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We previously characterized major components of mitotic chromosomes assembled in Xenopus
laevis egg extracts and collectively referred to them as Xenopus chromosome–associated polypep-
tides (XCAPs). They included five subunits of the condensin complex essential for chromosome
condensation. In an effort to identify novel proteins involved in this process, we have isolated
XCAP-F and found it to be the Xenopus ortholog of ISWI, a chromatin remodeling ATPase. ISWI
exists in two major complexes in Xenopus egg extracts. The first complex contains ACF1 and two
low-molecular-weight subunits, most likely corresponding to Xenopus CHRAC. The second
complex is a novel one that contains the Xenopus ortholog of the human Williams syndrome
transcription factor (WSTF). In the absence of the ISWI complexes, the deposition of histones onto
DNA is apparently normal, but the spacing of nucleosomes is greatly disturbed. Despite the poor
spacing of nucleosomes, ISWI depletion has little effect on DNA replication, chromosome con-
densation or sister chromatid cohesion in the cell-free extracts. The association of ISWI with
chromatin is cell cycle regulated and is under the control of the INCENP-aurora B kinase complex
that phosphorylates histone H3 during mitosis. Apparently contradictory to the generally ac-
cepted model, we find that neither chromosome condensation nor chromosomal targeting of
condensin is compromised when H3 phosphorylation is drastically reduced by depletion of
INCENP-aurora B.

INTRODUCTION

The faithful rearrangements of chromatin structure are es-
sential for a variety of nuclear functions in eukaryotic cells,
including DNA replication, repair, gene expression, and
chromosome segregation. Malfunctions in any of these pro-
cesses cause DNA damage, aneuploidy, and chromosome
breakage and translocations, potentially leading to cancers

or birth defects (reviewed by Lengauer et al., 1998; Hoeij-
makers, 2001).

DNA is packaged into the nucleosome, the basic unit of
chromatin that is made up of a histone octamer and �200
base pairs of DNA. Emerging lines of evidence suggest that
nucleosome function is tightly regulated by two different
mechanisms. The first involves covalent modifications of
histones (reviewed by Cheung et al., 2000). For example, the
N-terminal tail of histone H3 is phosphorylated at serine 10
during mitosis and meiosis in a wide range of eukaryotes,
and this phosphorylation is believed to be essential for
proper chromosome condensation and segregation (Wei et
al., 1999). Recent studies have shown that a protein kinase
known as aurora B is responsible for this modification (Hsu
et al., 2000). Perturbation of this kinase function leads to
defects in a number of mitotic events, such as chromosome
segregation and cytokinesis (Biggins et al., 1999; Speliotes et
al., 2000; Adams et al., 2001; Giet and Glover, 2001). The
second mechanism involves energy-dependent mobilization
of nucleosomes that is mediated by chromatin remodeling
complexes (reviewed by Aalfs and Kingston, 2000). Al-
though such local “remodeling” of nucleosomes has been
shown to be important for proper gene expression in nu-
merous model systems, its potential impact on global chro-
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matin dynamics is just beginning to be elucidated (Deuring
et al., 2000).

Nucleosome fibers are further folded and packaged
within the interphase nucleus. At the onset of mitosis, the
nuclear envelope disassembles and the chromatin is con-
verted into an even more organized structure, the mitotic
chromosome (reviewed by Koshland and Strunnikov, 1996;
Hirano, 2000). An understanding of the molecular mecha-
nisms underlying higher-order chromosome dynamics and
its cell cycle regulation is among the biggest challenges in
modern cell biology.

Cell-free extracts derived from Xenopus laevis eggs provide
a powerful biochemical system for studying the global rear-
rangements of chromatin structure. The addition of the
physiological substrate, sperm chromatin, to such extracts
allows reconstitution of key nuclear events in vitro, includ-
ing DNA replication and chromosome condensation and
segregation (Blow and Laskey, 1986; Newport and Spann,
1987; Shamu and Murray, 1992). The development of a
simple method for isolating mitotic chromosomes assem-
bled in vitro made it possible to characterize their structural
components systematically (Hirano and Mitchison, 1994).
The major protein components identified in this way were
collectively referred to as Xenopus chromosome–associated
polypeptides (XCAPs). It was found that XCAP-B and -D are
topoisomerase II and the chromokinesin Xklp1 (Vernos et al.,
1995), respectively. XCAP-C and -E were initially identified
as members of the structural maintenance of chromosomes
(SMC) family of ATPases (Hirano and Mitchison, 1994) and
subsequently were shown to be part of a chromosome con-
densation complex (termed condensin) that contains three
additional non-SMC subunits, XCAP-D2, -G and -H (Hirano
et al., 1997; Kimura et al., 1998). The five-subunit condensin
complex is highly conserved from yeast to humans. Genetic
studies in different model organisms have shown that each
of the condensin subunits is required for proper condensa-
tion and segregation of mitotic chromosomes (reviewed by
Hirano, 2000).

In an attempt to identify novel protein components in-
volved in the regulation of higher-order chromosome dy-
namics, we sought to characterize the remaining XCAPs. In
this study, we focus on XCAP-F and find it to be the Xenopus
ortholog of ISWI, the ATPase subunit of a subclass of chro-
matin remodeling complexes. We show that this polypep-
tide is present in two major complexes in Xenopus egg ex-
tracts and is required for regular spacing of nucleosomes but
not for DNA replication or chromosome condensation. Im-
munodepletion of the INCENP-aurora B kinase complex
reduces the level of histone H3 phosphorylation and affects
the association of ISWI with chromosomes in mitosis. How-
ever, we find little, if any, disturbance in chromosome con-
densation or chromosomal targeting of condensin under this
condition.

MATERIALS AND METHODS

Preparation and Fractionation of Xenopus Egg
Extracts
Mitotic low-speed supernatants (LSSs) were prepared in XBE2
buffer (10 mM potassium-HEPES, pH 7.7, 100 mM KCl, 2 mM
MgCl2, 0.1 mM CaCl2, 5 mM EGTA) according to Murray (1991). To
prepare interphase LSS, cyclohexamide (0.1 mg/ml) and CaCl2 (0.4

mM) were added to mitotic LSS, and then the extract was incubated
at 22°C for 30 min. LSSs were centrifuged at 50,000 rpm for 2 h using
a TLS 55 rotor (Beckman, Palo Alto, CA) to yield high-speed super-
natants (HSSs; Hirano and Mitchison, 1991). Sucrose gradient cen-
trifugation of HSS was performed as described previously (Hirano
et al., 1997).

Microsequencing and Cloning of XISWI, XACF1, and
XWSTF
Mitotic chromosomes were assembled from sperm chromatin in a
mitotic HSS, isolated, fractionated by 6% SDS-PAGE, and stained
with Coomassie blue G (Hirano et al., 1997). A gel fragment corre-
sponding to XCAP-F was excised and digested in situ with lysylen-
dopeptidase. The resulting peptides were fractionated by reverse-
phase chromatography and sequenced by Edman degradation as
described previously (Bell et al., 1993). The following sequences
were obtained: TVRVFRFITDNTVEERIVEXA; FNXRYLVIDEAHRI;
WGRDDIENIAREVEGK; and KLLTQGFTNWNK (X represents an
ambiguous residue). A database search revealed that these se-
quences were highly homologous to hSNF2H/hISWI (BAA25173), a
human ortholog of Drosophila ISWI. Taking advantage of this infor-
mation, we amplified a human cDNA fragment by PCR using a
�gt10 library as a template. Oligonucleotides used for PCR were as
follows: snf2h 551A, 5�-TACGGATCCGTTTTCATGTTAAG-
CACGCG-3� (BamHI-tag sequence is underlined); and snf2h 651B,
5�-CTCAAGCTTAAGCATTTCATCTTTCCCAA-3� (HindIII-tag se-
quence is underlined). The two primers amplified a �300-base pair
fragment encoding a highly conserved region of the hSNF2H/
hISWI cDNA (amino acids 551–651), which was then used as a
hybridization probe to screen a Xenopus �ZAP oocyte cDNA library
(Stratagene, La Jolla, CA). Three overlapping cDNAs of varying
lengths were isolated. All clones contained sequences encoding the
C-terminal coding region of XISWI and were found to be part of the
recently reported full-length sequence of XISWI (AF292095; Guschin
et al., 2000).

XISWI-containing protein complexes were immunoprecipitated
from mitotic HSS with anti-XISWI antibody and fractionated by 6%
SDS-PAGE. Two polypeptides of 190 and 180 kDa were excised and
processed as described above. The following three sequences were
obtained for p190: QVPDYFDIIQRPIALNLIRE; AIYLQS-
FFVTEAQN; and YVPEGDD. The following four sequences were
obtained for p180: KQVAEMTEEQREXYMIR; SLDLLER; KLETSEF-
FESTTEE; and KVISFVPVDSLYR. The peptide sequences of p190
were homologous to the Drosophila ATP-dependent chromatin as-
sembly factor 1 (ACF1; Ito et al., 1999) and its human ortholog
(WCRF180/hACF1/BAZ1A; Bochar et al., 2000; Jones et al., 2000;
LeRoy et al., 2000; Poot et al., 2000). The sequences of p180 displayed
a high degree of similarity to the human Williams syndrome tran-
scription factor (hWSTF, Lu et al., 1998; also called BAZ1B, Jones et
al., 2000). To clone cDNAs encoding p190 and p180 (termed XACF1
and XWSTF, respectively), a Xenopus oocyte cDNA library was
screened using DNA probes derived from the corresponding hu-
man sequences (a generous gift of Dr. M. H. Jones). Three overlap-
ping clones of XACF1 and a single clone of XWSTF were isolated
and sequenced. Partial sequences of XACF1 and XWSTF are avail-
able from GenBank/EMBL/DDBJ under accession numbers
AF412332 and AF412333, respectively.

Preparation of Antibodies
Rabbit antisera were raised against synthetic peptides correspond-
ing to the C-terminal sequences of hISWI/hSNF2H (DGAP-
DGRGRKKKLKL; the underlined alanine is replaced by threonine
in XISWI), XACF1 (RAPAKTPPAKRSRF), XWSTF (PETAN-
PGRGRKQKK), XINCENP (SNRHHLAVGYGLKY; Adams et al.,
2000), and Xaurora B/AIRK2 (RRVLPPVYQSTQSK; Adams et al.,
2000). Immunization and purification of antibodies were carried out
as described previously (Hirano et al., 1997). Antibodies were also
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raised against a hexa-histidine–tagged recombinant fragment of
XISWI that contains its C-terminal 619-amino acid sequence. An
antibody that recognizes a phosphorylated form of histone H3 at
serine 10 was described previously (Kimura and Hirano, 2000).

Immunodepletion and Immunoprecipitation
For complete depletion, 25 �l of protein A agarose beads (GIBCO-
BRL, Gaithersburg, MD) were coated with a mixture containing 25
�g of anti-XISWI, 10 �g of anti-XWSTF, and 15 �g of anti-XACF1
antibodies. For depletion of individual subunits, the same volume
of beads was coated with either 35 �g of anti-XISWI, 12.5 �g of
anti-XWSTF, or 17.5 �g of anti-XACF1 antibody. As a control, 50 �g
of preimmune IgG was used. The antibody-coupled beads were
washed twice with TBS and then twice with XBE2 containing pro-
tease inhibitors (10 �g/ml each of leupeptin, chymostatin, and
pepstatin at a final concentration). After removing excess buffer, the
beads were mixed with 50 �l of mitotic or interphase HSS that had
been supplemented with energy mix (1 mM MgATP, 10 mM crea-
tine phosphate, and 50 �g/ml creatine kinase at final concentra-
tions). After incubating at 4°C for 1 h, supernatants were recovered
by two rounds of brief spins and used as depleted HSSs. For
immunodepletion of LSS, protein A agarose beads were replaced by
Affi-Prep protein A support (Bio-Rad, Hercules, CA). Complete
depletion of XISWI complexes was achieved with a mixture of 40 �g
of anti-XISWI, 15 �g of anti-XWSTF, and 20 �g of anti-XACF1
antibodies. For depletion of XWSTF or XACF1 alone, 15 �g of
anti-XWSTF or 20 �g of anti-XACF1 antibody, respectively, were
used. Immunoprecipitation and 32P-labeling of extracts were carried
out according to the methods described by Hirano et al. (1997).

Chromatin Assembly
To assemble mitotic chromosomes, mitotic HSS was supplemented
with energy mix and diluted twofold with XBE6 (XBE2 containing 6
mM MgCl2 rather than 2 mM), and sperm chromatin was added at
a final concentration of 2.5 � 103 nuclei/�l (7.5 ng DNA/�l). After
incubating at 22°C for 2 h, samples were placed on ice for 10 min,
and chromatin was isolated by centrifugation through a 30%-su-
crose cushion in XBE2 at 10,000 rpm for 15 min (Sorval HB-4 rotor;
DuPont, Wilmington, DE; Hirano and Mitchison, 1994). Interphase
chromatin was assembled in the same way after incubation of sperm
chromatin with interphase HSS. When required, half a volume of
mitotic HSS was added to the interphase assembly mixture to
convert the cell cycle state into mitosis and incubated at 22°C for
another 90 min (e.g., Figure 8B). To assemble interphase nuclei
competent for DNA replication, sperm chromatin was added to
interphase LSS at a final concentration of 500 nuclei/�l (1.5 ng
DNA/�l). To visualize the efficiency of DNA replication, biotin-14-
dATP (GIBCO-BRL) was added at a final concentration of 4 �M. To
convert the cell cycle state of the extract into mitosis, half a volume
of mitotic LSS or recombinant cyclin B �90 was added (Losada et al.,
1998).

Immunofluorescence Staining
Immunofluorescence staining of chromatin and chromosomes as-
sembled in the cell-free extracts was performed as described previ-
ously (Losada et al., 1998, 2000) with minor modifications. For
fixation, 4% paraformaldehyde rather than 2% was used. Affinity-
purified antibodies were used at 1 �g/ml, and antisera were used at
1:500 dilution. For detection of incorporated biotin-14-dATP, FITC-
conjugated streptavidin (Jackson ImmunoResearch, West Grove,
PA) was used at 1:100 dilution. Images were taken using a Zeiss
Axophot microscope equipped with a cooled charge-coupled device
camera, processed with Oncor Image v2.0.5 (Oncor Inc., Gaithers-
burg, MD), and assembled with Photoshop v5.5 (Adobe, San Jose,
CA). XL177 interphase cells were stained according to the method of
Losada et al. (1998) except that the cells were fixed with 4% para-

formaldehyde in PBS. Staining of unfixed metaphase spreads was
carried out according to McDowell et al. (1999). Briefly, XL177 cells
were treated with colcemid at 0.1 �g/ml for 1 h to increase the
number of metaphase cells before harvest. The cells were swollen in
75 mM KCl and spun at 2000 rpm for 10 min onto a coverslip using
a cytospin (Shandon, Pittsburgh, PA). Coverslips were immediately
immersed in KCM buffer (10 mM Tris-HCl, pH 7.7, 120 mM KCl, 20
mM NaCl, 0.1% Triton X-100) and were incubated with anti-XISWI
serum followed by FITC-conjugated secondary antibody. Chromo-
somes were then fixed with 4% paraformaldehyde in KCM buffer
and counterstained with DAPI.

Supercoiling Assay
The supercoiling assay to monitor histone deposition was carried
out according to Hirano and Mitchison (1991) with the following
modifications. Supercoiled pRSETA plasmid DNA was incubated at
a final concentration of 12.5 ng/�l in interphase HSS that had been
mock-depleted or depleted of XISWI, XACF1, or XWSTF. At inter-
vals, aliquots were removed and reactions were terminated by
adding 10 volumes of stop solution (20 mM Tris-HCl, pH 8.0, 20
mM EDTA, 0.5% SDS, and 500 �g/ml proteinase K) and incubated
at 37°C for 1 h. Fractions were extracted with phenol:chloroform,
precipitated with ethanol, resuspended in TE (10 mM Tris-HCl, pH
8.0, and 1 mM EDTA) containing 50 �g/ml RNase A, and incubated
at 37°C for 30 min. The resulting DNA was separated by gel elec-
trophoresis on a 1.25% agarose gel in 0.5� TBE and visualized with
ethidium bromide.

Micrococcal Nuclease Assay
Micrococcal nuclease treatment was carried out as described previ-
ously (Sandaltzopoulos and Becker, 1999) except that sperm chro-
matin instead of immobilized DNA was used as a substrate for
nucleosome assembly. Briefly, 500 ng DNA equivalent of sperm
chromatin (1.6 � 105 nuclei) were incubated for 90 min in interphase
HSS that had been mock-depleted or depleted of XISWI, XACF1, or
XWSTF. Samples were divided into three and supplemented with
10 mM CaCl2. Micrococcal nuclease was then added to a final
concentration of 0.36, 1.2, and 3.6 U/ml. After incubation at 22°C for
10 min, reactions were stopped by addition of 25 mM EDTA and
deproteinated in digestion buffer (20 mM Tris-HCl, pH 8.0, 20 mM
EDTA, 0.5% SDS, and 500 �g/ml proteinase K) at 37°C for 45 min.
Samples were extracted with phenol:chloroform, ethanol-precipi-
tated, separated on a 1.25% agarose gel, and visualized with
ethidium bromide.

DNA Replication Assay
DNA replication assays were carried out according to Chong et al.
(1997). Briefly, interphase LSS was depleted using control IgG,
anti-XISWI, anti-XACF1, or anti-XWSTF antibody and supple-
mented with [�-32P]dATP (specific radioactivity of 3000 Ci/mmol)
at a final concentration of 0.05 mCi/ml. Sperm chromatin was then
added at 500 nuclei/�l (1.5 ng DNA/�l). At regular intervals,
aliquots were taken, and the reactions were stopped and deprotein-
ated. The DNA was precipitated with 10% trichloroacetic acid
(TCA) and placed on a filter for scintillation counting of incorpo-
rated radioactive nucleotides.

RESULTS

Identification of XISWI as a Major Component of
Mitotic Chromosomes Assembled in Xenopus Egg
Extracts
To identify novel chromosome-associated polypeptides, mi-
totic chromosomes were assembled from sperm chromatin
in mitotic high-speed supernatant (HSS) prepared from Xe-
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nopus eggs. Chromosomes were purified from the assembly
mixture by centrifugation through a sucrose cushion, and
polypeptides associated with the chromosomes were ana-
lyzed by SDS-PAGE (Figure 1A). In addition to core histones
and the histone H1-like protein B4, topoisomerase II and
four of the five subunits of the condensin complex (XCAP-C,
-D2, -E and -G) were readily detectable as we have described
previously (Hirano and Mitchison, 1994). Among the re-
maining uncharacterized XCAPs, we focused on XCAP-F, a
135-kDa polypeptide. To determine the identity of XCAP-F,
a large-scale preparation of mitotic chromosomes was sep-
arated by SDS-PAGE, and the 135-kDa band was excised
from the gel and microsequenced. Analysis of the peptide
sequences obtained allowed us to identify XCAP-F as the
Xenopus ortholog of the Drosophila imitation switch protein
(ISWI; see MATERIALS AND METHODS). We therefore
renamed this polypeptide Xenopus ISWI (XISWI). ISWI is a
member of the SNF2 family of ATPases (reviewed by Längst
and Becker, 2001) and is the common subunit of several
different chromatin remodeling complexes including NURF
(Tsukiyama et al., 1995), ACF (Ito et al., 1997), and CHRAC
(Varga-Weisz et al., 1997).

To biochemically characterize XISWI, we raised antibod-
ies against a synthetic peptide corresponding to the C-ter-
minal sequence of human ISWI (hISWI/hSNF2H). In paral-
lel, we isolated cDNAs for XISWI by screening a Xenopus
oocyte library using an hISWI cDNA as a probe and pre-
pared antisera against a recombinant fragment of XISWI (see
MATERIALS AND METHODS). Both antibodies recognized
a single 135-kDa polypeptide on an immunoblot of Xenopus
egg mitotic HSS (Figure 1B, lanes 1 and 2). To confirm that
XISWI is indeed identical to XCAP-F, mitotic chromosomes
were assembled from sperm chromatin in mitotic HSS that
had been mock-depleted or depleted of XISWI. The effi-
ciency of immunodepletion was �95% as judged by quan-

titative immunoblotting (see Figure 5A). We found that the
135-kDa band corresponding to XCAP-F was present on
chromosomes assembled in the mock-depleted HSS (Figure
1C, lane 3) but was missing on those assembled in the
XISWI-depleted HSS (Figure 1C, lane 4). This result was
further confirmed by immunoblotting using anti-XISWI an-
tibody (Figure 1C, lanes 7 and 8). No XISWI signal was
detected in assembly mixtures containing sperm chromatin
alone (Figure 1C, lanes 1 and 5) or HSS alone (Figure 1C,
lanes 2 and 6). These results demonstrated convincingly that
the abundant 135-kDa component of mitotic chromosomes
is the Xenopus ortholog of ISWI. It should be noted that, in
addition to XISWI, two polypeptides of 180 and 190 kDa
were specifically depleted from chromosomes assembled in
the XISWI-depleted HSS (Figure 1C, lane 4). As shown be-
low, we found that the two polypeptides associate with
XISWI to form different complexes in Xenopus egg extracts.

XISWI Is Present in Two Major Protein Complexes
in Xenopus Egg Extracts
It has been shown in Drosophila and humans that ISWI
associates with distinct sets of subunits to form several
different chromatin remodeling complexes (reviewed by
Längst and Becker, 2001). To test whether this is also the case
in Xenopus egg extracts, XISWI was immunoprecipitated
from mitotic HSS. We found that anti-XISWI antibody im-
munoprecipitated not only XISWI, but also two major
polypeptides with apparent molecular weights of 180 and
190 kDa (tentatively designated p180 and p190, respectively;
Figure 2A, lane 2). Neither p180 nor p190 was detectable
when a control antibody was used (Figure 2A, lane 1) or
when a competing peptide was added into the immunopre-
cipitation reaction (Figure 2A, lane 3). We also noticed that
the anti-XISWI antibody precipitated three additional

Figure 1. Identification of XCAP-F as
the Xenopus ortholog of ISWI. (A) Mi-
totic chromosomes were assembled
from sperm chromatin in Xenopus egg
mitotic HSS and purified through a
sucrose cushion. Chromosomal pro-
teins were separated by 7.5–15% SDS-
PAGE and stained with Coomassie
blue. (B) Mitotic HSS was fractionated
by 7.5–15% SDS-PAGE and analyzed
by immunoblotting with anti-XISWI
antibodies against a synthetic peptide
(lane 1) or a recombinant fragment
(lane 2). (C) Mitotic chromosomes
were assembled from sperm chroma-
tin in mock-depleted (lanes 3 and 7) or
XISWI-depleted mitotic HSS (lanes 4
and 8), and chromosome-associated
polypeptides were analyzed by Coo-
massie blue staining (lanes 1–4) or im-
munoblotting with anti-XISWI anti-
body (lanes 5–8). As negative controls,
reactions using sperm chromatin alone
(lanes 1 and 5) or mitotic HSS alone
(lanes 2 and 6) were processed in par-
allel.
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polypeptides of low abundance with apparent molecular
weights of 215, 90, and 55 kDa (Figure 2A, lane 2).

The identity of p180 and p190 was determined by micro-
sequencing of the corresponding bands excised from an
SDS-polyacrylamide gel. Database searches with the result-
ing peptide sequences allowed us to conclude that p190 is
the Xenopus ortholog of the Drosophila ATP-utilizing chro-
matin accessibility factor protein 1 (ACF1; Ito et al., 1999),
and p180 is the Xenopus ortholog of the human Williams
syndrome transcription factor (WSTF; Lu et al., 1998). We
screened a Xenopus oocyte library to isolate cDNAs encoding
these polypeptides (named XACF1 and XWSTF, respec-
tively) and raised antibodies against their C-terminal pep-
tide sequences (see MATERIALS AND METHODS). Each of
the antibodies recognized a single polypeptide of the ex-
pected size by immunoblotting against mitotic HSS. When
mitotic HSS was fractionated by sucrose gradient centrifu-
gation, XACF1 and XWSTF sedimented at different peaks of
12.5S and 13.6S, respectively, whereas XISWI formed a very
broad peak spreading from 11S to 14S (Figure 2B). This
result suggests that XISWI associates with XACF1 or XWSTF
to form two separate complexes. To test this further, immu-
noprecipitations were performed with antibodies against
each of the three polypeptides, and coprecipitated polypep-
tides were analyzed by immunoblotting. Consistent with the
data shown in Figure 2A, anti-XISWI antibody immunopre-
cipitated XACF1 and XWSTF along with XISWI (Figure 2C,
top, lane 2). Anti-XACF1 antibody immunoprecipitated
XACF1 and XISWI, but not XWSTF (Figure 2C, top, lane 4),
whereas anti-XWSTF antibody precipitated XWSTF and
XISWI, but not XACF1 (Figure 2C, top, lane 6). None of these

polypeptides were precipitated with preimmune IgG (Fig-
ure 2C, top, lane 1) or in the presence of competing peptides
(Figure 2C, top, lanes 3, 5, and 7). To determine whether
XISWI associates with low-molecular-weight proteins, as
has been found in one of the ISWI-containing complexes
termed CHRAC (Corona et al., 2000; Poot et al., 2000), the
same set of immunoprecipitates was fractionated on a 15%
SDS-polyacrylamide gel and stained with silver. Anti-XISWI
antibody specifically immunoprecipitated two polypeptides
of 20 and 18 kDa (Figure 2C, bottom, lane 2; indicated by p20
and p18, respectively). A similar set of polypeptides was
precipitated with anti-XACF1 antibody (Figure 2B, bottom,
lane 4) but not with anti-XWSTF antibody (Figure 2B, bot-
tom, lane 6). Taken all the results together, we conclude that
XISWI is present in at least two different protein complexes
in Xenopus egg extracts: one contains XACF1 and two low-
molecular-weight subunits and the other contains XWSTF.

Cell Cycle Regulation of the XISWI Complexes in
Xenopus Egg Extracts
To investigate the cell cycle regulation of the two XISWI
complexes, their biochemical properties were analyzed in
interphase and mitotic HSSs prepared from Xenopus eggs.
XISWI, XACF1, and XWSTF were present at the same level
in the two extracts, as judged by immunoblotting. When
anti-XISWI antibody was used for immunoprecipitation
from the two HSSs, a similar amount of XACF1 and XWSTF
was recovered (Figure 3A), suggesting that there is no sub-
unit rearrangement between interphase and mitosis. The
same antibody was then used to immunoprecipitate the

Figure 2. Biochemical characteriza-
tion of two ISWI complexes in Xeno-
pus egg extracts. (A) Mitotic HSSs
were incubated with preimmune
(lane 1) or anti-XISWI antibody
(lanes 2 and 3) in the absence (lanes
1 and 2) or presence (lane 3) of ISWI
peptide. Immunoprecipitates were
recovered on protein A agarose
beads, washed, separated by 7.5%
SDS-PAGE and stained with Coo-
massie blue. IgG heavy chain is in-
dicated by IgG HC. Microsequenc-
ing of p190 and p180 identified them
as XACF1 and XWSTF, respectively.
The identity of three minor polypep-
tides (indicated by p215, p90, and
p55) remains to be determined. (B)
Mitotic HSS was fractionated by cen-
trifugation through a 5–20% sucrose
gradient in XBE2. Fractions were
TCA-precipitated and analyzed by
immunoblotting using anti-XISWI,
-XACF1, and -XWSTF antibodies.
The positions of three protein stan-
dards (BSA [4.6S], aldolase [7.3S]
and catalase [11.4S]) are indicated.
(C) Mitotic HSSs were incubated
with either preimmune (lane 1), anti-
XISWI (lanes 2 and 3), anti-XACF1 (lanes 4 and 5), or anti-XWSTF antibody (lanes 6 and 7) in the absence (lanes 1, 2, 4, and 6) or presence
(lanes 3, 5, and 7) of competing peptides (I, ISWI peptide; A, XACF1 peptide; W, XWSTF peptide). Immunoprecipitates were recovered on
protein A agarose beads, and analyzed by immunoblotting using a mixture of anti-XISWI, -XACF1, and -XWSTF antibodies (top panel).
Alternatively, the samples were separated by 15% SDS-PAGE and stained with silver (bottom panel).
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complexes from 32P-labeled HSSs. We found that all three
polypeptides were weakly phosphorylated in interphase
(Figure 3B, lane 1), whereas XISWI and XACF1, but not
XWSTF, were hyperphosphorylated in mitosis (Figure 3B,
lane 3).

The cell cycle–specific interaction of the XISWI complexes
with chromatin was first characterized in HSS. Sperm chro-
matin was incubated in interphase or mitotic HSS, and the
protein components bound to the chromatin were analyzed
by immunoblotting (Figure 3C). We found that XISWI,

XACF1,and XWSTF were approximately four times more
abundant on interphase chromatin compared with mitotic
chromosomes. A consistent result was obtained when the
chromatin and chromosome fractions were analyzed by
Coomassie blue staining (Figure 3D). It was estimated by
quantitative immunoblotting that XISWI is present on every
�5 kb of DNA in interphase chromatin and every �20 kb in
mitotic chromosomes. Cohesin and condensin were also
used as specific markers for chromosomal components (Fig-
ure 3C; Hirano et al., 1997; Losada et al., 1998). Condensin

Figure 3. Cell cycle regulation of two
ISWI complexes in Xenopus egg extracts.
(A) XISWI was immunoprecipitated
from interphase (lanes 1 and 2) or mi-
totic HSS (lanes 3 and 4) in the absence
(lanes 1 and 3) or presence (lanes 2 and
4) of ISWI peptide and analyzed by im-
munoblotting with antibodies against
XISWI, XACF1, and XWSTF. (B) XISWI
was immunoprecipitated from 32P-la-
beled HSSs as in A, separated by SDS-
PAGE and analyzed by autoradiogra-
phy. (C) Chromatin was assembled in
interphase (lane 1) or mitotic HSS (lane
2) and analyzed by immunoblotting
with the antibodies indicated. (D) Chro-
matin was assembled in interphase
(lanes 1 and 2) or mitotic HSS (lanes 3
and 4) that had been mock-depleted
(lanes 1 and 3) or depleted of XISWI
(lanes 2 and 4). Chromatin-associated
polypeptides were separated by 7.5%
SDS-PAGE and stained with Coomassie
blue. The positions of XACF1, XWSTF,
and XISWI are indicated by dots. (E)
Sperm chromatin was incubated with
interphase LSS. After 120 min, recombi-
nant sea urchin cyclin B�90 was added
to convert the extract into a mitotic state.
At the indicated time points, aliquots
were taken and chromatin-bound
polypeptides were analyzed by immu-
noblotting using the antibodies indi-
cated.
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was very abundant on mitotic chromosomes (one XCAP-E
per �5 kb of DNA), whereas virtually no cohesin was de-
tectable on the same structures (one XSMC3 per �400 kb).
Thus, the cell cycle–dependent association of the XISWI
complexes with chromatin is reminiscent of that of cohesin,
but is quantitatively different.

We then examined the interaction of the XISWI complexes
with chromatin in Xenopus egg LSSs, in which additional key
events including nuclear envelope formation and DNA rep-
lication can be reconstituted (e.g., Blow and Laskey, 1986). In
interphase LSS, the association of XISWI, XACF1, and XW-
STF with chromatin was rapid and preceded the accumula-
tion of cohesin on chromatin (Figure 3E, lanes 1–5). When
the cell cycle state of the extract was converted into mitosis,
�75% of XISWI, XACF1, and XWSTF dissociated from chro-
matin, coincidentally with phosphorylation of histone H3 at

serine 10 (Figure 3E, lanes 6–11). The kinetics of dissociation
was again slightly faster than that of cohesin. Consistent
with our previous data (Losada et al., 1998), condensin was
targeted to chromosomes in a mitosis-specific manner,
whereas the chromosomal level of topoisomerase II (topo II)
remained constant throughout the cell cycle.

Immunolocalization of the XISWI Complexes In
Vitro and In Vivo
To determine the localization of the XISWI complexes on
chromosomes assembled in vitro, sperm chromatin was in-
cubated with interphase or mitotic HSS, fixed, and stained
with antibodies against the individual subunits. We found
that XISWI, XACF1, and XWSTF were distributed on inter-
phase chromatin in a similar punctate pattern (Figure 4A,

Figure 4. Immunolocalization of XISWI,
XACF1, and XWSTF. (A) Interphase chroma-
tin (a–f) or mitotic chromosomes (g and h)
were assembled from sperm chromatin in in-
terphase or mitotic HSS, respectively, fixed,
and stained with antibodies against XISWI (b
and h), XACF1 (d), or XWSTF (f). DNA was
counterstained with DAPI (a, c, e, and g). Bar,
10 �m. (B) XISWI localization in Xenopus tis-
sue culture cells. Interphase (a and b) or mi-
totic cells (c and d) were stained with an
antibody against recombinant XISWI (b and
d) and counterstained with DAPI (a and c).
Bar, 10 �m.
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a–f). XISWI was weakly detected throughout mitotic chro-
mosome arms, again, in a punctate pattern (Figure 4A, g and
h). No specific enrichment of the signals on subchromo-
somal structures (e.g., centromeres) was observed. Consis-
tent with the in vitro result, XISWI was localized to the
interphase nucleus in Xenopus tissue culture cells (Figure 4B,
a and b). At metaphase, XISWI was detected weakly
throughout mitotic chromosomes (Figure 4B, c and d). These
results are in agreement with our immunoblotting data
showing a reduction in the association of XISWI with chro-
mosomes during mitosis.

XISWI Complexes Are Required for Nucleosome
Spacing, but not for Histone Deposition or DNA
Replication
To determine the functions of the XISWI complexes in Xe-
nopus egg extracts, we immunodepleted XISWI, XACF1, or
XWSTF using the corresponding antibodies. The efficiency
of immunodepletion was �95% in each case, as judged by
quantitative immunoblotting (Figure 5A). We used a DNA

supercoiling assay to test whether these polypeptides are
required for the deposition of histones onto protein-free
DNA (Hirano and Mitchison, 1991). On incubation with
interphase HSS, supercoiled plasmid DNA was rapidly re-
laxed by the action of endogenous topoisomerases (Figure
5B, 0–5 min). Progressive introduction of negative super-
coils over time reflected the efficiency of histone deposition
(Figure 5B, 15–120 min). No significant difference was de-
tected either in the kinetics or extent of supercoiling between
the mock-depleted and the depleted interphase HSSs. Next,
sperm chromatin was incubated with the mock-depleted or
depleted interphase HSSs, and the reaction mixtures were
digested with micrococcal nuclease. In the mock-depleted
HSS, a discrete ladder of nucleosomes with an interval of
�200 base pairs was observed (Figure 5C, lanes 1–3). In
contrast, the nucleosomes were poorly spaced in the XISWI-
depleted HSS (Figure 5C, lanes 4–6). Immunodepletion of
XACF1 caused a subtle disturbance in nucleosome spacing
(Figure 5C, lanes 7–9), whereas depletion of XWSTF resulted
in a more severe defect (Figure 5C, lanes 10–12). Thus, the

Figure 5. Effect of XISWI-, XACF1-, or
XWSTF-depletion on interphase nuclear
functions. (A) Interphase HSS was de-
pleted with control IgG (lane 1), anti-
XISWI (lane 2), anti-XACF1 (lane 3), or
anti-XWSTF antibody (lane 4). Equal
volumes of each HSS were analyzed by
immunoblotting with the antibodies in-
dicated. (B) Histone deposition assay.
Supercoiled plasmid DNA was incu-
bated with the control HSS (�mock) or
the depleted HSSs (�XISWI, �XACF1,
and �XWSTF). Aliquots were taken at
the time points indicated, deprotein-
ated, separated on a 1.25% agarose gel,
and stained with ethidium bromide. I,
supercoiled DNA; Ir, relaxed DNA; II,
nicked circular DNA. (C) Nucleosome
spacing assay. Sperm chromatin was in-
cubated with control or depleted HSS
for 90 min. Each sample was then di-
vided into three aliquots and treated
with increasing concentrations of micro-
coccal nuclease (MNase: 0.36 U/ml,
lanes 1, 4, 7, and 10; 1.2 U/ml, lanes 2, 5,
8, and 11; and 3.6 U/ml, lanes 3, 6, 9,
and 12). After deproteination, the DNA
was separated on a 1.25% agarose gel
and stained with ethidium bromide. A
100-base pair ladder was used as a mo-
lecular weight marker. The positions of
nucleosomal oligomers are indicated.
(D) DNA replication assay. Sperm chro-
matin was incubated with control or de-
pleted LSS in the presence of
[�-32P]dATP. Aliquots were taken at the
time points indicated, deproteinated,
precipitated with TCA, and placed on a
filter for scintillation counting. The ex-
tent of replication is expressed as nano-
grams of DNA replicated per microliter
of extract.
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XISWI complexes are not required for histone deposition
onto DNA but do contribute to the formation of regularly
spaced nucleosomes in Xenopus egg cell-free extracts.

To determine the effect of poorly spaced nucleosomes on
DNA replication, interphase nuclei were assembled in LSS
that had been mock-depleted or depleted of XISWI, XACF1,
or XWSTF, and the incorporation of [�-32P]dATP into newly
synthesized DNA was measured (Figure 5D). Depletion of
XISWI, XACF1, or XWSTF had little effect on the extent or
kinetics of DNA replication. We also found no difference in
the kinetics of nuclear envelope assembly (our unpublished
results), which is known to be a prerequisite for the initia-
tion of DNA replication in Xenopus egg extracts.

XISWI Complexes Are Not Required for
Chromosome Condensation
The identification of the XISWI complexes as major compo-
nents of mitotic chromosomes suggested that they could
play a role in chromosome condensation. We tested the
possibility that local nucleosome mobilization mediated by
XISWI might contribute to large-scale reorganization of

chromatin fibers during mitosis. Sperm chromatin was in-
cubated with mitotic HSS that had been mock-depleted or
depleted of XISWI, XACF1, or XWSTF. The assembled struc-
tures were fixed and stained with DAPI and an antibody
against the condensin subunit XCAP-E. We found little dif-
ference in the morphology of the chromosomes assembled in
the control (Figure 6A, a and b) and the depleted extracts
(Figure 6A, c–h). In all cases, DAPI staining showed uni-
formly condensed chromosomes, and XCAP-E was localized
to an internal filamentous network as reported previously
(Hirano and Mitchison, 1994). Immunoblotting of isolated
chromosome fractions showed that depletion of XISWI had
no detectable effect on the timing of chromosomal binding of
condensin or on phosphorylation of histone H3 at serine 10
(Figure 6B).

XISWI Complexes Are Not Required for Sister
Chromatid Cohesion
Next we tested whether the XISWI complexes might play a
role in the formation of metaphase chromosomes with du-
plicated sister chromatids, a reaction that can be reconsti-

Figure 6. Effect of XISWI-, XACF1-, or
XWSTF-depletion on chromosome con-
densation. (A) Sperm chromatin was in-
cubated in mitotic HSS that had been
mock-depleted (a and b) or depleted of
XISWI (c and d), XACF1 (e and f) or
XWSTF (g and h) for 2 h. Chromosomes
were fixed and stained with DAPI (a, c,
e, and g) and anti–XCAP-E antibody (b,
d, f, and h). Bar, 10 �m. (B) Sperm chro-
matin was incubated with mock-de-
pleted (�mock) or XISWI-depleted
(�XISWI) mitotic HSS. Aliquots were
taken at the times indicated, and chro-
matin-bound polypeptides were ana-
lyzed by immunoblotting.
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tuted only in LSS but not in HSS (Losada et al., 1998). Nuclei
were assembled in interphase LSS that had been mock-
depleted or depleted of XISWI, XACF1, or XWSTF. After
DNA replication, half a volume of mock-depleted or the
corresponding depleted mitotic LSS was added to drive the
extract into mitosis. The resulting metaphase chromosomes
were fixed and stained with anti–XCAP-E antibody (Figure
7A). We found that sister chromatids were tightly paired
along their entire length in all cases, and no apparent defect
in chromosome cohesion or condensation was observed.
Efficient DNA replication in each chromosome was con-
firmed by incorporation of biotin-dATP (our unpublished
results). We also analyzed the time course of the interactions
of cohesin and condensin with chromatin and found that

XISWI depletion had little effect on the behavior of these
protein complexes (Figure 7B).

Depletion of INCENP-aurora B Reduces Histone H3
Phosphorylation and Suppresses Dissociation of
XISWI, but Has Little Effect on Chromosome
Condensation
Emerging lines of evidence, from different organisms, sug-
gest that aurora B is one of the major protein kinases that
directly phosphorylate serine 10 of histone H3 in mitosis
(Hsu et al., 2000; Speliotes et al., 2000; Adams et al., 2001; Giet
and Glover, 2001). We tested whether there is any functional
relationship between H3 phosphorylation and bulk dissoci-

Figure 7. Effect of XISWI-, XACF1-, or
XWSTF-depletion on sister chromatid cohe-
sion. (A) Sperm chromatin was incubated
for 2 h with interphase LSS that had been
mock-depleted (a) or depleted of XISWI (b),
XACF1 (c) or XWSTF (d), and half a volume
of the corresponding mitotic LSS was
added to drive the extract into mitosis. Af-
ter incubation for 90 min, chromosomes
were fixed and stained with anti–XCAP-E
antibody. Bar, 10 �m. (B) Sperm chromatin
was incubated with either mock-depleted
(�mock) or XISWI-depleted (�XISWI) LSS.
After 120 min, recombinant sea urchin cy-
clin B �90 was added to drive the extract
into mitosis. Aliquots were taken at the in-
dicated time points, and chromatin was pu-
rified and analyzed by immunoblotting
with antibodies against cohesin and con-
densin subunits.
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ation of XISWI from chromatin, because the two events are
tightly coupled at the onset of mitosis (e.g., Figure 3E). To
this end, we raised antibodies specific to Xenopus aurora B
(XAUB) and its binding partner Xenopus INCENP (XINC).
Consistent with a previous report (Adams et al., 2000), we
found that the two polypeptides tightly associate with each
other in Xenopus egg extracts (our unpublished results). We
then used a mixture of anti-XINC and anti-XAUB antibodies
to deplete �95% of the XINC-XAUB complex from inter-
phase HSS or mitotic HSS (Figure 8A). In interphase HSS,
immunodepletion of the complex had little effect on the
association of XISWI, XACF1, or XWSTF with chromatin
(Figure 8B, lanes 1 and 2). XAUB was found in the chromatin
assembled in the control HSS but not in that assembled in
the depleted HSS. The chromosomal level of histone H3
phosphorylation at serine 10 was negligible in both cases.
When the mock-depleted interphase HSS was converted into
mitosis, condensin bound to chromosomes and histone H3
became phosphorylated (Figure 8B, lane 3). The chromo-
somal level of the two XISWI complexes decreased under
this condition as was shown in LSS (Figure 3E). We found
that, in the absence of XINC and XAUB, mitotic phosphor-
ylation of histone H3 was greatly diminished (Figure 8B,
lane 4). Interestingly, the dissociation of the XISWI com-
plexes from chromatin was partially suppressed under this
condition. In contrast, very little, if any, difference was ob-

served in the chromosomal association of condensin and
topoisomerase II in the presence or absence of XINC-XAUB.
Similar results were obtained when sperm chromatin was
incubated directly with mitotic HSS (Figure 8B, lanes 5 and
6).

To determine whether any one of XISWI, XACF1, and
XWSTF are directly phosphorylated by the aurora B kinase,
we immunoprecipitated these polypeptides from 32P-la-
beled mitotic HSS that had been mock-depleted or depleted
of XINC-XAUB (Figure 8C, lanes 1 and 2). Virtually no
difference was detected in phosphorylation of XISWI, XW-
STF, or XACF1 (Figure 8C, lanes 3 and 4), suggesting that
none of these polypeptides are likely to be a direct target of
aurora B kinase in Xenopus egg extracts.

To examine the effect of XINC-XAUB depletion on chro-
mosome condensation, sperm chromatin was incubated
with the mock-depleted or depleted mitotic HSS. Surpris-
ingly, we found little difference in the morphology of chro-
mosomes assembled in the presence or absence of XINC-
XAUB, as judged by DAPI staining (Figure 8D, a and c). The
chromosomal localization of XCAP-E was also indistin-
guishable between the two conditions (Figure 8D, b and d).
Thus, in Xenopus egg HSS, chromosome condensation is
apparently normal when histone H3 phosphorylation is
drastically reduced by depletion of XINC-XAUB.

Figure 8. Effects of immunodeple-
tion of INCENP (XINC) and aurora B
(XAUB) from Xenopus egg extracts. (A)
Mitotic HSS was depleted either with
control IgG, (lane 1) or with a mixture
of antibodies against XINC and XAUB
(lane 2) and analyzed by immunoblot-
ting using anti-XINC (top panel) or
anti-XAUB antibody (bottom panel).
(B) Chromatin was assembled in either
interphase (lanes 1 and 2) or mitotic
HSS (lanes 5 and 6). Alternatively,
chromatin was first assembled in in-
terphase HSS, which was then driven
into mitosis by addition of half a vol-
ume of mitotic HSS (lanes 3 and 4). In
each case, the HSSs had been mock-
depleted (lanes 1, 3, and 5) or depleted
of XINC and XAUB (lanes 2, 4, and 6).
After incubation, chromatin was iso-
lated and associated polypeptides
were analyzed by immunoblotting us-
ing the antibodies indicated. (C) Mi-
totic HSS was mock-depleted (lanes 1
and 3) or depleted of XINC and XAUB
(lanes 2 and 4) and labeled by addition
of [�-32P]ATP. The XISWI complexes
were immunoprecipitated with anti-
XACF1 and anti-XWSTF antibodies,
fractionated by SDS-PAGE, and ana-
lyzed by Coomassie blue staining
(lanes 1 and 2) or autoradiography
(lane 3 and 4). (D) Sperm chromatin
was incubated with mitotic HSS that
had been mock-depleted (a and b) or
depleted of XINC and XAUB (c and d). The assembled chromosomes were stained with DAPI (a and c) or anti–XCAP-E antibody (b
and d). Bar, 10 �m.
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DISCUSSION

In this study, we have identified ISWI ATPase as a major
component of mitotic chromosomes assembled in Xenopus
egg extracts. This finding has prompted us to take advan-
tage of this powerful cell-free system to explore the func-
tional interfaces between nucleosome remodeling, histone
H3 phosphorylation, and higher-order chromosome dynam-
ics.

ISWI Protein Complexes in Xenopus Egg Extracts
Our results show that ISWI is present in at least two different
protein complexes in Xenopus egg extracts. The first complex
contains XACF1 and two low-molecular-weight polypep-
tides, p20 and p18. Previous studies identified a heterodimer
of ISWI and ACF1 (called ACF) from Drosophila (Ito et al.,
1997, 1999) and humans (Bochar et al., 2000; LeRoy et al.,
2000). A similar ISWI-ACF1 complex with two additional
histone-fold polypeptides (called CHRAC) has also been
found in the two organisms (Corona et al., 2000; Poot et al.,
2000). Given the presence of the two small subunits, it is
most likely that the XACF1-containing complex we report
here is the Xenopus version of CHRAC. The second ISWI
complex in Xenopus egg extracts contains XWSTF, the Xeno-
pus ortholog of human WSTF. It should be emphasized that
this is a novel protein complex that has never been reported
from any organisms. WSTF is one of several genes deleted in
Williams syndrome (WS), a developmental disorder with
multisystemic defects including congenital heart disease and
mental retardation (Lu et al., 1998). Although it remains to be
determined whether WSTF is indeed responsible for some of
the defects in WS, mutations in another SNF2 family mem-
ber have also been implicated in severe mental retardation
(Picketts et al., 1996), further emphasizing the clinical impor-
tance of this class of chromatin remodeling ATPases.

The primary sequences of ACF1 and WSTF share several
structural motifs including a PHD finger motif and a bro-
modomain. Recent sequence analysis indicates that ACF1
and WSTF, together with two additional members, consti-
tute a new protein family called BAZ (bromodomain adja-
cent to zinc finger; Jones et al., 2000) or WAL (WSTF-, ACF1-
like; Poot et al., 2000). It is unknown whether the remaining
members of the BAZ/WAL family might associate with
ISWI or other remodeling ATPases. Neither is it known
whether they are present in Xenopus egg extracts. Double
immunodepletion using anti-XACF1 and anti-WSTF anti-
bodies removed 60–70% of XISWI from the extracts (our
unpublished results), suggesting the occurrence of other
ISWI complexes in Xenopus eggs. The relative abundance of
the ISWI-ACF1 and ISWI-WSTF complexes is �3:1 as judged
by Coomassie blue staining of the anti-XISWI immunopre-
cipitates. Our current results provide complementary infor-
mation to the recent work by Guschin et al. (2000) who
performed a biochemical fractionation of Xenopus egg ex-
tracts in search of protein complexes containing ISWI. After
ion-exchange column chromatography, the majority of
XISWI was recovered in a fraction called ISWI-C, which
contained XACF1 and an unidentified polypeptide whose
molecular weight was close to that of XWSTF. It is therefore
likely that the ISWI-C fraction is a mixture of the two sep-
arate complexes we report here. Full description of the mi-
nor fractions containing XISWI remains to be reported.

Are ISWI Complexes Involved in Higher-Order
Chromosome Dynamics?
Despite considerable progress in the biochemical analyses of
ISWI remodeling complexes in vitro, their physiological role
in nucleosome dynamics remains elusive (reviewed by
Längst and Becker, 2001). Our immunodepletion experi-
ments show that XISWI is not required for the deposition of
core histones onto protein-free DNA or sperm chromatin in
Xenopus egg extracts. It is very likely that other factors, such
as nucleoplasmin and N1/N2, are primarily responsible for
histone deposition in this cell-free system (e.g., Philpott and
Leno, 1992). In contrast, as judged by a micrococcal nuclease
assay, the major nucleosome spacing activity in the extracts
does indeed reside in the XISWI remodeling complexes. This
conclusion is further strengthened by our finding that XISWI
is among the most abundant polypeptides associated with
interphase chromatin and mitotic chromosomes. The “divi-
sion of labor” between histone deposition and subsequent
nucleosome rearrangement is also consistent with a recent
reconstitution experiment using purified Drosophila nucleo-
some assembly protein-1 (NAP-1) and ACF1 (Nakagawa et
al., 2001).

Previous studies have shown that the mobilization of
nucleosomes mediated by ISWI complexes can activate tran-
scription by allowing a transcription factor to bind to a
specific promoter region in vitro (Ito et al., 1997; Mizuguchi
et al., 1997). However, Xenopus eggs are capable of undergo-
ing multiple rounds of cell division with virtually no new
protein synthesis, until the midblastula transition (Newport
and Kirschner, 1982). The abundance of ISWI on embryonic
chromosomes therefore argues that it may play a more
global role in chromatin dynamics outside the control of
gene expression. One attractive possibility is that nucleoso-
mal “fluidity” catalyzed by ISWI may enhance or help
proper interactions between chromatin and its cell cycle–
specific regulators such as condensin and cohesin. Never-
theless, we have been unable to detect any obvious defects in
DNA replication, sister chromatid cohesion, or chromosome
condensation in the XISWI-depleted cell-free extracts. It re-
mains possible that the in vitro conditions used in this study,
although highly physiological, may not be sensitive enough
to detect potential contributions of ISWI to higher-order
chromosome dynamics.

A recent genetic study has shown that ISWI function is
essential for cell viability in Drosophila (Deuring et al., 2000).
Interestingly, the global structure of the X chromosome is
compromised in ISWI mutants in a male-specific manner. In
Drosophila, the dosage compensation machinery specifically
targets the male X chromosome and upregulates transcrip-
tion of many X-linked genes. This functional change is ac-
companied by hyperacetylation of histone H4 on the X chro-
mosome, leading to the hypothesis that the hyperacetylated
chromosome is more sensitive to a loss of ISWI function. In
Saccharomyces cerevisiae, neither of the two ISWI-encoding
genes, ISW1 and ISW2, is essential for cell viability under
normal growth conditions although their absence affects
transcription of a subset of genes (Tsukiyama et al., 1999;
Goldmark et al., 2000; Kent et al., 2001). The currently avail-
able genetic data point out the diversity and complexity of
ISWI functions in vivo, demanding further analysis of this
class of remodeling ATPases in different organisms from
many different angles.
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Histone H3 Phosphorylation and Mitotic
Chromosome Dynamics
Murnion et al. (2001) has recently shown that a histone H3
kinase activity is associated with mitotic chromosomes in
Xenopus egg extracts. This activity can be eluted from the
chromosomes and immunoprecipitated with an antibody
specific to aurora B. Our current results complement these
observations and further demonstrate that immunodeple-
tion of the INCENP-aurora B complex from Xenopus egg
extracts greatly reduces the level of histone H3 phosphory-
lation on mitotic chromosomes. Thus, aurora B is likely to be
the major histone H3 kinase present in the extracts, consis-
tent with genetic studies in yeast, Caenorhabditis elegans and
Drosophila (Hsu et al., 2000; Speliotes et al., 2000; Adams et al.,
2001; Giet and Glover, 2001). Remarkably, mitotic dissocia-
tion of XISWI complexes is partially suppressed in the ab-
sence of XINC-XAUB. Because none of XISWI, XACF1, or
XWSTF appears to be a direct target of the aurora B kinase,
it is likely that phosphorylation of histone H3 itself or of
other substrates regulates the cell cycle–dependent associa-
tion of the XISWI complexes with chromatin. We have also
found that depletion of the XINC-XAUB complex has little
effect on the targeting of condensin or chromosome conden-
sation in the cell-free extracts. Immunofluorescence staining
with a phospho-specific H3 antibody detected a residual
level of signals on chromosomes assembled in the XINC-
XAUB–depleted extract (our unpublished results). We can-
not exclude the possibility therefore that a kinase(s) other
than aurora B plays a minor yet significant role in H3 phos-
phorylation, condensin targeting, and chromosome conden-
sation in Xenopus egg extracts. Candidates for such kinases
might include aurora A, another member of the aurora
kinase family. A recent study has demonstrated, however,
that neither H3 phosphorylation nor chromosome conden-
sation is interfered by depletion of aurora A from Xenopus
egg extracts (Scrittori et al., 2001). In addition, uncoupling of
H3 phosphorylation and chromosome condensation has
been observed in an extract treated with a phosphatase
inhibitor, microcystin (Murnion et al., 2001). Finally, our
previous reconstitution experiments showed that phosphor-
ylation of histone H3 has little impact on the interaction
between purified condensin and nucleosomes in vitro
(Kimura and Hirano, 2000). Taken all the results together,
we conclude that, at least in Xenopus egg extracts, phosphor-
ylation of histone H3 at serine 10 is unlikely to play a direct
role in recruiting condensin to chromosomes in mitosis.

Our results are in apparent contradiction to the generally
accepted view that histone H3 phosphorylation is important
for chromosome condensation. In particular, Giet and
Glover (2001) reported that chromosomal targeting of a con-
densin subunit is compromised when aurora B is inactivated
by RNA interference in Drosophila. The reason for the dis-
crepancy between this work and our current study is un-
known. It is important to note, however, that the extent of
condensation defects observed in the absence of H3 phos-
phorylation is variable between different studies or different
organisms (Wei et al., 1999; Speliotes et al., 2000; Adams et al.,
2001; Giet and Glover, 2001). For example, Adams et al.
(2001) found no tight correlation between the level of histone
H3 phosphorylation and chromatin compaction in Drosoph-
ila. What is then the role of this highly specific phosphory-
lation event in mitotic chromosome dynamics? We suspect

that histone H3 phosphorylation may constitute part of the
regulatory mechanism that coordinates the multiple struc-
tural changes of chromosomes that occur during promet-
aphase. These would include unloading of interphase chro-
matin components (such as the ISWI complexes), partial
release of sister chromatid cohesion, and mitotic maturation
of kinetochore structures. Linear compaction of chromatin
fibers is only one of the many events taking place during this
stage and may not be the primary consequence of H3 phos-
phorylation. This idea would provide a reasonable explana-
tion for the complex phenotypes observed in the absence of
aurora B function (Speliotes et al., 2000; Adams et al., 2001;
Giet and Glover, 2001). Clearly, future work is required to
determine the exact roles of H3 phosphorylation in higher-
order chromosome dynamics. It will also be important to
identify physiological substrates of aurora B other than hi-
stone H3.

Extending the List of Structural Components of
Mitotic Chromosomes
The original motivation of the current work was to identify
novel proteins essential for mitotic chromosome dynamics.
As one such candidate, we found XISWI to be a major
component of mitotic chromosomes. It was therefore rather
disappointing to find that depletion of the ISWI complexes
had little impact on the morphology of chromosomes assem-
bled in Xenopus egg cell-free extracts. However, there are
several precedents of abundant chromosomal proteins that
have no direct role in chromosome assembly. For example,
immunodepletion of the embryonic linker histone B4 results
in little defect in chromosome condensation (Ohsumi et al.,
1993). XCAP-D/Xklp1, a kinesin-like protein localizing to
chromosomal arms, is required for chromosome positioning
and bipolar spindle organization (Vernos et al., 1995) but
plays no apparent role in the formation of mitotic chromo-
somes (T. Hirano, unpublished results). After the identifica-
tion of the two ISWI complexes in this study, only a few
polypeptides remain to be characterized on chromosomes
assembled in this cell-free system. The current results, taken
together with the previous ones, argue that the number of
structural components essential for chromosome condensa-
tion may be very limited, being much smaller than generally
assumed. This idea further emphasizes the central roles of
the condensin complex (Hirano and Mitchison, 1994; Hirano
et al., 1997) and topoisomerase II (Adachi et al., 1991; Hirano
and Mitchison, 1993) in this process that can be reconstituted
in Xenopus egg cell-free extracts. We anticipate that contin-
ued characterization of these extracts will provide additional
insights into our understanding of higher-order chromo-
some structure and function and eventually help reconsti-
tute a whole chromosome structure from purified compo-
nents in vitro.
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