunoglobulin G (IgG; Sigma-Aldrich, St. Louis, MO)
and rat monoclonal IgG (clone TH5; MBL, Woburn, MA) were used
as negative controls.

ChIP-gPCR analysis

Cells were fixed with 1% formaldehyde at 30°C for 10 min and
quenched with 250 mM glycine on ice for 5 min. The cells were then
pelleted and washed once with TBS. The cell pellet was resuspended
in micrococcal nuclease (MNase) digestion buffer (20 mM Tris-HClI,
pH 7.5, 10 mM NaCl, 2.5 mM MgCly, 0.1% NP-40, 1x Complete
[EDTA-free; Roche], 1 mM dithiothreitol, and 5 mM CaCl,) at con-
centration of 2 x 10° cells/ul and was digested with 10,000 gels
units/ml of MNase (New England Biolabs, Ipswich, MA) at 37°C for
15 min. EDTA was then added at a final concentration of 5 mM on
ice to stop the reaction. The samples were centrifuged at 20,000 x
g for 5 min, and the pellet was suspended in lysis buffer (LB; 20 mM
Tris-HCI, pH 7.5, 150 mM NaCl, T mM EDTA, 1% Triton X-100, 0.1%
Na deoxycholate, 0.1% SDS, and 1x Complete) at a concentration
of 1 x 10¢ cells/ul. The cells were broken in two steps. The first step
was performed using glass beads (425-600 pm in diameter; Sigma-
Aldrich) and a Multi-Beads Shocker (Yasui Kikai, Osaka, Japan) with
the following parameters: vortexed at 2700 rpm for 1 min; chilled at
0°C for 1 min by the cooling circulator MBC-100 (Yasui Kikai); 20
cycles. The second step was performed by sonication (Sonifier 250;
Branson, Danbury, CT) with the following parameters: output 15,
duty cycle 10%, sonication for 15 s, chilling for 30 s, 10 cycles. The
lysate was centrifuged at 20,000 x g for 5 min, and the resultant su-
pernatant was used as the input for ChIP analyses. For ChlIP of con-
densin subunits, the same amounts of antibodies and the same vol-
umes of input materials were used as for the conventional
immunoprecipitations described. In addition, 125 ng of an anti-
CENH3 antibody (Maruyama et al., 2007) and control rabbit 1gG
(Sigma-Aldrich) were used. The beads were washed once with 500 pl
of LB, five times with RIPA buffer (50 mM Tris-HCI, pH 7.5, 0.5 M LiCl,
1 mM EDTA, 0.5% Na deoxycholate, and 1% NP-40), and finally
once with 50TE (50 mM Tris-HCI, pH 7.5, and 10 mM EDTA). To elute
the immunoprecipitated materials, the beads were resuspended in
200 pl of 50TE containing 1% SDS at 65°C for 20 min. The eluates
were further incubated at 65°C overnight to reverse cross-linking.
After treatment with RNaseA (Qiagen) and proteinase K (Sigma-Al-
drich), DNA was purified by extracting with phenol:chloroform:isoa
mylalcohol, 25:24:1, followed by ethanol precipitation with 4 pg of
glycogen. In addition, the DNA pellets were dissolved in TE and
were purified through QlAquick columns (Qiagen). The DNA was
reconstituted with 100 pl of elution buffer (10 mM Tris-HCI, pH 8)
and then used for quantitative real-time PCR analysis. Real-time PCR
was performed using a CFX96 Real-Time PCR Detection System and
C1000 Thermal Cycler (Bio-Rad) in a 20-pl reaction mixture contain-
ing 1 ul DNA, 0.5 nM primers (Supplemental Table S1), and 10 pl
SsoFast EvaGreen Super Mix (Bio-Rad). Standard curves were con-
structed using serially diluted solutions of DNA isolated from
C. merolae cells and the relevant sets of primers, and the recovery
of each DNA fragment relative to the input DNA was estimated.
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