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CENP-A, -B, and -C Chromatin Complex That Contains the I-Type
␣-Satellite Array Constitutes the Prekinetochore in HeLa Cells
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CENP-A is a component of centromeric chromatin and defines active centromere regions by forming centromere-specific nucleosomes. We have isolated centromeric chromatin containing the CENP-A nucleosome,
CENP-B, and CENP-C from HeLa cells using anti-CENP-A and/or anti-CENP-C antibodies and shown that the
CENP-A/B/C complex is predominantly formed on ␣-satellite DNA that contains the CENP-B box (␣I-type
array). Mapping of hypersensitive sites for micrococcal nuclease (MNase) digestion indicated that CENP-A
nucleosomes were phased on the ␣I-type array as a result of interactions between CENP-B and CENP-B boxes,
implying a repetitive configuration for the CENP-B/CENP-A nucleosome complex. Molecular mass analysis by
glycerol gradient sedimentation showed that MNase digestion released a CENP-A/B/C chromatin complex of
three to four nucleosomes into the soluble fraction, suggesting that CENP-C is a component of the repetitive
CENP-B/CENP-A nucleosome complex. Quantitative analysis by immunodepletion of CENP-A nucleosomes
showed that most of the CENP-C and approximately half the CENP-B took part in formation of the CENPA/B/C chromatin complex. A kinetic study of the solubilization of CENPs showed that MNase digestion first
released the CENP-A/B/C chromatin complex into the soluble fraction, and later removed CENP-B and CENPC from the complex. This result suggests that CENP-A nucleosomes form a complex with CENP-B and CENPC through interaction with DNA. On the basis of these results, we propose that the CENP-A/B/C chromatin
complex is selectively formed on the I-type ␣-satellite array and constitutes the prekinetochore in HeLa cells.
homologues of CENP-B may remain to be found in mammals,
since three different CENP-B homologues have been found in
Schizosaccharomyces pombe (3).
The CENP-C gene is essential for chromosome segregation
(17, 29), and its gene product (a 140-kDa protein) is a DNAbinding protein without apparent sequence specificity (49, 59).
CENP-C has been detected at the inner kinetochore plate by
electron microscopy (43), while CENP-B was reported to be
located in the pairing domain (11). The CENP-A gene codes
for a histone H3 variant: the C-terminal two-thirds of CENP-A
is highly homologous to histone H3, but the remaining aminoterminal third is unique (36, 50). The histone fold domain located in the C-terminal region is essential for targeting CENPA to the centromeric region (45, 50). The mouse CENP-A
gene was shown to be essential by gene targeting (23).
In Saccharomyces cerevisiae, the CENP-A homologue, CSE4,
has been isolated and is also essential for chromosome segregation (47). By mutational analysis, the functional domains of
Cse4p were shown to be distributed across the histone fold
domain, which is necessary for interaction with histone H4, and
also in the amino-terminal 33 peptides (7, 18, 31). CENP-A
homologues have been identified in Caenorhabditis elegans, Drosophila melanogaster, and S. pombe and are also essential for
chromosome segregation (6, 21, 51).
In S. cerevisiae, the centromere is genetically defined within
a 125-bp DNA region known as CEN (15, 16), and more than
eight centromere-associated proteins, including Cse4p, are targeted to this cis-acting DNA region to form a higher-order
chromatin complex (14, 25, 34) which is resistant to nuclease
attack (4). In S. pombe, a much longer DNA sequence (40 to

The centromere of higher eukaryotes was first defined as the
primary constriction on mitotic chromosomes (39, 40) which is
essential for faithful chromosome segregation during mitosis
and meiosis (37). In vertebrate cells, the kinetochore, a threelayered disk-shaped structure composed of a dense inner plate,
a lucent middle domain, and a dense outer plate, is formed at
the centromere at mitosis and is the attachment site for spindle
microtubules (5). Centromeric proteins known to date include
constitutive proteins, such as CENP-A, -B, -C, and -H (37, 48),
that are present at the centromere throughout the cell cycle,
and transient proteins that appear after the onset of M-phase,
such as CENP-E and -F, INCENP, Mad1, Mad2, Bub1, Bub2,
and BubR1 (for a review, see reference 12). The constitutive
proteins are detected as speckles (prekinetochores) in S-phase
nuclei (55), and at least one of these proteins has been located
in the inner kinetochore plate at M-phase (43).
The CENP-B gene codes for an 80-kDa protein (13) that
binds to the 17-bp DNA motif known as the CENP-B box,
which is present in human ␣-satellite and mouse minor satellite
DNA (33), and causes nucleosome positioning around the
CENP-B box region (62). The CENP-B gene seems to be nonessential, since knockout mice were viable without any apparent defect in growth and morphology (24, 30). Some functional
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MATERIALS AND METHODS
Cell growth and isolation of nuclei. HeLa S3 cells were grown in spinner flasks
to a concentration of 5 ⫻ 105 cells/ml in RPMI 1640 medium (Nissui Seiyaku,
Tokyo, Japan) containing 5% calf serum. The nuclei were isolated as described
previously (60).
ACA serum. Anticentromere antibody (ACA)-positive serum (MI or AK)
from scleroderma patients contained antibodies against the three major centromere autoantigens, CENP-A, CENP-B, and CENP-C (35, 60).
Preparation of monoclonal antibodies against CENP-A peptides and the amino-terminal half of CENP-B. Monoclonal antibodies were prepared essentially
as described previously (10). Human CENP-A peptides (amino acids 3 to 19
from the amino terminus) covalently linked to keyhole limpet hemocyanin
(Pierce) were used as the CENP-A antigen. The amino-terminal half of CENP-B
expressed in Escherichia coli cells and isolated as inclusion bodies was used as the
CENP-B antigen. Mouse myeloma cells (P3-X63-Ag8.653) were used.
Preparation of anti-CENP-C antibodies. The DNA sequence encoding the
amino-terminal half of human CENP-C (amino acids 1 to 426) was amplified by

PCR with a cDNA library of HeLa cells, and cloned into pFastBac HTa vector
(Gibco-BRL) after digestion with NcoI and EcoRI. The primers used were
5⬘GGCCGGACCATGGCTGCGTCCGGTCTGGA and 5⬘ATAGAATCCTCT
TCAGCTGGTTTAGCCAT. The isolated clones were sequenced, and a clone
without amino acid replacement was selected. The amino-terminal half of
CENP-C was expressed in SF9 cells using the Bac-to-Bac baculovirus expression
system (Gibco-BRL) and purified on an Ni column. The polyclonal guinea pig
antibodies against CENP-C were affinity purified with the same protein coupled
to CNBr-activated Sepharose 4B beads (Amersham Pharmacia Biotech).
MNase digestion of HeLa nuclei. The nuclear pellet (109 nuclei) was dissolved
in 5 ml of ice-cold WB (20 mM HEPES [pH 8.0], 20 mM KCl, 0.5 mM EDTA,
0.5 mM dithiothreitol [DTT], 0.05 mM phenylmethylsulfonyl fluoride) containing 0.3 M NaCl. The nuclear suspension was digested with MNase (Roche
Diagnostics) at 37°C after addition of CaCl2 to a final concentration of 2 mM.
The reaction was stopped by the addition of EGTA to a final concentration of
5 mM with quick chilling. The digests were centrifuged with an R20A2 rotor
(Hitachi) at 10,000 ⫻ g for 10 min at 4°C. The solubilized chromatin was recovered in the supernatant. The pellet was resuspended in 5 ml of the same buffer.
Immunoprecipitation. Anti-CENP-A immunoglobulin G (IgG) (␣CA) secreted by the monoclonal hybridoma cells and the IgG in ACA serum (MI) were
purified on protein G-Sepharose columns (Pharmacia). Guinea pig anti-CENPC IgG (gp␣CC) was affinity purified on a CENP-C-linked Sepharose 4B column.
The antibodies were eluted with 0.1 M glycine-HCl (pH 3.0). Each of these IgGs
(⬇10 mg each) was coupled to CNBr-activated Sepharose 4B (1 g of dry powder;
Pharmacia). These IgG-linked Sepharose beads (50 l) were added to the solubilized chromatin samples (1 ml) supplemented with 0.1% NP-40 and incubated
for 6 to 12 h at 4°C with mild rotation. For CHIP with anti-CENP-B antibodies,
anti-CENP-B IgG and protein G-Sepharose were added to the sample and
incubated for several hours at 4°C with rotation. After incubation, the beads were
washed three times with WB containing 0.3 M NaCl and 0.1% NP-40 and
resuspended in 50 to 100 l of SDS buffer (50 mM Tris-HCl [pH 8.0], 25 mM
DTT, 1% sodium dodecyl sulfate [SDS], 15% glycerol). Proteins were eluted by
incubation at 95°C for 5 min. The eluted proteins were quickly chilled with liquid
nitrogen and stored at ⫺80°C until needed.
SDS-PAGE and Western blotting. The proteins were separated by SDS–12.5%
or 7.5% polyacrylamide gel electrophoresis (PAGE) and transferred to polyvinylidene difluoride membranes (Millipore) as previously described (52, 60).
ACA serum (AK, 1:3,000 dilution) and goat anti-human IgG-horseradish peroxidase conjugate (Bio-Rad, 1:3,000 dilution) were used for immunodetection.
All incubation was at 4°C overnight. Color development was carried out with
Konica immunostain (Konica).
Glycerol gradient sedimentation. A total of 3 ml of the solubilized chromatin
sample was applied to 34 ml of a 5 to 20% glycerol gradient containing 50 mM
Tris-HCl (pH 8.0), 2 mM EDTA, 0.1% NP-40, 2 mM DTT, and 0.15 M NaCl
layered over 1 ml of 50% glycerol and centrifuged with an SW28 rotor (Beckman) at 22,000 rpm for 15.5 h at 4°C. Then 2-ml aliquots were fractionated from
the bottom, and DNA and proteins were separated by 1% agarose gel electrophoresis and SDS-PAGE, respectively.
Cloning and sequencing of the DNA recovered by CHIP using anti-CENP-A,
-B, or -C antibodies. HeLa nuclei (2 ⫻ 108 nuclei/ml, 15 ml) were digested with
40 U of MNase (Boehringer) per ml for 10 min at 37°C. To remove short DNA
fragments and free proteins, the soluble fraction of the digest was centrifuged
through a 5 to 20% glycerol gradient, and fractions heavier than trinucleosomes
were pooled and immunoprecipitated using anti-CENP-A, -B, or -C antibodies.
After immunoprecipitation, the beads were treated with proteinase K, and the
DNA was subsequently purified by phenol extraction. The DNA was cloned into
3⬘dT-tailed vector pCR2.1-TOPO using the TOPO TA cloning kit (Invitrogen)
after treatment with Taq polymerase to add complementary 3⬘ A tails. The DNA
sequences were determined using an ABI Prism 3700 DNA analyzer (Perkin
Elmer Applied Biosystems) or an ABI Prism 377 DNA sequencer (Perkin Elmer
Applied Biosystems). The sequences were compared to the database using the
Blast server at the National Center for Biotechnology Information (NCBI).
Preparation of the A/B/C control mixture. CENP-A, CENP-B, and CENP-C
were expressed using the baculovirus Bac-to-Bac system (Gibco-BRL) and purified as follows. CENP-A and histone H4 with a 6x histidine tag at the amino
terminus were coexpressed, and the CENP-A/his6-H4 complex was purified
using an Ni column (63). CENP-B was purified with a Q-Sepharose column (60).
The CENP-C gene encoding the full-size CENP-C protein was amplified by PCR
with a cDNA library of HeLa cells (Clontech), and ligated to pFastBac vector.
Full-size CENP-C was expressed in the baculovirus system and isolated as inclusion bodies; it was solubilized with 6 M urea and purified on a heparinSepharose column. The concentration of each protein was calculated from the
band intensity after Coomassie brilliant blue (CBB) staining of SDS-PAGE gels,
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120 kb), consisting of a 4- to 7-kb unique sequence (cc region)
flanked by tens of kilobases of inverted repeat sequence, forms
the centromere region (8, 19). It is speculated that some specific higher-order chromatin structure may be formed in the cc
region, since in this region the nucleosome ladders produced
by micrococcal nuclease (MNase) cleavage become smears
when active centromeres are formed.
The centromeres of higher eukaryotes contain hundreds to
thousands of kilobases of tandemly repeated DNA sequences,
although their sequences and unit lengths are species specific
(56). In humans, ␣-satellite (alphoid) arrays varying from 500
kb to 5 Mb are found at the centromeres (57). ␣-Satellite
arrays consist of 171-bp monomer repeats that show chromosome-specific variation in sequence and higher-order repeat
arrangement (1, 26, 28, 53). However, on rare occasions, stable
neocentromeres have been found in euchromatic regions that
lack repetitive DNA sequences, such as ␣-satellite (2, 44).
Epigenetic establishment of centromeres has been reported in
humans, D. melanogaster, and S. pombe (2, 44, 46, 58), and the
newly formed centromeres in human cells contain all the centromere proteins studied except CENP-B (42). These results
emphasize that the formation of DNA-protein complexes, especially formation of CENP-A nucleosomes, is critically important for formation of active centromeres.
Nucleosomes containing CENP-A may be what distinguish
centromeric chromatin from euchromatin or noncentromeric
heterochromatin, and may promote the formation of functional kinetochores. We have previously shown that CENP-A
does indeed replace histone H3 in a nucleosomal reconstitution system in vitro and that the basic structure of the CENP-A
nucleosome is the same as that of normal nucleosomes: an
octamer of core histones (H3 or CENP-A, H4, H2A, and H2B)
with DNA wrapped around it (63).
In the present work we have isolated the centromeric chromatin complexes from HeLa cells by chromatin immunoprecipitation (CHIP) using anti-CENP-A and/or anti-CENP-C
antibodies. We have shown that CENP-A nucleosomes are
formed predominantly on ␣-satellite DNA that contains
CENP-B boxes (␣I-type array) and that CENP-B and -C bind
to the nucleosomal DNA to form the CENP-A/B/C prekinetochore chromatin complex. We therefore propose that centromeric chromatin complexes composed of CENP-A nucleosomes, CENP-B, and CENP-C constitute the prekinetochore
complexes in HeLa cells.
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using bovine serum albumin (BSA) as a standard. To prevent loss during handling of the proteins, BSA and core histones were added.
PCR-based primer extension. Primer extension procedures were performed as
described previously (61, 62). Approximately 1 g of HeLa DNA and the following primers, end labeled with [␥-32P]ATP, were used for each PCR primer
extension reaction: CENP-B box l-primer, TCCCGTTTCCAACGAA;
CENP-B box r-primer, TTTCGTTGGAAACGGG; mid-l primer, TTTTTATA/
GC/GGAAGATA; and mid-r primer, TATCTTCC/GC/TATAAAAA. Methods
for direct sequencing for position markers were as described previously (61). The
samples were electrophoresed through 6% polyacrylamide–urea gels for 4 h or at
1,600 V. The gels were exposed to radiographic film (Kodak XAR5) with intensifying screens after drying.

RESULTS

DNA in the soluble fractions was extracted with phenol and electrophoresed through 1% agarose gel. DNA was detected with ethidium
bromide staining. Lane 1, 20 U/ml for 2 min (40 U/ml ⫻ min, sample
1); lane 2, 20 U/ml for 4 min (80 U/ml ⫻ min, sample 2); lane 3, 40
U/ml for 5 min (200 U/ml ⫻ min, sample 3); lane 4, 80 U/ml for 45 min
(3,600 U/ml ⫻ min, sample 4). Positions of the DNA size markers are
indicated at the left. (C) Detection of core histones and CENP-A in
each fraction. Soluble (sup.) and insoluble (pellet) fractions were subjected to SDS–12.5% PAGE, and the separated core histones were
stained with Coomassie brilliant blue (upper panel). The proteins were
transferred to a membrane and immunolabeled with ACA serum (AK)
(lower panel). Lane M in the lower panel is a recombinant CENP-A
marker protein. Lanes 1 to 4 correspond to samples 1 to 4 of the
soluble (sup.) fractions, and lanes 5 to 8 to samples 1 to 4 of the pellet
fractions.
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FIG. 1. Bulk chromatin and centromeric chromatin were solubilized by MNase digestion of HeLa nuclei in 0.3 M NaCl. (A) Centromeric proteins CENP-A, -B, and -C were solubilized by MNase digestion. Isolated HeLa nuclei (2 ⫻ 108) were suspended with 1 ml of WB
containing 0.3 M NaCl (sample a in lane 1 and sample c in lanes 4 to
6) or 0.6 M NaCl (sample b in lanes 2 and 3). Sample c was digested
with 60 U of MNase per ml for 10 min at 37°C. Soluble and insoluble
materials from each sample were separated by centrifugation. ACA
beads were added to the supernatant of sample c and incubated overnight at 4°C. Pellets were resuspended in 1 ml of SDS buffer by extensive sonication and 5 l of each sample was separated by SDS–7.5%
(for CENP-B and CENP-C) or 12.5% (for CENP-A) PAGE, and
centromeric proteins were detected by immunostaining with ACA
serum. Lane 1, supernatant fraction of a; lane 2, supernatant fraction
of b; lane 3, pellet fraction of b; lane 4, supernatant fraction of c before
addition of ACA beads; lane 5, supernatant fraction of c after addition
of ACA beads; lane 6, pellet fraction of c. Lane M, marker centromeric
proteins, CENP-A, CENP-B, and CENP-C. (B) Size distribution of
DNA fragments from bulk chromatin after MNase digestion. HeLa
nuclei were digested with MNase to various extents. The fragmented

Centromeric chromatin containing CENP-A is released into
the soluble fraction by MNase digestion in the same way as
bulk chromatin. We examined the release of centromeric chromatin from HeLa nuclei into the soluble fraction by MNase
digestion. Without MNase digestion, neither CENP-A, -B, nor
-C was eluted into the soluble fraction by 0.3 M NaCl (Fig. 1A,
lane 1); CENP-B and -C were eluted with 0.6 M NaCl (lane 2),
while CENP-A was eluted with 2 M NaCl, like other core
histones (data not shown). MNase digestion of the nuclei in 0.3
M NaCl released 30 to 50% of the centromeric proteins into
the soluble fraction (lane 4, supernatant fraction; lane 6, pellet
fraction). These bands were depleted by ACA serum, confirming that they were centromeric proteins (lane 5).
The isolated HeLa nuclei were digested with MNase to
various extents, and the size distribution of the nucleosomal
DNA in the soluble fraction was analyzed (Fig. 1B). Core
histones in the soluble and insoluble fraction of each digest
were separated by SDS-PAGE and detected by CBB staining
(Fig. 1C, upper panel), and CENP-A was detected by immunostaining with ACA serum after blotting onto a membrane
(Fig. 1C, lower panel). The results show that centromeric chromatin containing CENP-A was released into the soluble fraction by MNase digestion in the same way as bulk chromatin.
CENP-A, -B, and -C are coprecipitated by CHIP using antiCENP-A or anti-CENP-C antibody. To investigate the structure and components of the centromeric chromatin that
contains CENP-A nucleosomes by CHIP, we raised mouse
monoclonal antibodies against amino-terminal polypeptides
of human CENP-A and guinea pig antibody against human
CENP-C, as described in Materials and Methods. These
antibodies specifically recognize CENP-A and CENP-C in
Western blots (data not shown). Figure 2A shows that the
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FIG. 2. CENP-A, CENP-B, and CENP-C were coprecipitated by
CHIP using anti-CENP-A and/or anti-CENP-C antibodies. (A) Indirect immunofluorescence microscopy using newly prepared antiCENP-A (top right) and anti-CENP-C (top left) antibodies. Mitotic
chromosomes from HeLa cells were stained with anti-CENP-A or
anti-CENP-C antibodies. Second antibodies were anti-mouse IgG-fluorescein isothiocyanate (FITC) conjugate for CENP-A, and antiguinea pig IgG-rhodamine isothiocyanate (RITC) conjugate for
CENP-C. Chromosomes were stained with DAPI (4⬘,6⬘-diamidino-3phenylindole, bottom left). The three panels were merged (bottom
right). CENP-A, green; CENP-C, red; DNA, white. (B) CHIP of the
solubilized chromatin. Isolated HeLa nuclei were digested with 40 U of
MNase per ml for 5 min (lanes 1 and 3) or 80 U/ml for 45 min (lanes
2 and 4), and the soluble fractions were subjected to CHIP using
anti-CENP-A (lanes 1 and 2) or anti-CENP-C (lanes 3 and 4) antibodies. The precipitated proteins were separated by SDS–7.5% (for
CENP-B and -C) or 12.5% (for CENP-A) PAGE, and the centromere
proteins were detected by Western blotting using ACA serum (AK).
Lane M shows the positions of CENP-A, CENP-B, and CENP-C.
Positions of molecular size markers are indicated at the right.

antibodies against CENP-A (top right) and CENP-C (top left)
recognize the centromeric regions of HeLa chromosomes. The
soluble fractions obtained by the weaker MNase digestion (40
U/ml, 5 min; sample 3 in Fig. 1B) and by the stronger MNase
digestion (80 U/ml, 45 min; sample 4 in Fig. 1B) were subjected
to CHIP analysis. When sample 3 was treated with antiCENP-A antibody, CENP-B and CENP-C were coprecipitated
with CENP-A (Fig. 2B, lane 1). CENP-A and -B were also
coprecipitated with CENP-C with anti-CENP-C antibody (Fig.
2B, lane 3). But the amounts of these coprecipitates were
greatly reduced by the stronger MNase digestion (Fig. 2B,
lanes 2 and 4, sample 4). These results suggest that CENP-A
nucleosomes form a complex with CENP-B and CENP-C, but
that extensive cleavage of DNA breaks down the complex.
␣-Satellite DNA containing CENP-B boxes (␣I-type array)
is concentrated by CHIP with either anti-CENP-A or antiCENP-C antibodies. To examine the DNA component of the
centromeric chromatin, the chromatin containing trinucleosomes and higher aggregates was recovered by 5 to 20% glycerol gradient sedimentation. The recovered chromatin was immunoprecipitated with the antibodies against CENP-A, -B, or
-C. By slot blot analysis, ␣-satellite DNA was shown to be concentrated (data not shown). The precipitated DNA was cloned
and sequenced. As summarized in Fig. 3, ␣-satellite DNA with
CENP-B boxes was predominantly concentrated by CHIP using each of the three antibodies, while no ␣-satellite DNA was
recovered from samples before immunoprecipitation (Fig. 3).
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FIG. 3. ␣-Satellite DNA fragments with CENP-B boxes were concentrated by CHIP using anti-CENP-A, anti-CENP-B, or antiCENP-C antibodies. Before IP, clones prepared from the solubilized
bulk chromatin before immunoprecipitation. IP, DNA fragments immunoprecipitated by anti-CENP-A (␣CA), anti-CENP-B (␣CB), or
anti-CENP-C (␣CC) antibodies were cloned into T vector and sequenced. More than 80% of the cloned fragments were longer than
500 bp. The black bars show the number of clones with ␣-satellite
DNA that contained the CENP-B box. The open bars show the number of clones that were unique and contained no other repetitive
sequence, not even ␣-satellite DNA without the CENP-B box.
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TABLE 1. Classification of the ␣-satellite DNA immunoprecipitated with anti-CENP-A antibodiesa
Suprachromosomal family

Chromosome no.

Consensus sequence

No. of clones

% Homology

1
2
3
1, 2, or 3

1, 3, 5, 6, 7, 10, 12, 16, 19
2, 4, 8, 9, 13, 14, 15, 18, 20, 21, 22
11, 17, X

J2(⫹), J1(⫺)
D1(⫹), D2(⫺)
A(⫹), B(⫹), C(⫹), D(⫺), E(⫺)

41
43
6
4

82–94
82–92
75–98
76–80

a
␣-Satellite clones recovered by immunoprecipitation with anti-CENP-A antibodies were classified into three suprachromosomal families (1). ␣-Satellite monomers
with a CENP-B box are indicated by ⫹, and monomers without the CENP-B box are marked by ⫺. Each clone was highly homologous to one of the three families.
Four clones could not be classified because they were equally homologous to all three families.

result of CENP-B/CENP-B box interactions. We have previously shown by in vitro reconstitution of the CENP-B/nucleosome complex that CENP-B/CENP-B box interactions cause
nucleosome phasing around the CENP-B box region (62). As
the present work has revealed that CENP-A nucleosomes are
formed predominantly on ␣I-type arrays, we studied the question of whether the nucleosomes on ␣I-type arrays were
phased in vivo as well as in vitro.
Figure 4A shows the strategy for in vivo MNase footprint
analysis. The distance from the nearest CENP-B box of hypersensitive sites for MNase digestion was mapped by PCR-based
primer extension analysis using the CENP-B box or mid-region
(mid-primer) as primers. The mid-region is located approximately in the middle of adjacent CENP-B boxes (Fig. 4A) at
the right side of CENP-B box⫺ region (Fig. 4E, 191 to 208
bases from the 5⬘ terminus of the CENP-B box r-primer) (61).
After MNase digestion of HeLa nuclei, the nuclear DNA was
extracted and electrophoresed through an agarose gel (Fig.
4B). DNA ladders reflecting nucleosome structures were observed (Fig. 4B, lanes 5 to 8).
These DNA samples were subjected to primer extension

FIG. 4. Mapping of hypersensitive sites for MNase digestion on ␣I-type arrays. (A) Strategy for in vivo mapping of cleavage sites by MNase
digestion using CENP-B box primers or mid-primers. CENP-B boxes were located mainly in ␣-satellite dimer subfamilies. Dimer repeats are
marked with thick vertical bars. CENP-B boxes and mid sequences are shown with solid and open boxes, respectively. The distances from the
CENP-B box or the mid sequence to the hypersensitive sites for MNase digestion were measured by primer extension analyses using CENP-B boxes
or mid sequences as primers. The primer for each sequence is indicated by a thick bar, and the direction of DNA synthesis is shown with arrows.
Owing to the occasional deletion of 2 to 4 bases to the right of the CENP-B box (indicated by x in the figure), direct sequencing reactions were
sometimes unreadable because of overlapping of the sequence ladder. (B) Agarose gel electrophoresis of HeLa DNA after MNase digestion.
Purified DNA (20 g, 0.1 ml; lanes 2 to 4) or nuclei (5 ⫻ 106, 0.1 ml; lanes 1 and 5 to 8) extracted from HeLa cells were digested with MNase
(0.05 U for purified DNA and 15 U for nuclei) for 0 min (lane 1), 1 min (lane 2), 5 min (lane 3), 15 min (lane 4), 1 min (lane 5), 2 min (lane 6),
5 min (lane 7), and 20 min (lane 8). DNA from each sample was extracted with phenol and electrophoresed through a 1.7% agarose gel. Lane M
shows a 100-bp DNA ladder. (C and D) PCR-primer extension analyses of the MNase digests with CENP-B box primers (left and middle panels)
or mid primers (right panels). Left and middle panels, DNA (1 g) from each of the digests shown in B was subjected to PCR-primer extension
reactions using 32P-labeled CENP-B box l-primer (C) or r-primer (D), and the samples were electrophoresed for 4 h (left panels) or 6 h (middle
panels). Lanes 1 to 8 correspond to the samples shown in lanes 1 to 8 of B. Lanes 9 to 12 show sequence ladders as position markers. Lane M is
a 32P-labeled MspI digest of pBR322. The distance in bases from the CENP-B primer is indicated at the left. The area of the CENP-B box is marked
with a shaded box, and hypersensitive bands are marked with asterisks (*). Right panels, higher-resolution analysis of the CENP-B box regions
using mid l-primer (C) or r-primer (D). Lane 1 corresponds to lane 4 of B, and lanes 2 and 3 to lanes 6 and 7 of B. Lanes 4 to 7 show sequence
ladders as position markers. The CENP-B box is indicated by a bracket at the right. The distance in bases from the CENP-B box is indicated at
the right. (E) Mapping of MNase-hypersensitive sites around the CENP-B box and x-box regions. The DNA sequence obtained by direct
sequencing of HeLa nuclei using the CENP-B box l-primer is shown (C, left, lanes 9 to 12) (61). The nucleotide position is indicated at the top
as the distance in bases from the 5⬘ terminus of CENP-B box r-primer. Numbering around the CENP-B box region (left half of the figure) is
counted from the adjacent CENP-B box. Position 342 corresponds to position 0, which is the start site for mapping around the x-box region (right
half of the figure). Hypersensitive sites in the l-strand are indicated by upward-pointing arrowheads, and those in the r-strand by downwardpointing arrowheads. The upward-pointing open arrowheads with brackets at the left side of the CENP-B box indicate approximate loci (within
brackets) for hypersensitive sites, because the DNA sequence of this region could not be read by direct sequencing. The CENP-B box is indicated
by an open box (positions 1 to 17 or 343 to 359) and the corresponding area in the adjacent ␣-satellite monomer that has no affinity to CENP-B
is shown as an open box (box) (positions 172 to 189). The mid-primer and x-box areas are indicated by brackets. R is A or G; Y is T or C; W is
A or T; and S is G or C. (F) Mapping of 5⬘ termini of the ␣-satellite DNA fragments recovered by CHIP using anti-CENP-A antibody. 5⬘ termini
of each strand from 94 clones of ␣-satellite DNA fragments (Fig. 3) were mapped on the ␣-satellite dimer repeat. The length of each vertical bar
represents the frequency of the 5⬘ terminus mapping to each position on the sequence. The distance from the 5⬘ terminus of the CENP-B box
r-strand is shown in bases at the top. Base 0 corresponds to base 342 from the adjacent CENP-B box.
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It has already been shown that CENP-B preferentially binds
to the CENP-B box. It was therefore to be expected that CHIP
using anti-CENP-B antibody would precipitate ␣-satellite DNA
with CENP-B boxes (20 clones, 31% of total clones), and the
DNA from the other 44 clones (69%) was considered to be
background, which may reflect the quality of this anti-CENP-B
monoclonal antibody. CHIP using anti-CENP-C antibody significantly concentrated ␣-satellite DNA with CENP-B boxes (26%),
while CHIP using anti-CENP-A antibody precipitated ␣-satellite
DNA containing CENP-B boxes at a very high rate (76%). The
isolated clones were all dimer repeats consisting of one ␣-satellite
unit with a CENP-B box (box⫹) and the other without a CENP-B
box (box⫺). Most of the clones could be classified into one of
three families of type I ␣-satellite arrays; the results are summarized in Table 1. ␣-Satellite DNA fragments without CENP-B
boxes and other repetitive sequences were not recovered with
any of the CHIPs. These results show that centromeric chromatin containing CENP-A, -B, and -C is selectively formed on
␣-satellite DNA with CENP-B boxes (␣I-type array) in HeLa
cells.
CENP-A nucleosomes are phased on ␣I-type arrays as a

MOL. CELL. BIOL.
ANDO ET AL.
2234

Downloaded from http://mcb.asm.org/ on November 15, 2019 by guest

VOL. 22, 2002

CENP-A/B/C CHROMATIN COMPLEX IN HeLa CELLS

2235

Downloaded from http://mcb.asm.org/ on November 15, 2019 by guest

FIG. 4—Continued.

2236

ANDO ET AL.

FIG. 5. Size distributions of the centromeric chromatin separated
by glycerol gradient sedimentation were examined by CHIP using
anti-CENP-A or anti-CENP-C antibodies. HeLa nuclei (6 ⫻ 108, 3 ml)
were digested with MNase for 15 min at 60 U/ml, and the solubilized
chromatin fractions were centrifuged through a 5 to 20% glycerol
density gradient. Aliquots of 2 ml were fractionated from the bottom.
DNA was extracted from 10 l of each fraction by phenol after proteinase K digestion and electrophoresed through a 1% agarose gel
(top). Each 1.5-ml aliquot was subjected to CHIP analysis using antiCENP-A (middle) or anti-CENP-C (bottom) antibodies. Distributions
of CENP-A, CENP-B, and CENP-C were detected by Western blotting using ACA serum (AK) after SDS–7.5% (for CENP-B and
CENP-C) and 12.5% (for CENP-A) PAGE. Marker proteins, catalase
(240 kDa) and thyroglobulin (670 kDa) were centrifuged in parallel,
and their positions are indicated at the top.

of the three CENPs is correlated, which suggests that CHIP
with anti-CENP-C antibody mainly precipitates the CENP-A/
B/C chromatin complex. Therefore, Fig. 5 (bottom panel)
shows that MNase digestion of the nuclei (60 U/ml, 15 min)
produced the CENP-A/B/C complex peaked at fraction 7 by
glycerol gradient sedimentation. This fraction corresponds to
the position of tetra- to pentanucleosomes in bulk chromatin,
as shown in Fig. 5, top panel.
The molecular mass of the CENP-A/B/C complex is increased by the inclusion of some number of CENP-B and
CENP-C (80 kDa ⫹ 140 kDa ⫽ 220 kDa), which roughly corresponds to one nucleosome unit, 240 kDa (Fig. 5, top panel).
Therefore, the nucleosome number of the CENP-A/B/C chromatin should be less by one or two nucleosome units from the
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analysis using 32P-labeled CENP-B box l-strand (Fig. 4C, left)
or r-strand (Fig. 4D, left) as primers. MNase digestion of the
nuclei produced several cleavage bands in very restricted regions (Fig. 4C and 4D, left, lanes 5 to 8) (indicated by * at the
right of the figures), which were absent in the MNase digest of
the purified DNA (lanes 2 to 4). Among them, the cleavage
bands at the CENP-B box region in each strand were notable,
because these bands were very similar to those obtained in the
in vitro experiment (62).
To establish the sites of cleavage at the nucleotide level, the
CENP-B box regions shown in Fig. 4C and 4D (left panels)
were expanded by elongated electrophoresis (Fig. 4C and 4D,
middle panels). Footprinting was also performed using midprimers (Fig. 4C and 4D, right panels), and the cleavage bands
were mapped on the DNA sequence (Fig. 4E). Very strong
cleavage bands were also detected in the region of 145 to 190
bases from the primer sites (Fig. 4C and 4D, left panels), which
corresponds approximately to the middle of the two adjacent
CENP-B boxes (Fig. 4A). These bands were undetectable in
the in vitro CENP-B/nucleosome reconstitution experiment
(62). Therefore, the result suggests that some unknown factor(s) other than CENP-B might affect phasing of nucleosome
formation in the region surrounded by CENP-B boxes. These
cleavage sites were also mapped (Fig. 4E), and this region was
termed the x-box. These results suggest that the nucleosomes
are phased between the two CENP-B boxes, as shown by in
vitro reconstitution experiments (62).
The 5⬘ termini of the ␣-satellite DNA fragments recovered
by CHIP using anti-CENP-A antibody (Fig. 3) were also
mapped on the ␣-satellite dimer repeat. The 5⬘ termini of each
strand were clustered at two regions (Fig. 4F): one was at both
edges of the CENP-B box, and the other was at the x-box.
These 5⬘ termini at the CENP-B box and the x-box were compared with the results of MNase footprinting (Fig. 4E and 4F).
These independently mapped cleavage sites for MNase digestion correspond well with each other. Therefore we conclude
that CENP-B actually interacts with the CENP-B box in vivo
and that CENP-A nucleosomes on ␣I-type arrays are phased as
a result of CENP-B–CENP-B box interactions.
CENP-A/B/C chromatin can be trimmed to tri- and/or tetranucleosomes by MNase digestion. The footprint analysis
shows a repetitive configuration of the CENP-B/CENP-A nucleosome complex, reflecting the repetitive structure of the
␣I-type array, since CENP-B binds to the CENP-B box that is
located mainly in alternate monomer units (61) and CENP-A
nucleosomes are phased between the adjacent CENP-B boxes.
Where then is CENP-C located? Does CENP-C associate with
a large CENP-B–CENP-A chromatin complex or with an individual small repetitive complex?
To examine molecular mass distribution of the CENP-A/B/C
chromatin, the bulk chromatin solubilized with MNase digestion (60 U/ml, 15 min) was separated by 5 to 20% glycerol
gradient sedimentation. Each fraction was subjected to CHIP
analysis using anti-CENP-A (Fig. 5, middle panel) or antiCENP-C (bottom panel) antibody, and CENP-A, -B, and -C
were detected with ACA serum after SDS-PAGE. The top
panel in Fig. 5 shows size distribution of nucleosomal DNA
ladders in bulk chromatin of each fraction, which were used as
molecular mass markers. The CHIPs with anti-CENP-C antibody (Fig. 5, bottom panel) show that the distribution pattern

MOL. CELL. BIOL.

VOL. 22, 2002

measured nucleosome number, depending on whether CENPB and CENP-C are present as monomers or dimers in the
CENP-A/B/C complex. Thus, the estimated number of nucleosomes contained in the peak CENP-A/B/C chromatin (fraction
7) would be three or four. These results support the possibility
that CENP-C may associate rather uniformly with each of the
repetitive CENP-B/CENP-A nucleosome complexes.
CHIP analysis with anti-CENP-A antibody (Fig. 5, middle
panel) shows the presence of CENP-A mononucleosomes devoid of CENP-B and CENP-C (fractions 13 to 15). With further MNase digestion (60 U/ml, 45 min), the proportion of
CENP-A mononucleosomes devoid of CENP-B and -C greatly
increased to become the majority of the CENP-A-containing
nucleosome population (data not shown). These results show
that a secondary action of MNase digestion is to remove
CENP-B and CENP-C from the CENP-A/B/C chromatin complex.
Most of the solubilized CENP-C and approximately half the
solubilized CENP-B form complexes with CENP-A nucleosomes. It is difficult to detect CENP-B and CENP-C with
Western blotting directly in bulk chromatin fractions because
of high background. The newly prepared anti-CENP-A antibody could quantitatively precipitate CENP-A chromatin (Fig.
6, lanes 5 to 8). Therefore, we measured the relative amount of
CENP-B or CENP-C that interacted with CENP-A nucleosomes by two-step immunoprecipitation using anti-CENP-A
antibody and ACA serum. Each of the four samples described
in Fig. 1B was immunoprecipitated with anti-CENP-A antibody, and the supernatants were then precipitated with ACA
serum. Both sets of precipitates (␣CA and ACA) were analyzed by Western blotting with ACA.
As shown in Fig. 6 (lanes 1 to 4), CENP-B and CENP-C
were coprecipitated with CENP-A. Figure 6 (lanes 5 to 8)
indicates that the CENP-A chromatin is depleted from the
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supernatant solutions, and CENP-C is also largely depleted
even at early stages of digestion (Fig. 6, lanes 5 to 6). In contrast, about half of the solubilized CENP-B remains in the
supernatant (Fig. 6, lanes 5 to 6). When the precipitate shown
in lane 3 was further digested with MNase or treated with 0.6
M NaCl, CENP-B and CENP-C were released into the supernatant (data not shown). These results suggest that most of
the solubilized CENP-C and approximately half the solubilized CENP-B formed complexes with CENP-A nucleosomes
through interaction with DNA.
The amounts of CENP-B and CENP-C increased (Fig. 6,
lanes 1 to 3), reached a maximum (lane 3), and then decreased
(lane 4) as DNA cleavage progressed, while the amount of
CENP-A continued to increase. As the present work is highly
dependent on MNase digestion, the condition of MNase digestion in each experiment is summarized in Table 2 so that
the data from each figure can be compared. The data from Fig.
5 and Fig. 6 are complementary, although they were from
different digestions, in the point that MNase digestion produced CENP-A mononucleosomes devoid of CENP-B and
CENP-C as well as the CENP-A/B/C chromatin in Fig. 5 and
the ratio of CENP-B (and/or CENP-C)/CENP-A in the immunoprecipitates decreased at stronger MNase digestion in Fig. 6.
These results show that MNase digestion of HeLa nuclei
caused two events. First, it released mainly CENP-A/B/C chromatin complexes into the soluble fraction in the early stages of
digestion, and second, it removed CENP-B and/or CENP-C
from the complexes after more extensive cleavage.
DISCUSSION
By CHIP analyses using anti-CENP-A and/or anti-CENP-C
antibodies, we have shown in this paper that the CENP-A
nucleosome forms a complex with CENP-B and CENP-C in
HeLa cells (Fig. 2) and that CENP-A/B/C complexes are selectively formed on ␣-satellite DNA containing CENP-B boxes
(␣I-type array) (Fig. 3). Mapping of the hypersensitive sites for
MNase digestion around the CENP-B box regions showed that
CENP-A nucleosomes are phased on the ␣I-type array as a

TABLE 2. Summary of the conditions of MNase digestion
in each experiment
Figure

Sample nos.a

1A
1B and 6c

4–6
1
2
3
4
1, 3
2, 4

2B
3
4B

5
a

5
6
7
8

Extent of digestion, U
(U/ml ⫻ min)b

600 (60 ⫻ 10)
40 (20 ⫻ 2)
80 (20 ⫻ 4)
200 (40 ⫻ 5)
3,600 (80 ⫻ 45)
200 (40 ⫻ 5)
3,600 (80 ⫻ 45)
400 (40 ⫻ 10)
150 (150 ⫻ 1)
300 (150 ⫻ 2)
750 (150 ⫻ 5)
3,000 (150 ⫻ 20)
900 (60 ⫻ 15)

Samples are specified by the lane numbers in each figure.
The extent of MNase digestion is defined as concentration of MNase ⫻
incubation time at 37°C.
c
Figures 1B and 6 are from the same MNase digests.
b

Downloaded from http://mcb.asm.org/ on November 15, 2019 by guest

FIG. 6. Quantitative analysis of CENP-A, -B, and -C in CENP-A/
B/C chromatin. The four MNase digests shown in Fig. 1B were immunoprecipitated with anti-CENP-A antibodies (lanes 1 to 4; 12-l samples of ␣CA). The supernatants were subsequently precipitated with
ACA serum (lanes 5 to 8; 12-l samples of ACA) to isolate and detect
the residual CENPs. The precipitated proteins were resolved by SDS–
12.5% PAGE and immunoblotted using ACA serum. Because of overloading of CENP-A in the ␣CA samples (lanes 2 to 4), 1.5-l samples
were also immunoblotted and are shown below. The diffuse bands
between CENP-A and CENP-B in both samples were IgGs released
from the antibody-Sepharose beads. Lane M shows a CENP-A/B/C
marker mixture containing CENP-A (61 fmol/l), CENP-B (23 fmol/
l), and CENP-C (25 fmol/l), A/B/C molar ratio ⫽ 2.7:1:1.
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Prekinetochore chromatin containing CENP-A nucleosomes
is selectively formed on I-type ␣-satellite arrays. Vafa and Sullivan (54) reported that hemagglutinin (HA)-tagged CENP-A,
exogenously expressed in HeLa cells, was mainly located on
␣-satellite DNA. In this work we isolated chromatin containing
endogenous CENP-A and DNA longer than ␣-satellite trimer
(510 bp) by using monoclonal antibodies raised against CENPA. As shown in Fig. 3, the precipitated chromatin DNA fragments were predominantly ␣-satellite (76% of the total clones),
and surprisingly, all the ␣-satellite DNA belonged to the subfamilies containing CENP-B boxes.
Alexandrov et al. (1) classified ␣-satellite subfamilies containing CENP-B boxes into three suprachromosomal families,
which include all the human centromeres except the Y. We
have previously shown by direct sequencing of HeLa DNA
using CENP-B box primers that most CENP-B boxes were
located on ␣-satellite dimer subfamilies (61). The precipitated
␣-satellite DNA was classified into one of the three families on
the basis of homology of each sequence (Table 1), suggesting
that the precipitated DNA fragments cover the centromeres of
all chromosomes in HeLa cells. The centromeric regions of
human chromosome 21 consist of two contiguous long ␣-satellite arrays. One is ␣21-I of ⬇1.3 Mb, which belongs to suprachromosomal family 2 and consists mainly of the D1-D2
dimer repeat, so that the CENP-B boxes will normally occur in
alternate monomer units (26). The other is ␣21-II of ⬇1.9 Mb,
which contains very few CENP-B boxes, and homologies between different monomer units are low (26). Similar DNA
structures were found in human chromosomes 13 and 14 (53).
The present results demonstrate that CENP-A/B/C chromatin
complexes are selectively formed on the ␣-I type array.
By indirect immunofluorescence microscopy of elongated
human centromeres, antigens for ACA serum were shown to
be localized to the ␣I-type array (26). Consistent with this, the
introduction of yeast artificial chromosomal DNA with an 80kbp ␣I-type array into a human cultured cell line, HT1080,
resulted in the efficient formation of artificial minichromosomes, but introduction of an ␣II-type array did not (27).
These results suggest that the ␣I-type array is sufficient to
establish active centromeres de novo.
One of the characteristics of this repetitive sequence is the
presence of CENP-B boxes. As shown in this paper, CENP-B/
CENP-B box interactions are involved in the formation of
prekinetochore chromatin complexes. Another factor is the
presence of the x-box region (Fig. 4). This region is highly
conserved (41), and MNase footprint analyses in vivo (Fig. 4)
and in vitro (62) suggested that some unknown factor(s) might
be involved in the chromatin formation around this region.
Interestingly, ␣-satellite DNA from the human Y chromosome
and African green monkey chromosomes contains a sequence
homologous to the x-box.
Where is CENP-C located on the large CENP-B/CENP-A
nucleosome complex on the ␣I-type array? It has already been
confirmed that the CENP-B/CENP-B box interaction was necessary and sufficient for CENP-B to localize at the centromeric
region (38). In this paper we showed that CENP-A nucleosomes were phased on ␣I-type arrays. It is therefore highly
probable that the CENP-B/CENP-A nucleosome complex mainly forms a repetitive configuration that reflects the repetitiveness of the ␣I-type array. The next important question is where
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result of CENP-B/CENP-B box interactions (Fig. 4). This implies that the CENP-B/CENP-A nucleosome complex forms
a repetitive configuration reflecting the repetitive DNA sequence.
Molecular mass analyses by glycerol gradient sedimentation
showed that MNase digestion of the nuclei released a CENPA/B/C chromatin complex into the soluble fraction consisting
of tri- or tetranucleosomes (Fig. 5). Immunodepletion of the
prekinetochore chromatin using anti-CENP-A antibody showed
that most of the CENP-C and approximately half the CENP-B
took part in complex formation (Fig. 6). The kinetic study
shown in Fig. 6 indicated that MNase digestion of the nuclei
first released the CENP-A/B/C complexes into the soluble fraction and later removed CENP-B and CENP-C from the released complexes.
We could not detect CENP-H in the isolated CENP-A/B/C
chromatin complex (data not shown). It might be released
during purification of the complex because of the high salt
concentration (0.3 M NaCl). The analyses with the autoantiserum EJ, which was expected to contain anti-CENP-G antibody (20), detected CENP-B and CENP-C but not CENP-G
in the isolated chromatin complex (data not shown). Our analyses with the serum by immunoblotting and indirect immunofluorescence microscopy using several mammalian cultured
cell lines revealed that the EJ antiserum currently available
contained no antibodies against CENP-G, but contains antiCENP-B and anti-CENP-C antibodies (data not shown).
Solubilization of centromeric chromatin by MNase digestion of HeLa nuclei. We tried to solubilize the centromeric
chromatin by MNase digestion of the nuclei, since the materials that are solubilized by DNA cleavage may be candidates
for chromatin components. We confirmed that CENP-A, -B,
and -C were all solubilized by MNase digestion (Fig. 1A). Up
to ⬇70% of CENP-A nucleosomes could be solubilized (Fig.
1C), but curiously, the solubility of CENP-B and -C did not
increase beyond that shown in Fig. 1A, and instead that of
CENP-B decreased during further MNase digestion (data not
shown). The solubility of the chromatin proteins sharply decreased with lower salt concentration (0.15, 0.2, or 0.25 M
NaCl), as a result of nonspecific interaction with insoluble
materials (data not shown). A decrease in the amount of
CENP-B or -C after extensive MNase digestion was also
greater at the lower salt concentration (data not shown).
In this study, we found that MNase digestion excised
CENP-B and CENP-C from the CENP-A/B/C chromatin, as
well as solubilizing the CENP-A/B/C complex. We noticed that
the decrease in solubility of CENP-B and -C after extensive
MNase digestion correlated with the excision of CENP-B and
-C from the CENP-A/B/C complex; the free CENP-B and -C
molecules may have been titrated out of the soluble fraction by
nonspecific binding to insoluble materials at 0.3 M NaCl. With
weaker MNase digestion, solubilization of the CENP-A/B/C
chromatin dominates over the liberation of free CENP-A nucleosomes and free CENP-B or -C molecules, and therefore
CENP-A, -B, and -C were reproducibly coprecipitated by
CHIP with anti-CENP-A or -C antibodies. We confirmed that
ratios of CENP-A, -B, and -C in the coprecipitates were constant at lower salt concentration with weaker MNase digestion,
although amounts of the coprecipitates were highly dependent
on salt concentration (0.15 to 0.3 M; data not shown).
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FIG. 7. Proposed model for the distribution of CENPs. (A) The
A/B/C chromatin complex (CENP-A nucleosome/CENP-B/CENP-C
complex; red) occupies 50% of the ␣I-type array, and the normal
nucleosome/CENP-B complex (green) occupies the remaining 50%.
(B) The distribution of CENP-A, -B, and -C in S- and G2-phases as
seen by light microscopy. Red represents the prekinetochore, which
contains the A/B/C chromatin complex. Green represents the centromeric heterochromatin, which consists of the normal nucleosome/
CENP-B complex. (C) The figure represents the results of electron
microscopy observations and the present results in M-phase. The
CENP-A/B/C chromatin complex (red) constitutes the inner kinetochore domain, and the CENP-B/normal nucleosome complex (green)
constitutes the pairing domain.

to the molecular organization of the human centromere proposed by Choo (9).
ACKNOWLEDGMENTS
We thank K. Todokoro for anti-CENP-H antibody, B. R. Brinkley
for autoantiserum EJ, G. Tamiya and M. Tomizawa for DNA sequencing, and M. Yanagida, K. H. A. Choo, H. Masukata, and K. Sullivan for
helpful comments.
This work was supported by Grants-in-Aid for Scientific Research
on Priority Areas, a Grant-in-Aid for Scientific Research (c), a grant
from the Ministry of Agriculture, Forestry and Fisheries for Establishment of Transgenic Agro-biofarm Systems, a Grant-in-Aid for JSPS
Fellows to H.Y., and the Sasakawa Scientific Research Grant from the
Japan Science Society and Research Fellowship of JSPS for Young
Scientists to S.A.

Downloaded from http://mcb.asm.org/ on November 15, 2019 by guest

the CENP-C is located on the CENP-B/CENP-A nucleosome
complex. There are two possibilities: (i) CENP-C interacts with
a large CENP-B/CENP-A nucleosome complex, or (ii) a
CENP-C monomer or dimer interacts with each of the repetitive units of the CENP-B/CENP-A nucleosome complex.
These possibilities could be experimentally distinguished. Figure 5 showed that the CENP-A/B/C chromatin could be reduced to a three- to four-nucleosome complex without losing
CENP-B and CENP-C. The results clearly excluded the former
possibility and supported the latter.
CENP-A/B/C chromatin complexes may become components of the inner kinetochore plate during M-phase. The
immunodepletion study shown in Fig. 6 indicated that approximately half the released CENP-B remained in the soluble
fraction after immunodepletion of chromatin containing
CENP-A. At an early stage of MNase digestion (samples 1 and
2 in Fig. 6), free CENP-B molecules should not yet have been
excised from the chromatin complexes, since two simultaneous
cleavages by MNase at the CENP-B box region were needed to
excise a CENP-B molecule from the chromatin complex. So
the CENP-B left in the soluble fractions at early stages of
MNase digestion after immunodepletion of the CENP-A chromatin (Fig. 6, lanes 5 to 6) would still bind to chromatin that
did not contain CENP-A. We have previously shown that the
CENP-B/nucleosome complex could be assembled in vitro
equally well using either normal (62) or CENP-A nucleosomes
(63), and formed a specific DNA structure at the CENP-B box
region which became hypersensitive to MNase (62).
These results suggest that half the CENP-B molecules on
␣I-type arrays form a complex with normal nucleosomes, as
illustrated in Fig. 7A. CENP-A and CENP-C, observed by
indirect immunofluorescence microscopy, were seen as round
dots and completely overlapped at S- and M-phases (55), while
CENP-B was sometimes seen as a diffuse patch that included
a dot (or double dots) of CENP-A (55). These observations
agree well with the present results that most of the solubilized
CENP-C and about half the solubilized CENP-B formed a
complex with CENP-A nucleosomes (Fig. 7B). By immunoelectron microscopy, CENP-C was reported to be localized to
the inner kinetochore plate (43). CENP-A was proposed to be
a component of the inner kinetochore plate on the grounds of
colocalization of CENP-A and -C by optical microscopy (55).
The present work revealed that CENP-A and -B form a chromatin complex with CENP-C, and therefore CENP-A and -B
must also be the components of the inner kinetochore plate
(Fig. 7C).
Model structure for the prekinetochore chromatin in HeLa
cells. We have previously proposed a model structure for the
CENP-B/nucleosome complex (62). The present results suggest that this model would be applicable to the CENP-B/
CENP-A nucleosome complex only if normal nucleosomes
were replaced by CENP-A nucleosomes. As the CENP-A/B/C
complex can be trimmed to a small chromatin complex containing 3 to 4 nucleosomes (Fig. 5), CENP-C might bind distributively to the repetitive CENP-B/CENP-A nucleosome
complex. As CENP-C is a DNA-binding protein with no apparent sequence specificity (49, 59), it remains to be shown
where and how it binds on the prekinetochore complex. The
present study may provide a molecular basis for the repeat
subunit model of Zinkowsky et al. (64) and is basically similar
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