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Summary

Cell cycle dynamics and localization of condensins —
multiprotein complexes involved in late stages of mitotic
chromosome condensation — were studied KXenopus laevis
XL2 cell line. Western blot analysis of synchronized cells
showed that the ratio of levels of both pEg7 and XCAP-E
to B-tubulin levels remains almost constant from G1 to M
phase. pEg7 and XCAP-E were localized to the mitotic

chromosomes and were detected in interphase nuclei.

Immunostaining for condensins and nucleolar proteins
UBF, fibrillarin and B23 revealed that both XCAP-E and

pEg7 are localized in the granular component of the
nucleolus. Nucleolar labeling of both proteins is preserved
in segregated nucleoli after 6 hours of incubation with
actinomycin D (5 mg/ml), but the size of the labeled zone
was significantly smaller. The data suggest a novel
interphase function of condensin subunits in spatial
organization of the nucleolus and/or ribosome biogenesis.

Key words: Chromosome condensation, Condensin, Chromatin,
Nucleolus

Introduction recombination and repair (Jessberger et al., 1996; Stursberg et

Chromosomes undergo significant changes in structure twicd., 1999) and dosage compensation (Lieb et al., 1998; Meyer,
during the cell cycle. First, at the 2 transition, the 2000).
chromosomes condense to form individual compact structures. Isolation of condensed chromosomes from cell-free extracts
Second, at the M/@ransition, the chromosomes return to theirénabled biochemical studies of the proteins associated with
decompacted interphase state. These structural transformatid@®A during mitosis. Proteins identified by this approach using
are believed to be essential for complete segregation ofenopus laevisell-free extract (Hirano and Mitchison, 1994,
genomes into daughter cells during mitosis and to providélirano et al., 1997) form complexes sedimenting at 8S and
differential access for soluble factors to active genetic loct3S. The former consists of a heterodimer of SMC proteins
while keeping inactive ones in the silent compact state. belonging to the SMC2/4 subfamily (XCAP-E and XCAP-C),
The high level of compactness is achieved by orderewhereas the latter contains three additional subunits, XCAP-
folding of DNA through its interaction with chromosomal D2, XCAP-H and XCAP-G. XCAP-D2 was simultaneously
proteins. Interaction of DNA with histones gives rise toidentified as pEg7 by differential screening of Xenopusgg
nucleosomes and a 30 nm chromatin fiber (Wigler and AxeDNA library for genes expressed during oocyte maturation
1976). The mode of DNA folding at higher levels of (Cubizolles et al., 1998). On the basis of their chromosome
compaction and molecular mechanisms involved in formatiowondensation  activity, ~which was demonstrated in
and maintaining of higher order chromatin structures remaiimmunodepletion/rescue experiments, these complexes were
largely elusive. Recent studies have led to the identification dérmed condensins (Hirano et al., 1997). It is believed that 13S
a new class of chromosomal proteins, which take part isondensin is involved in active reconfiguration of DNA
mitotic chromosome compaction (Strunnikov et al., 1993(Kimura and Hirano, 1997; Kimura et al., 1999). Non-SMC
Hirano and Mitchison, 1994; Saitoh et al., 1994). Thesgroteins can act as regulators of condensin activity (Kimura
proteins, termed SMC (structural maintenance ofand Hirano, 2000). Initiation of complex assembly and/or
chromosomes), participate in multiple chromosomal activitiesnodulation of its activity during mitosis may be controlled by
including mitotic chromosome compaction and segregatiogell cycle dependent phosphorylation of XCAP-D2, XCAP-H
(Strunnikov et al., 1993), sister chromatid cohesion (Guacci end XCAP-G (Hirano et al., 1997; Kimura et al., 1998).
al., 1997; Michaelis et al., 1997; Losada et al., 1998), Recently it became clear that condensin subunits have more



1668 Journal of Cell Science 116 (9)

than one function in the cell. To date, the only clear exampléhan 22,000 cells were used for estimation of cell fraction
of such a dual function is given by tBaenorhabditis elegans composition.

protein MIX-1, which is homologous to XCAP-E and plays an

essential role in gene dosage compensation (Lieb et al., 199§%tibodies

MIX-1 forms a complex with another SMC-protein, DPY-27, he generation and purification of anti-Eg7G polyclonal antibodies
and several other proteins. During mitosis, MIX-1 participate ere reported in our previous paper (Cubizolies et al., 1998).

in chromosome compaction by interacting with a yetF’olyclonal anti-XCAP-E antibodies were raised against the last 14
unidentified SMC protein (Lieb et al., 1998). The interphasemino acids of XCAP-E and affinity purified on CNBr Sepharose
behavior of other condensin subunits is yet to be determinegojumn (Amersham Pharmacia Biotech) coupled to the same peptide.
In the present work, we studied ultrastructural localization Human autoimmune sera to UBF and fibrillarin were kindly
of two subunits of theXenopus laevicondensin complex, provided by D. Hernandez-Verdun (I. Jacques Monod, France), and
XCAP-E and pEg7, and the level of their expression during thentibodies to B23 were a gift from T. I. Bulycheva (National Center
cell cycle. for Hematology RAMS, Moscow, Russia) (Bulycheva et al., 2000).
Polyclonal anti-topoisomerase Il (anti-topoll) antibodies were
provided by D. F. Bogenhagen (State University of New York, Stony
. Brook, USA) (Luke and Bogenhagen, 1989); monoclonal anti-human
Materlals and Methods topoll antibodies were obtained from Calbiochem; monoclonal anti-
Chemicals Pleurodeles topoll antibodies were a gift from R. Hock (University of
Bromodeoxyuridine  (BrdU), primary monoclonal anti-BrdU Wurzburg) (Hock et al., 1996).
antibodies, primary monoclonal aftitubulin  antibodies,
aphidicolin, nocodazole, Taxol, glutaraldehyde, actinomycin D, ) )
trypsin-EDTA, secondary anti-rabbit 5 nm gold-conjugated and antilndirect inmunofluorescence microscopy
mouse 10 nm gold-conjugated antibodies were obtained from Sigm&enopus laeviXL2 cells were grown on round glass coverslips in 12-
ALLN (N-acetyl-leucyl-leucyl-norleucinal) was from Calbiochem well plates (Corning Inc., Acton, USA) for 48 hours, washed with
(San Diego, CA). Secondary Texas-Red-conjugated goat anti-humgmosphate-buffered saline (PBS: 120 mM NacCl, 2.7 mM KCI, 10 mM
and goat anti-mouse IgG and fluorescein isothiocyanate (FITCphosphate-buffer, pH 7.2) before fixation. The following fixation
conjugated goat anti-rabbit IgG were obtained from Interchimprotocols were tested: (1) 100% methanol for 6 minutes at —20°C; (2)
(Montlucan, France). Leibovitz-15 (L-15) cell culture medium 100% methanol with subsequent post-fixation with 100% acetone for
and antibiotic-antimycotic ~ solution  (penicillin-streptomycin- 6-20 minutes at —20°C; (3) 1:1 mixture of methanol and acetone for
amphotericin) were from Gibco-BRL. Fetal calf serum was obtaine®-20 minutes at —20°C; (4) 3% formaldehyde in PBS for 10-30
from Biotimes. All components of Epon 812 mixture were obtainedminutes at room temperature; (5) mixture of 3% formaldehyde and
from Ernest F. Fullam Inc (Latham, USA). 0.1% glutaraldehyde for 30 minutes at room temperature with
subsequent ‘quenching’ of free aldehyde groups by two 10 minute
washes with 2 mg/ml NaBHin PBS. In some cases, cells were
Xenopus cultured cells additionally permeabilized for 3 minutes with 1% Triton X-100 in
The embryonicXenopus laevisell line XL2 (Anizet et al., 1981) was PBS at room temperature, either prior to or after fixation. Subsequent
a gift from J. Tata (Mill Hill-NIMR Laboratory, London). Cells were immunostaining was essentially the same for all fixation protocols.
grown at 25°C in L-15 medium supplemented with 10% fetal calfFollowing three washes in PBS, cells were blocked in PBS containing
serum and antibiotic-antimycotic solution (Gibco-BRL). 3% BSA for 30 minutes and then incubated with a mixture of primary
antibodies: rabbit antibodies to pEg7 or XCAP-E (1:50) and either
o mouse anti-topoll monoclonal antibody or anti-B23 antibody (dilution
Cell synchronization 1/100), or human antisera to fibrillarin or UBF (1:100). The antibodies
XL2 cells were synchronized according to the protocol of Uzbekov etvere subsequently revealed by fluorescein isothiocyanate (FITC)-
al. (Uzbekov et al., 1999) with modifications. After serum starvatiorconjugated goat anti-rabbit 1gG (dilution 1/100) and Texas-Red-
for 24 hours, cells were incubated 30 hours in complete medium wittonjugated goat anti-mouse 1gG (dilution 1/70) or Texas-Red-
2 pg/ml aphidicolin, then released from the block by several washesonjugated goat anti-human IgG (dilution 1/100). All antibody
with fresh complete medium. Fractions enriched with S phase (maeagents were diluted in PBS containing 1% BSA, and incubations
S) and G2 phase cells (max G2) were collected 2 and 10 hours afteere performed at room temperature for 60 minutes. Cells were rinsed
the last wash, respectively. For preparation of a fraction of mitotithree times in PBS containing 1% BSA after each incubation.
cells (max M), 8 hours after washing out aphidicolin, cells were For anti-BrdU labeling, cells grown on glass coverslips were
incubated for 3 hours in complete medium with|@géml nocodazole incubated in complete medium with 40M BrdU either for 30
and then for 4 hours in complete medium with j@g8ml nocodazole  minutes (pulse-labeling) or longer. Then cells were briefly washed in
and 40ug/ml calpain inhibitor | (ALLN). Mitotic cells were collected warm (25°C) PBS and fixed with 70% ethanol for 30 minutes. The
for 20 minutes after washing off nocodazole and ALLN with freshcoverslips were rinsed in PBS and immersed in 4 M HCI for 20
medium. The fraction enriched with G1 phase cells (maxwas  minutes, then washed 5 times in PBS and incubated for 60 minutes
collected 11 hours after removing the nocodazole/ALLN mixture. Theat room temperature with mouse anti-BrdU (Sigma) and then anti-
fraction of cells in GO (max GO) was obtained by cultivating cells formouse Texas-Red-conjugated antibodies for 60 minutes at room
7 days in complete medium at 9°C and then 24 hours in the mediutemperature.
without serum at 25°C. After immunolabeling, cells on coverslips were rinsed in PBS and
The composition of all fractions was controlled for by BrdU mounted in Mowiol (Calbiochem). Samples were observed using a
labeling (see below). The fraction of cells in GO was estimated byeiss Axiolab microscope (AXIOVERT 35) equipped with phase
prolonged BrdU labeling (30 hours); the fraction of cells in S phaseontrast and epifluorescence, using/865 NA and 108/1.25 NA
was assessed by impulse BrdU labeling (30 minutes). The fracticachroplan objectives, and photographed using a Nikon 601 camera.
of mitotic cells was estimated by direct counting in a phase contra$ior quantitative analysis, images were captured using a CH-250 CCD
microscope. The percentage of cells in G2 and G1 was calculatedmera (Photometrics, Tuscon, USA) mounted on a Zeiss Axioscope
as described elsewhere (Uzbekov et al., 1999). Data from moraicroscope with a 1001.25 NA objective. Digital image processing
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was performed using Scion Image software (Scion Corp., Frederic < Q

USA). A B K
kDa kDa + <°

Western blot analysis 200= 200= —

Electrophoreses on SDS-polyacrylamide gel were performe ~w- pEg7 -

according to the protocol of Laemmli (Laemmli, 1970) and transferre: 116= 116 =

onto nitrocellulose membranes, as described previously (Towbin «

al., 1979). Membranes were blocked in TBST (Tris buffer saline witt 97= 97=

0.05% Tween-20, pH 7.5) containing 5% skimmed milk for 2 hours

at room temperature and incubated for 3 hours with antibodies dilute 66= 66—

in TBST containing 5% skimmed milk. Immuno-complexes were

revealed with antibodies coupled with peroxidase or alkaline == f-tub i

phosphatase (Sigma) by using either NBT/BCIP (Sigma) or an EC 45m= 45

kit (NEN, Boston, MA) according to the manufacturer’s instructions. |

Fig. 1. Specificity of antibodies to Eg7G, XCAP-E1, Topoll gd

Immunoelectron microscopy o ; :

Cells were rinsed in PBS permeabilized by incubation in buffertubulln in XL2 cell extract. Proteins . laevisXL2 cell lysate
0 N :

containing 50 mM imidazole, pH 6.8, 50 mM KCI, 0.1 mM EDTA, 1 (2x10P cells) were separated onto 7% SDS-polyacrylamide gel,

mM EGTA, 5 mM MgCh, 0.1 mM beta-mercaptoethanol and 1% transferred onto nitrocellulose membranes and immunodetected with

. ; ) : ixture of purified Eg7G and monoclonal antibodies agfinst
Triton X-100 for 3 minutes at room temperature and fixed in cold, iy (lanel) or XCAP-EL1 antibodies (lane 2) or monoclonal anti-
absolute methanol (6 minutes, 22). After three washes in PBS, opoll antibodies (lane 3)
preparations were blocked for 30 minutes in PBS containing 3% BSA{. P ’

Cells were then incubated with a mixture of polyclonal purified
antibodies against pEg7 or XCAP-E and anti-topoll monoclonal Taple 1. Percentage of cells in different phases of the cell

angibb_?céies, walsdhed da”dt.i”‘:“bate‘ljoi” a mi|>éture of ste%ond?kr)y ;”“'cycle in synchronized XL2 cell fractions (more than 1000
rappol nm gold and anti-mouse nm gold-conjugated antinodies. Ce”S were analyzed in eaCh fractlon)

Antibody reagents were diluted in PBS containing 1% BSA, 3%

temperature inactivated (56°C, 30 minutes) goat normal serum, 0.1% % Cellsin G1 % Cellsin S % Cellsin G2 % Cells in M
Tween 20 and incubated at room temperature for 60 minutes. Cell$action ‘max G1'  85.6 11.9 1.9 07
were then washed with PBS and fixed for 90 minutes in 0.1 Meraction ‘max S’ 7.7 92.3 0 0
phosphate buffer at pH 7.2 (KPO+-NaHPQs) containing 2.5%  Fraction ‘max G2’ 0 18.2 77.2 4.6
glutaraldehyde. After being rinsed in 0.1 M phosphate buffer, cell§raction ‘max M’ 121 13.5 3.4 71.7

were post-fixed with 1% osmium tetraoxide in 0.1 M phosphate
buffer, stained with uranium acetate, dehydrated and embedded in an

Epon 812 mixture. Serial ultrathin (70 nm) sections were obtained .. . . . .
parallel to the substrate plane using an LKB-III ultramicrotome andiam'bc’dIes a band of 125 kDa (Fig. 1B), monoclonal antibodies

mounted on single slot grids. The sections were examined usirf@@inst PEG2 [clone 1C1, see Fig. 4B (Roghi et al., 1998)] a

Hitachi-11 and Hitachi-12 electron microscopes operating at 80 kyand of 46 kDa, monoclonal antibodies agatbulin (clone
and photographed. no. TUB 2.1, Sigma) a band near 50 kDa (Fig. 1Aa).

Monoclonal antibodies against human Topoisomerase-|
(Clone SWT3D1 Calbiochem) detect one major specific band

Results o near 180 kDa and one additional small band near 50 kDa (Fig.
Levels of pEg7 and XCAP-E proteins did not change 1B).
significantly during the cell cycle in XL2 cells The synchrony of the cell population and its progression

Condensins are thought to act exclusively at the final stages thirough the cell cycle were monitored by BrdU incorporation
chromosome compaction in mitosis, so it would be reasonabbnd immunofluorescent microscopy (Uzbekov et al., 1998;
to expect their intracellular level to rise at the beginning ofJzbekov et al., 1999). This approach, although rather time-
mitosis and to decline early in G1. Such cell cycle dependembnsuming, has some advantages over FACS analysis,
oscillations are characteristic for many other proteins involvegarticularly in discriminating between late G1 and early S
in mitotic processes (Jessus and Beach, 1992). To address tiels, and seems to be especially useful when working with
question of whether levels rise at the beginning of mitosis angartially aneuploid or polyploid cells. Table 1 shows the
fall early in G1, we analyzed the quantities of pEg7, XCAP-Epercentage of cells in different phases of the cell cycle in
and topoll present in a synchronized cellular population bgynchronized cell populations, which were used for western
using immunoblotting. blot analysis.

Two proteins with known behavior during the cell cycle were For quantification of protein levels at different cell cycle
used as standardf:tubulin, whose level remains constant stages, densitometric data were normalized to thatwibulin.
during the cell cycle, and pEg2, whose concentration changds Fig. 2, cell cycle dependent changes in protein level is shown
cyclically, rising at the beginning of mitosis (Roghi et al., 1998,(OD ratio=1 in G1). From G1 to M, the quantity of pEg2
Arlot-Bonnemains et al., 2001). increased more than 15-fold. Topoll level was maximal in G2

All used antibodies, except monoclonal anti-topoll, detecte@3.5 G1 level) and remained practically the same during
one single specific band on western blots; purified Eg7@nitosis, which is in good agreement with published data for
polyclonal antibodies recognized a band of 150 kDa [Fig. 1Atopolla (Heck et al., 1988; Drake et al., 1989; Woessner et al.,
see also Fig. 2C (Cubizolles et al., 1998)], purified XCAP-EL991).
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Table 2. Labeling of different cell regions by pEg 7G antibodies

Mitotic
chromosomes Cytoplasm Karyoplasm  Nucleolus
Met 6 minutes, —20°C +++ fgr+ fogr—+ +
Met 6 minutes, —20°C, Trit 3 minutes RT +++ for+ dif —+ ++
Met 6 minutes, Ac (6 or 10 or 20 minutes), —20°C +++ fgr+ dif —+ +
Met 6 minutes, Ac 20 minutes —20°C, Tr 3 minutes RT +++ for+ dif —+ ++
Met/Ac (6, 10 or 20 minutes), —20°C ++++ lgr+ dif —+ +
Met/Ac (6, 10 or 20 minutes), —20°C, Tr 3 minutes RT +++ lgr—+ for+ ++
Tr 3 minutes, RT Met 6 minutes —20°C +H++ fgr—+ for+ +++
Tr 3 minutes RT, Met 6 minutes, Ac 20 minutes, —20°C ++++ fogr—+ for+ -+
Tr 3 minutes, For 3% 30 minutes RT +H+H++ fogr—+ for+ +++
Tr 3 minutes, For 3%/Glu 0.1%, NaBEx10 minutes, RT ++++ - dif —+ -
Tr 3 minutes, Glu1%, NaBf2x10 minutes, RT ++++ — dif —+ -
For 3% 10 minutes, Tr% minutes ++++ - for+ -

Abbreviations: Met, methanol 100%,; Tr, Triton X-100 1%; For, formaldehyde; Glu, glutaraldehydezNaBig/ml in PBS; f gr, fine granular labeling; | gr,
large granular labeling; dif, diffuse labeling.

In contrast, levels of pEg7 and XCAP-E increased slowly a A
cells progressed from G1 to M and became less than two-fo G1 S G2 M
higher in the mitotic fraction when compared to the G1 fractior Topo-Il = v w——— — —

(Fig. 1b). Similar results were obtained for human ortholog: Eq7 —

of XCAP-E and XCAP-C (Schmiesing et al., 1998). ngp_E ' —— B -
The ratio of pEg7B-tubulin and XCAP-Ef-tubulin in the

fraction ‘max GO’ (GO, 86.7%; G1, 6.7%; S, 5.9%; G2, 0.8%, _

M, 0.3%) was even higher than in G1: 1.38 for pEg7 and 1.3 Eg2 S ——

for XCAP-E. This increase apparently correlates with the lov

level of B-tubulin brought about by cultivation of cells at low

PotubDUlin — — — —

temperature, but in any case, these data show that both pE B 16
and XCAP-E are continuously expressed in non-dividing cells
Taken together, the data suggest that not only SMC protein 121
representing core subunits of the 13S-condensin complex, b i
also some non-SMC subunits are expressed throughout the ¢ 8
cycle. 4r
0" Gt S G2 M

The effect of fixation on immunolocalization of pEg7 and
XCAP-E o~ Eg2 =*topo2 == Eg7 -O-XCAP-E

In our previous paper (Cubizolles et al., 1998), we reported, _ _

chromosomal localization of pEg7 during mitosis. With thel19: 2. Western blot analysis of the quantity of pEg7, topoll and
formaldehyde-glutaraldehyde fixation protocol used in thes CAP-E in the synchronized cells of different stages of cell cycle.

. A / taini ith ti-DEQ7 tibodi A) After electrophoresis and transfer onto nitrocellulose, the
experiments, immunostaining - wi anti-peg/ - antibodi€Sy, e yprane was cut, the upper part was incubated with antibodies to

produced only weak diffuse nuclear labeling in interphasgynoi, the second part with a mixture of pEg7 and the third part with
cells. However, under these conditions, nuclear antigens coulbnoclonal antibodies agairfstubulin and the last part with

be partially masked. In order to test this possibility, in themonoclonal antibodies against pEg2 (clone 1C1). Immunocomplexes
current work we used some other fixation protocols for botlwere revealed using an enhanced chemoluminescence system.
anti-pEg7 and anti-XCAP-E antibodies. Several antibodie$B) Relative quantities of protein during the cell cycle (profein:

were tested after methanol, Triton-methanol, Triton-tubulin ratio, with the ratio in G1 equal to 1). The level of cycle-
formaldehyde and Triton-glutaraldehyde fixation protocolsiependent protein kinase pEg2 increased from 1 at G1 t0 15.44£3.21
(see Materials and Methods). The intensity of mitotic2t M phase; the quantity of topoll was maximal in G2 phase

chromosome staining was used as a reference point f:}.61i1.22) and practically the same in mitosis (3.52+1.04). The

. . . o . uantity of pEg7 and XCAP-E increased from 1 at G1 to 1.48+0.09
estimation of labeling efficiency. Since Eg7G and XCAP E1and 1.48+0.04 times at M phase, respectively. Average data from

antibodies gave the best results on mitotic chromosomes, W& r measurements from two experiments are presented. Quantitative
used these antibodies for further experiments. analysis was performed using Image Quant computer program.
The results of the effect of fixation protocols on pEg7

immunostaining are summarized in Table 2. It appeared that

mitotic chromosome staining for pEg7 demonstrates little While most methanol- or aldehyde-based protocols gave fine
sensitivity to variations in fixation conditions. Both granular staining of the cytoplasm and weak diffuse staining of
crosslinking-type and precipitation-type fixatives gave similathe nucleoplasm, pretreatment of cells with detergent prior to
results. In contrast, interphase staining was notably differeffiixation revealed the concentration of antigen in the nucleolus.
when various protocols were compared. Introduction of glutaraldehyde in fixation mixture completely
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Fig. 3.Nucleolar localization
of pEg7 and topoll in the
interphase nucleus. XL-2

Methods. Cell were then
processed for double e
immunofluorescence staining Eafis
(panels A-E) with an anti-
pPEg7G affinity-purified
polyclonal antibody (C) and
an anti-human topoll
monoclonal antibody (D).
The merged picture is shown
in e. Cells were observed by
phase contrast microscopy
(A) and stained with DAPI
(B). For electron microscopy
(F-H) cell were fixed as = ) o :
described under Materials and x 4 ¢ s,
Methods and then labeled for F“\ %?ﬂ"* " Nty
double immunogold electron I NS R NEET
microscopy with anti-pEg7G R

affinity-purified polyclonal s
antibody and anti-human
topoll monoclonal antibody.
Anti-Eg7 and anti-topoll
antibodies were revealed with
a secondary anti-rabbit
antibody conjugated toa 5 nm__
gold particle (for pEg7) and
an anti-mouse antibody
conjugated to 10 nm gold
particle (for topoll, arrows),
respectively. Bar, fim (A-E),
1pm (F) and 0.2um (G,H).

Table 3. Labeling of different cell regions by XCAP E1 antibodies

Mitotic

chromosomes Cytoplasm Karyoplasm Nucleolus
Met 6 minutes, —20°C ++ for++ — +
Tr 3 minutes, RT Met 6 minutes —20°C +++ for++ — +++
r 3 minutes RT, Met 6 minutes, Ac 20 minutes, —20°C +++ for-+ dif + ++++
Tr 3 minutes, For 3% 30 minutes RT +++ for++ — ++++
Tr 3 minutes, Glu 1%, NaB+2x10 minutes, RT + - dif -+ -
For 3% 10 minutes, Tr¥5 minutes +++ - for+ T

Abbreviations: Met, methanol 100%; Tr, Triton X-100 1%; For, formaldehyde; Glu, glutaraldehydezNaBig/ml in PBS; f gr, fine granular labeling; dif.
diffuse labeling.

abolished nucleolar staining despite detergent pretreatment. TREg7 and XCAP-E are associated with nucleolus in
data suggest that the inability to visualize nuclear localizatiofterphase
of pEg7 in previous reports may be caused by the inaccessibili§omparison of the effects of the fixation protocol on condensin
of antigen to antibodies. Similar experiments performed usingnmunolocalization permitted us to establish the most reliable
antibodies against XCAP-E (Table 3 and Fig. 3) demonstrateonditions for studies of nucleolar localization of pEg7 and
that same tendency. However, in contrast to anti-pEg7XCAP-E in culturedXenopusells. Although some recent data
antibodies XCAP-E1 labeled the nucleolus also after theuggested localization of condensin subunits to the nucleolus,
formaldehyde-Triton fixation procedure. no detailed data on subnucleolar compartmentalization of these
These results partially explain the inconsistencies betweguroteins have been presented. However, our analysis could
previous reports, where condensins were immunolocalized farovide a clue to the possible role of condensin subunits in
nuclear (Saitoh et al.,, 1994; Schmiesing et al., 2000) dhe interphase nucleus. In the present study, we addressed
cytoplasmic compartments of interphase cells (Steen et al., 2006he function of the condensin subunits by performing
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L TR S
Fig. 4.Nucleolar localization of XCAPE }‘ 3
and topoll in an interphase nucleus. XL-2 i
cells were grown and fixed as described inj;
Materials and Methods. Cell were then _
processed for double immunofluorescence
staining (A-E) with anti-XCAP-E affinity-
purified polyclonal antibody (C) and anti- |
human topoll monoclonal antibody (D).
Double staining is shown in e. Cells were | 1
observed by phase contrast microscopy (A}F;,' R v
and stained with DAPI (B). For electron
microscopy (F-H), cells were fixed as
described under Materials and Methods
and then labeled for double immunogold
electron microscopy with an anti-XCAP-E
affinity-purified polyclonal antibody and
an anti-human topoll monoclonal antibody
Anti-XCAP-E and anti-topoll antibodies
were revealed with a secondary anti-rabbit
antibody conjugated to 5 nm gold particle *
(for XCAP-E) and an anti-mouse antibody
conjugated to a 10 nm gold particles (for =
topoll, arrows), respectively. Bar,Bn s e
(A-E), 1um (F) and 0.2im (G,H). G‘.‘

colocalization of pEg7 and XCAP-E with marker proteins ofwith anti-pEg7 and anti-topoll. The distribution of topoll at the
subnucleolar domains. We used UBF for labeling fibrillarnucleolar periphery perfectly matches that of pEg7. Double
centers; fibrillarin for the dense fibrillar component, and B23%taining of topoll and XCAP-E also revealed obvious
for the granular component [see (Scheer and Hock, 199@plocalization of these two proteins at the nucleolar surface,
Olson et al., 2000) and references therein]. We also studied takhough XCAP-E was localized more towards the inside of the
colocalization of condensins with topoisomerase It had nucleolus (Fig. 4D,E).
been shown previously, iDrosophila that topoll interacts For studying the ultrastructural localization of pEg7 and
with Barren, a homologue of another member of condensiXCAP-E proteins in interphase cells, we performed
complex — XCAP-H (Bhat et al., 1996) — and also partiallyimmunogold labeling using affinity-purified antibodies against
colocalized with condensins during mitosis. By contrastthese proteins, in combination with monoclonal antibodies
nucleolar localization of topoll has been demonstrated in against topoll. Fig. 3F-H and Fig. 4F-H show typical staining
number of studies (Zini et al., 1994; Mo, Beck, 1999;patterns of interphase nuclei. For all three antibodies, the most
Christensen et al., 2002). intense labeling was detected at the nucleolar surface. The
The nucleolar labeling by anti-pEg7 antibodies was nohucleoplasmic and cytoplasmic labeling was very weak. These
homogeneous; rather, the peripheral part of the nucleoli werbservations are in agreement with our immunofluorescence
preferentially stained, leaving the central part unstainedata, with the only exception that, at the electron microscopic
Depending on the orientation of the nucleolus in different celldevel, localization of all three proteins is restricted to the
single or double cap-like regions could be observed (Fig. 3kurface of the nucleolus, whereas immunofluorescent labeling
This type of labeling was especially visible in cells with largeshows deeper penetration into the nucleolus. This is possibly
nucleoli. In small nucleoli or in nucleolus-like bodies, whichbecause of some sterical constraints that limit the diffusion of
are often seen in some nuclei, homogeneous staining prevailgghld-conjugated antibodies into the densely packed nucleolus
Anti-XCAP-E antibodies also stained the nucleolus (Fig. 4)jn the case of a pre-embedded immunogold staining procedure.
but, in contrast to anti-pEg7, labeling was more intense and Counterstaining with DAPI shows no apparent colocalization
less sensitive to the fixation protocol used. In interphase cellef DNA with condensin subunits, indicating that these proteins
besides nucleolar staining, bright spots in the cytoplasm arate localized in the nucleolus itself, rather than in surrounding
fine granular staining of nucleoplasm were also observed witberinucleolar heterochromatin. In order to localize the
anti-XCAP-E antibodies (Fig. 4). condensins in the nucleolus precisely, double immunostaining
Fig. 3C-E shows double staining of interphase XL2 cellsvith antibodies to UBF, fibrillarin and B23 was performed. As
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Fig. 5.Immunolocalization of XCAP- XCAP E UBF Merged

E and UBF in control cells and after

actinomycin treatment. XL2 cells were 4
incubated for 6 hours in the medium

with 5 pg/ml actinomycin D (E-H) or Con

without the drug (A-D). After fixation,

cells were processed for [ ¢4

immunofluorescence staining with

polyclonal anti-XCAP-E1 antibodies

(B,F) and human autoimmune serum

to UBF (C,G). Cells were stained W'tQCD 3
DAPI for DNA visualization (A,E).

Triple DAPI/XCAP-E/UBF labeling is

shown (D,H). Bar, fum. G

XCAP E Fibrillarin

- - -
Fig. 6. Immunolocalization of C
XCAP-E and fibrillarin in control
cells and after actinomycin
treatment. XL2 cells were
incubated for 6 hours in the AcD
medium with Sug/ml actinomycir
D (E,H) or without the drug (A- F G

D). After fixation, cells were
processed for immunofluorescence staining with polyclonal anti-XCAP-E1 antibodies (B,F) and human autoimmune serum tdGit@ilarin
Cells were stained for DNA visualization with DAPI (A,E). Triple DAPI/XCAP-E/fibrillarin labeling is shown (D,H). Ban.5

shown on Fig. 5, UBF is located in series of small dots thatt al., 1996). Indeed, morphological changes in nucleoli in
reside outside the condensin-positive zone. XCAP-E andctinomycin-D-treated cells, which result in nucleolar
fibrillarin also occupy mutually exclusive regions in the nucleolisegregation, clearly indicate that rRNA synthesis is severely
(Fig. 6A,B). The same distribution of these proteins was seeaffected (Figs 5-9). After 6 hours of treatment, there was a
in smaller nucleolus-like bodies, where distinct domainsiotable decrease in the nucleolar size (from 4.5 tquh8n
occupied by XCAP-E and fibrillarin were also visible (Fig. 6).diameter) as judged by phase contrast microscopy. At the
pEg7 labeling was the same as that of XCAP-E (data nalectron microscopic level, segregation of nucleolar material
shown). By contrast, the distributions of B23 and XCAPE arénto two distinct compartments was clearly seen (data not
practically identical (Fig. 7). These data strongly indicate thashown). These segregated nucleoli were often in close contact
both SMC-protein XCAP-E and the non-SMC component ofnvith small blocks of condensed chromatin, which were clearly
condensin are localized to granular component of the nucleolugsible after DAPI staining.
However, some differences in intranucleolar distribution of Immunolocalization of pEg7 and XCAP-E showed that
these proteins suggest the existence of a subpopulation lmbth proteins were found in the segregated nucleoli as
nucleolar XCAP-E that does not interact with pEg7. homogeneously stained spherical regions. These regions
Taken together, these observations indicate that, duringccupy only a part of the segregated nucleolus, since they are
interphase, two of the condensin subunits, pEg7 and XCAP-Emaller than the entire nucleolus. Again, comparison of the
are targeted to the nucleolus, where they are localized in thecalization of pEg7 and XCAP-E and DNA demonstrates that
granular component. condensins do not reside in condensed perinucleolar chromatin
(Figs 5-9). Double staining for XCAP-E and UBF and
fibrillarin does not show any colocalization of these proteins
The effect of rRNA transcription inhibition on the (Fig. 5). As in control nucleoli, these proteins occupy distinct
nucleolar localization of condensins spatially separated nucleolar domains. By contrast, B23
In order to address the question of what is the functionadtaining displays perfect overlap with XCAP-E in segregated
meaning of nucleolar localization of condensins duringnhucleoli (Fig. 7).
interphase, we determined the distribution of pEg7 and XCAP- After 6 hours of treatment with actinomycin D, the size of
E in cells treated with actinomycin D at a concentration othe nucleolar compartment containing these proteins decreased
5 ug/ml for 2, 4 and 6 hours. Under these conditions, thseveral-fold, on average, in treated cells, compared with
transcription by RNApol | is completely blocked (Schofercontrol untreated cells. The local concentration of pEg7 and
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DNA

Fig. 7.lmmunolocalization of

XCAP-E and B23 in control cells

and after actinomycin treatment.

XL2 cells were incubated for 6

hours in the medium withpg/ml  Con
actinomycin D (E-H) or without the

drug (A-D). After fixation, cells

were processed for
immunofluorescence staining with
polyclonal anti-XCAP-E1 (B,F)

and monoclonal anti-B23 (C,G)
antibodies. Cells were stained for AcD
DNA visualization with DAPI

(AE). Triple DAPI/XCAP-E/B23

labeling is shown (D,H). Bar, jsm.

Fig. 8. Immunolocalization of pEg7 and topoll on the nucleolus in control cells and after actinomycin treatment. XL2 cells wesslifmubat
6 hours in the medium with5g/ml actinomycin D (E-H) or without the drug (A-D). After fixation cells were processed for
immunofluorescence staining with polyclonal anti-pEg7 (C,G) and monoclonal anti-topoll (D,H) antibodies. Cells were obgbiasel by
contrast microscopy (A,E) and stained for DNA visualization with DAPI (B,F). Bam5

XCAP-E did not change significantly. Thus, the overall Condensin function during interphase is not so obvious.
decrease in the nucleolar level of pEg7 and XCAP-E occuraking into account the fact that intracellular levels of
under these conditions. condensin subunits remain practically constant throughout the

In actinomycin-D-treated cells, nucleolus-like bodies alsccell cycle [this study; (Schmeising et al., 1998; Cabello et al.,
decrease in size, but, in contrast to large nucleoli, fibrillarir2001)], one should expect condensins to exert some yet
staining is undetectable, whereas XCAP-E remains detectalbleknown function(s) during interphase. It is a plausible
(Fig. 6). hypothesis that condensins act as regulators of gene expression

by controlling the accessibility of chromatin loci to

) ) transcription factors via local condensation/decondensation of
Discussion interphase chromosomes. The only example, so far, of dual
Condensins were postulated to be the key chromosomfinction of SMC proteins in mitosis and interphase is the
components driving, in cooperation with topoll, the final stepparticipation of C. elegansprotein MIX-1 in both mitotic
of mitotic chromosome condensation (Gasser, 1995; Hiranahromosome compaction and dosage compensation of the X
1995). This conclusion was derived from an in vitrochromosome in XX hermaphrodite worms (Lieb et al., 1998).
immunodepletion assay of chromosome compaction and frolecently it was shown that Cnd2, a non-SMC subunit of fission
mutational analysis of individual condensin subunits (Hirangreast condensin, the analBgosophilaBarren (Lavoie et al.,
and Mitchison, 1994; Cubizolles et al., 1998; Freeman et al2000), is required for mitotic chromatin condensation and is
2000; Lavoie et al., 2000; Ouspenski et al., 2000). Thémportant for correct DNA reparation in interphase (Aono et
localization of condensin subunits to condensed chromosomas, 2002). Thus, the participation of condensin subunits in
during mitosis also supports this idea. Moreoversome related activities in interphase cannot be ruled out.
decondensation of in vitro preassembled chromosomes afterlt is generally agreed that condensins are nuclear proteins,
the addition of anti-XCAP-C antibodies implies that thisbut some controversial observations were made concerning
protein, another subunit of the condensin complex, is alstheir subnuclear localization. Most authors demonstrated
required for the maintenance of compact chromosomdiffuse distribution of SMC proteins throughout the nucleus
structure (Hirano and Mitchison, 1994). (Saitoh et al., 1994; Hirano and Mitchison, 1994), whereas
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XCAP E Topoll
-

Fig. 9.Immunolocalization of XCAP-E and topoll on the nucleolus in control cells and after actinomycin treatment. XL2 cells watedncub
for 6 hours in the medium with&g/ml actinomycin D (E-H) or without the drug (A-D). After fixation, cells were processed for
immunofluorescence staining with polyclonal anti-XCAP-E1 (C,G) and monoclonal anti-topoll (D,H) antibodies. Cells were bjps#rasd
contrast microscopy (A,E) and stained for DNA visualization with DAPI (B,F). Bam5

Merged

)

others reported concentration of these proteins in discrethromatin. In theX. laevisnucleolus, two related explanations
subnuclear domains of an unknown nature (Schmiesing ean be proposed. On the one hand.itaeviscells about 500
al., 1998). Recently, nucleolar localization of the humarrRNA cistrons per haploid set (Wallace and Birnstiel, 1966) are
condensins hCAP-H has been reported (Cabello et al., 199%cated on the short arm of chromosome 12 (Kahn, 1962),
Cabello et al., 2001). Similar results were obtained foclose to the centromere (Graf and Kobel, 1991), so that during
S. cerevisiag where GFP-tagged pSmc4 was shown tdnterphase, the centromeric region of chromosome 12 appears
accumulate in the nucleolus prior to entry into mitosisin close proximity to the nucleolus. Non-random association
(Freeman et al., 2000). of centromeres with the nucleolus has also demonstrated in
In the present study, we demonstrate, for the first time, ather cell types (Stahl et al., 1976; Cerda et al., 1999; Chou
nucleolar localization of both a SMC protein (XCAP-E) and aand DeBoni, 1996; Haaf and Schmid, 1989; Lee et al., 1999;
non-SMC member of th¥. laevs condensin complex (pEg7) Leger et al., 1994; Park and DeBoni, 1992). These associations
throughout interphase. In our previous work (Cubizolles et alwere thought to be important for spatial arrangement of the
1998), a diffuse signal was detected in the interphase nuclegenome or regulation of rDNA transcription. On the other
when using more robust formaldehyde-glutaraldehyde fixatiorhand, during mitosis, accumulation of condensins in the
Careful comparison of various fixation protocols showedcentromeric regions was detected. Since blocks of
that interphase staining is indeed very sensitive to fixatioheterochromatin maintain their highly compacted state
procedure (Tables 2 and 3). So, it could be hypothesizetiroughout the cell cycle, one should expect condensins to keep
that the differences in interphase localization of condensingnteracting with these loci during interphase. However, such
reported by other authors, is based on variations of antigenteraction has not been clearly demonstrated so far.
preservation and/or accessibility, depending on the protocol of Alternatively, the nucleolar localization of condensins could
fixation. This explanation seems most acceptable whereflect a direct and specific interaction with rDNA in
comparing our data on XCAP-E localization with those ofinterphase. In this case, condensin-driven compaction of
Hirano and Mitchison (Hirano and Mitchison, 1994) and forribosomal gene loci might serve as a mechanism of controlling
its ortholog proteins hCAP-E (Schmeising et al., 1998) andRNA synthesis at the level of higher-order chromatin
Scll (Saitoh et al.,, 1994). The same holds true for thatructure. In situ hybridization with specific rDNA probes often
immunolocalization of pEg7 or its homologs (Cubizolles et al.demonstrates the presence of rDNA in clumps of nucleolus-
1997; Steen et al., 2000; Schmiesing et al., 2000). Howevassociated chromatin both at microscopic and ultrastructural
immunoblot analysis of subcellular fractions indicated thatevels (Thiry et al., 1988; Thiry and Thiry-Blaise, 1991; Kaplan
human orthologs of XCAP-E and pEg7 are predominanthet al., 1993). The retraction of rDNA out of the nucleolus into
cytoplasmic during interphase (Schmiesing et al., 2000; Stegyerinucleolar chromatin upon inhibition of transcription by
et al., 2000). This inconsistency may be explained by thactinomycin D (Schofer et al., 1996) confirms the idea that the
‘leakiness’ of nucleolar condensins (Saitoh et al., 1994), whichalance between compacted (perinucleolar) and extended
exit the nucleus during fractionation procedure. (intranucleolar) rDNA is correlated with the level of rRNA
The functions, if any, of condensins in the nucleolus duringynthesis. Strong correlation between condensin and topoll
interphase remain unclear. As was shown previously by margcalization, observed in nucleoli, implies the cooperative
authors, the 13S condensin complex and its core subunitsaetion of these proteins in transcription-related reconfiguration
SMC proteins — display DNA-binding activity in vitro of the rDNA template (Kimura et al., 1999). However,
(Akhmedov et al., 1998; Sutani and Yanagida, 1997; Kimurd&reatment with teniposide (stabilizing covalent catalytic DNA
and Hirano, 1997) and interaction with condensingintermediates of topoll) causes relocation of topoll (leoémd
chromosomes both in vivo and in vitro (Hirano and Mitchisonf3) from the nucleoli to nucleoplasmic granules (Christensen et
1994; Freemen et al., 2000). Therefore, in agreement with tha., 2002), thus indicating that nucleolar subpopulation of this
generally accepted hypothesis, it may be speculated thptoteins seems to be catalytically inactive.
condensin subunits bind to perinucleolar or intranucleolar In the present work no colocalization of XCAP-E and pEg7
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with  DNA was detected during interphase. The lack ofpolyclonal anti-topolr antibodies from D. F. Bogenhagen (State
colocalization was especially clear after actinomycinUniversity of New York, Stony Brook, USA), monoclonal anti-
treatment, when nucleolar DNA and XCAP-E OccupiedPIeurodeles topoll antibodies from R. Hock (University of Wurzburg,
different non_OVe”apping domains. Moreover' XCAP-E iSGermany), human autoi_mmune sera to flbrlllarln and UBF fromD.
distributed throughout the granular component of nucleolud €nandez-Verdun (Institut Jacques Monod, Paris, France) and XL.2
where little or no DNA was detected (Thiry and Thiry-Blaise Cells from J. Tata (Mill Hill-NIMR Laboratory, London). We also give
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segregation during mitosis i8. cerevisiagFreeman et al.,

2000) provide another clue to the function of condensins in

the nucleolus. The authors demonstrated accumulation

condensi'ns in the nucleo!u's at the G2/M transition and block S imedov. A, ., Frei, C., Tsai-Plugfelder, M., Kemper, B., Gasser, S. M
SeQregat_lon of rDNA IO(.:I iIrsmc2 and. smec4mutants. These nd Jess,bérgér, R(i9§é). Structural mai'nte.r;ance of é:hr.c;mosomés .pro-tein
observations were considered as evidence for a special role of.terminal domains bind preferentially to DNA with secondary strucdure.
condensins in proper segregation and/or folding up the arraysBiol. Chem273 24088-24094

of repetitive DNA. This idea is further supported by theAnizet, M. P., Huwe, B., Pays, A. and Picard, J. [1981). Characterization
apparent concentration of condensins in centromeric andgf fi‘r;‘;""ccﬁ"Jé”iéf&ﬁbgg;amﬁg 2;’”‘;96”7?2‘7‘2'5‘6"'3”" determination of
telomeric regions of mitotic chromosomes.X{enopuscells, Aon%, N., SllJJt;ni, T. Mochida, S. and Yanagidé’ M2002). Cnd2 has dual
however, nucleolar localization of condensins is cell cycle roles in mitotic condensation and interphasature 417, 197-202.
independent and does not correspond to localization of rDNArlot-Bonnemains, Y., Giet, R., Klotzbucher, A., Uzbekov, R., Bihan, R.
durlng Interphase, which is indicative of some additional and Prlgent, C(2001) |dent|f|cat|0n of a functional destruction box in the
function for condensin subunits. Although the existence of gh);fn,f,’lf)f 'Sﬁﬁﬁ“;?{?"gmif eDPll\EAg_iEf gelﬁztrtlsggfégéle?.zbhromatid
minor subfraction of condensins bound to nucleolar DNA seéregat{on at énapﬁase rec’]uires the barren broduct, a novel chromosome-
cannot be completely ruled out, nucleolar localization of the associated protein that interacts with Topoisomeragell 87, 1103-1114.
majority of XCAP-E and pEg7 cannot be explained exclusivelyulycheva, T. I., Dergunova, N. N., Artemenko, E. G., Dudnik, O. A,
by their association with DNA. Shpakova, A. P., Malashenko, O. S. and Zatsepina, O.(2000). Analysis

Anoth ibl | f d . in th leol iaht of the proliferative activity of a cell using new monoclonal antibodies to
notner possible role or condensins In the nucleolus MIgNt cjeolar protein B23/nucleophosmirsitologiia 42, 944-954.

be related to rRNA synthesis and/or processing. Localizatiogabello, O. A., Eliseeva, E. D., Herbert, F., Thang, S. N., Plon, S. E.,
of condensins in the granular component and their behav|orBrink'Iey,_B. R. and Belmont, J. W.(1999). Cell cycle regulated subcellular
upon the inhibition of transcription by actinomycin D indicate _ localization of HCAP-HMol. Biol. Cell Suppl. 1q 179a.

- - . abello, O. A, Eliseeva, E., He, W., Youssoufian, H., Plon, S. E., Brinkley,
that condensins could be associated with released rRNﬁB. R. and Belmont, J. W.(2001). Cell cycle-dependent expression and
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redistributed to aggregates of RNP particles containing C.(1999). Organization of complex nuclear domains in somatic mouse cells.

; Biol. Cell. 91, 55-65.
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remain largely unknown. Since heterodimers of cut3/cutl4 (S. in'ﬁviﬁé cél(ls 3 ():'e” Tiolies 2paa opoisomerasesdnd B
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> ) . 1437-1446.
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rod domain, reminiscent of those in intermediate filament T and Mirabelli, C. K. (1989). Biochemical and pharmacological
proteins, may favor cooperative self-association and filament Properties of p170 and p180 forms of topoisomerasidchemistry2,
! . ! . i . 8154-8160.
formation. This specul_atlve mech_anlsm of condensin-driveydnik, A. and Zatsepina, O. V.(1995). The behavior of nucleolar proteins
chromosome compaction (Strunnikov, 1998) may also take under the conditions of the reversible three-dimensional separation of the
place during interphase. structural components of the nucleolUisitologiia 37, 126-132.
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