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ABSTRACT We have purified and characterized a novel
60-kDa protein that binds to centromeric K-type repeat DNA
from Schizosaccharomyces pombe. This protein was initially
purified by its ability to bind to the autonomously replicating
sequence 3002 DNA. Cloning of the gene encoding this protein
revealed that it possesses significant homology to the mam-
malian centromere DNA-binding protein CENP-B and S.
pombe Abp1, and this gene was designated as cbh1 (CENP-B
homologue). Cbh protein specifically interacts in vitro with the
K-type repeat DNA, which is essential for centromere func-
tion. The Cbh-binding consensus sequence was determined by
DNase I footprinting assays as PyPuATATPyPuTA, featuring
an inverted repeat of the first four nucleotides. Based on its
binding activity to centromeric DNA and homology to cen-
tromere proteins, we suggest that this protein may be a
functional homologue of the mammalian CENP-B in S. pombe.

Centromeres are distinct chromosomal structures in eukaryotic
cells that direct chromosome segregation during cell division. The
centromere is the site of kinetochore formation that mediates
spindle microtubule attachment and the regulation of chromo-
some movement. It also plays an important role in checkpoint
regulation during mitosis (reviewed in refs. 1–3).

Centromeric DNA in human cells contains a large number
of tandemly arranged repetitive sequences composed mostly of
a-satellite DNA (4, 5). Although these repeats are common to
all human chromosomes, their role in kinetochore assembly or
chromosome segregation has not been determined because of
the large size and complexity of centromeres. Despite this
complexity, several centromeric proteins such as CENP-A,
CENP-B, and CENP-C have been identified and characterized
in human cells through the use of sera from patients with the
autoimmune CREST (calcinosis, Raynaud’s phenomenon,
esophageal dysmotility, sclerodactyly, and telangiectasia) syn-
drome of scleroderma (6–10). CENP-B, the best characterized
centromeric protein in mammalian cells, is located in the
centromere region beneath the kinetochore and binds to a
17-bp consensus sequence, the CENP-B box in a-satellite
DNA (11–14). The association of CENP-B with centromeric
DNA appears to be essential for the maintenance of centro-
meric heterochromatin structure.

Functional centromeric DNAs have been isolated and charac-
terized in two organisms, Saccharomyces cerevisiae (15, 16) and
Schizosaccharomyces pombe (17–19). In S. cerevisiae, functional
centromeres, which were identified by their ability to confer
mitotic and meiotic stability to minichromosomes, are relatively
short, spanning about 125 bp, and contain three conserved DNA
elements: CDEI, CDEII, and CDEIII (20, 21). The 25-bp CDEIII

is the essential element for centromere function and is the site at
which the CBF3 protein complex binds (22).

The centromeres of S. pombe are much more complex than
those of S. cerevisiae and appear to more closely resemble
centromeres of higher eukaryotes. The centromeres of the
three chromosomes of S. pombe vary in size from 40 to 100 kb
and are characterized by a complex organization of several
classes of specific repeated DNA elements (18, 19). All
centromeres contain a 4- to 7-kb central core DNA sequence
embedded within a domain containing several inverted and
direct repeats (23–25). This organization of repeats in each
centromere differs among chromosomes and strains of S.
pombe, but the basic inverted repeat configuration appears to
be conserved (24). Among these elements, the central core
containing several functionally redundant domains and the
K-type repeats are essential for centromeric function (26).

Despite the identification and functional analysis of centro-
meric DNA elements in S. pombe, little is known about the
proteins interacting with these DNA elements. The gene
product of the swi6 gene, whose mutation represses centro-
mere silencing and elevates chromosome loss (27), has been
localized to heterochromatin DNA regions including the cen-
tromere (28). Also, Abp1 protein, which was initially identified
as an autonomously replicating sequence-binding protein (29),
is capable of binding to central core DNA of S. pombe
centromere in vitro and is required for the proper segregation
of chromosomes (30). Here we report the purification and
biochemical characterization of a putative centromere-binding
protein from S. pombe. This protein was initially purified from
S. pombe based on its binding activity to ars3002 DNA, one of
the autonomously replicating DNA sequences (ARS) located
near the ura4 gene on chromosome III. The cloning of the gene
encoding this protein showed that this protein possesses
significant homology to centromere-binding proteins such as
mammalian CENP-B and S. pombe Abp1. To determine the
centromeric DNA-binding activity of this protein, we have
examined the interaction of this protein with centromeric
DNA fragments and also determined the consensus sequence
to which this protein binds. The results of this study suggest a
possible role for this protein in centromeric functions.

MATERIALS AND METHODS
Gel Mobility Shift and DNase I Footprinting Assays. DNA-

binding assays were carried out in reaction mixtures (20 ml)
containing 25 mM HepeszKOH (pH 7.5), 5 mM MgCl2, 2 mM
DTT, 0.1 mgyml BSA, 5% glycerol, 2 mg poly(dI-dC), 4–40
fmol of 32P-labeled DNA (5,000 to 15,000 cpmyfmol), and
indicated amounts of purified protein. After incubation at
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30°C for 20 min, loading buffer [2 ml, 0.5% bromophenol
bluey0.5% xylenecyanoly40% (vol/vol) glycerol] was added,
and the reaction mixtures were electrophoresed through a
3.5% polyacrylamide gel in 0.53 TBE (45 mM Trisy45 mM
boric acidy1 mM EDTA) for 3 hr at 10 Vycm. After electro-
phoresis, gels were dried and subjected to autoradiography.
The protein–DNA complexes formed were quantitated by
phosphoimager analysis (Molecular Probes).

For DNase I footprinting assays, the DNA-binding reaction
was carried out using the same conditions described above
except that reactions contained 2% polyvinyl alcohol. Reac-
tion mixtures were digested with bovine pancreatic DNase I
(Worthington) at 25°C for 1 min followed by electrophoresis
through 6% polyacrylamide gels containing 8 M urea.

Preparation of Substrates and Competitors for Gel Mobility
Shift and DNase I Footprinting Assays. A 361-bp fragment of
ars3002 DNA (nucleotide 3373–3733, obtained through acces-
sion number Z27236 in the GenBank database, which has been
renumbered nucleotide 1–361 in this study) was used as the
substrate in the gel mobility shift assay routinely employed for
the purification of the protein. This DNA was synthesized by
PCR using pYJ7 plasmid as a template and subcloned into
BamHI and HindIII sites of pBluescriptII KS(1) (Stratagene).
The NotI- and XbaI-digested DNA fragments containing
ars3002 were labeled with [a-32P]dCTP [3,000 Ciymmol (1
Ci 5 37 GBq), Amersham] by Klenow.

For competition assays, several DNA fragments derived from
the central core DNA sequence of centromere 2 (cc2) or the
K0-repeat DNA of centromere 1 (described in Fig. 4A) were
synthesized by PCR from the cc2 or K0-repeat DNAs subcloned
in pBluescript KS(2) (kindly provided by L. Clarke, University of
California, Santa Barbara) using the Pfu polymerase (Strat-
agene). The PCR primers used in this study were designed based
on the nucleotide sequence of centromere regions that were
obtained from the GenBank database under the following ac-
cession numbers: X03806 and X13763 (K0 repeat DNA se-
quence), and X66739 and X66741 (cc2 DNA sequence).

For DNase I footprinting assays, the K0-repeat d (K-d)
fragment and two ars3002 DNA fragments (ars3002-A, nucle-
otide 1–210; ars3002-B, nucleotide 179–361) were synthesized
by PCR and subcloned into BamHI and HindIII sites of
pBluescriptII KS(1). The XhoI- and SacI-digested or XbaI-
and KpnI-digested DNA fragments were labeled after exten-
sion with [a-32P]dCTP (3,000 Ciymmol) by Klenow.

Purification of ars3002 Binding Protein. The DNA-binding
activity was measured by the gel mobility shift assay as described
above using 4 fmol of the 361-bp ars3002 DNA fragment as the
substrate. All steps were carried out at 4°C, and all buffers
contained 0.5 mM phenylmethanesulfonyl fluoride, 1 mM
benzamidinezHCl, 2 mgyml leupeptin, 2 mgyml pepstatin A, 2
mgyml antipain, 2 mgyml aprotinin, and 1 mM DTT.

Exponentially growing S. pombe 972h2 cells (200 g) were
resuspended in an equal volume of buffer A (50 mM TriszHCl, pH
8.0y0.5 M NaCly5 mM MgCl2y1 mM EDTAy1 mM EGTAy10%
glycerol) and disrupted using the DynoMill (Impandex, Glen
Mills, Clifton, NJ). Saturated ammonium sulfate solution (satu-
rated at 4°C) was added to 7.5% saturation, and cell debris and
insoluble materials were removed by centrifugation at 15,000 3
g for 30 min. The supernatant was adjusted to 70% ammonium
sulfate with solid ammonium sulfate (0.389 gyml), and after
centrifugation the pellet was resuspended in 200 ml of buffer B
(25 mM HepeszKOH, pH 7.5y5 mM MgCl2y1 mM EDTAy1 mM
EGTAy0.02% Nonidet P-40y10% glycerol). After dialysis against
two changes of 4 liters of buffer B 1 0.1 M NaCl for 12 hr, the
solution was loaded onto an SP-Sepharose (Pharmacia) column
(2.5 3 17 cm) equilibrated with buffer B 1 0.1 M NaCl. The
column was washed with 500 ml of buffer B 1 0.1 M NaCl, and
protein was eluted with a 2-liter linear gradient of NaCl (0.1–0.5
M) in buffer B. The active fractions (peaking at 0.2 M NaCl) were
pooled (180 ml) and dialyzed against 4 liters of buffer B 1 0.05

M NaCl for 8 hr and loaded onto a Q-Sepharose (Pharmacia)
column (1.5 3 7.5 cm) equilibrated with buffer B 1 0.05 M NaCl.
After washing with 200 ml of buffer B 1 0.05 M NaCl, the column
was eluted with a 400-ml linear gradient of NaCl (0.05–0.25 M)
in buffer B. Active fractions (peaking at 0.13 M NaCl) were
pooled (50 ml), diluted to 0.1 M NaCl with buffer B, and loaded
onto a double-stranded DNA cellulose (Sigma) column (1.0 3 4.0
cm) equilibrated with buffer B 1 0.1 M NaCl. This column was
washed with 30 ml of buffer B 1 0.1 M NaCl and eluted with a
100-ml linear gradient of NaCl (0.1–0.4 M) in buffer B. Active
fractions (peaking at 0.2 M NaCl) were pooled (12 ml), diluted
to 0.1 M NaCl with buffer B, and loaded onto a sequence-specific
DNA affinity column (0.7 3 2.0 cm) equilibrated with buffer B
1 0.1 M NaCl. For the preparation of the sequence-specific DNA
affinity column, two complementary oligonucleotides (59-Biotin-
TATATACTAACAAGGGATTGTAATAATATTATAT-
AAAAAGTCTATTACC-39 and 59-GGTAATAGACTTTT-
TATATAATATTATTACAATCCCTTGTTAGTATATA-39)
were chemically synthesized, annealed, and conjugated to strepta-
vidin agarose beads (GIBCOyBRL). The protein was eluted with
a 20-ml linear gradient of NaCl (0.1–0.4 M) in buffer B. The
active fractions (peaking at 0.2 M NaCl) were pooled (2.5 ml) and
then concentrated by centrifugation in a centricon 30 (Amicon)
to a volume of 0.25 ml. A portion of this fraction (0.2 ml) was
applied to a 15–35% glycerol gradient in buffer B 1 0.3 M NaCl.
After centrifugation at 45,000 rpm for 18 hr in an SW 50.1 rotor
at 4°C, fractions (0.18 ml) were collected from the bottom of the
tube. Active fractions (fractions 10–14) were pooled and used in
all experiments described below. This fraction was also used for
peptide sequencing.

Purification of Abp1. The breakage of S. pombe 972h2 cells
(200 g) and ammonium sulfate fractionation were carried out
as described above. Abp1 protein was purified from this
fraction as described (29), with the following changes. The
protein was eluted with linear gradient of NaCl (0.1–0.5 M) at
SP-Sepharose chromatography step, and only a single step of
DNA-specific affinity chromatography was performed.

Cloning of the cbh Gene. Four distinct peptide sequences were
obtained from the trypsin-digested peptides of purified protein
(glycerol gradient fraction). Based on the sequences obtained,
degenerate oligonucleotides were synthesized and used as prim-
ers for PCR synthesis with S. pombe cDNA as a template. A PCR
product of about 0.6 kb in length was cloned into PCRII with the
TA cloning kit (Invitrogen), sequenced, and used as a probe for
the screening of the cDNA library constructed in lZAPII (kindly
supplied by D. Young, Calgary University, Canada). Two clones
containing the complete open reading frame, including all of the
tryptic sequences obtained from the purified protein, were ob-
tained, and the entire nucleotide sequence was determined by the
dideoxy chain termination method using Sequenase 2.0 (United
States Biochemical).

RESULTS
Purification and Characterization of a Novel ars3002 Bind-

ing Protein in S. pombe Cells. For the purification of ars
binding protein from S. pombe cells, the 361-bp core sequence
of ars3002 was used as substrate in the gel mobility shift assay
(31). A novel DNA-binding activity that interacted with this
DNA fragment was identified from S. pombe extracts, and this
activity was purified approximately 7,500-fold with a yield of
about 2% using the procedure described in Materials and
Methods (Table 1). The purified protein was sedimented in a
glycerol gradient, and the resulting fractions were analyzed by
the gel mobility shift assay and SDSyPAGE. The ars3002
binding activity cosedimented with a 60-kDa protein possess-
ing a sedimentation coefficient of 8.5 (Fig. 1).

To determine the binding specificity of this protein to ars3002
DNA, competition experiments were carried out using several
synthetic DNA polymers as competitors. The addition of most
synthetic DNA polymers to binding reactions did not affect the
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binding activity of the protein to ars3002 DNA (data not shown).
Only a large excess of the synthetic copolymer poly(dA-
dT)zpoly(dA-dT) showed weak competition activity. The addition
of a 100-fold excess of poly(dA-dT)zpoly(dA-dT) to labeled
ars3002 DNA inhibited the reaction about 50% in the mobility
shift assay (data not shown). These results suggest that this
protein binds to ars3002 DNA in a sequence-specific manner and
that the binding sequence might include an alternating AT
sequence motif.

When the binding reaction was carried out with increasing
levels of purified protein, multiple bands were detected in the
gel mobility shift assay (Fig. 2A), suggesting that this protein
was capable of binding to ars3002 DNA at multiple sites or it
was multimerized. To determine the binding sites in ars3002,
two DNA fragments from ars3002 were prepared for both gel

mobility and DNase I footprinting analyses. One fragment
spanned nucleotide 1–210 of ars3002 (ars3002-A) and the
second spanned nucleotide 179–361 (ars3002-B). Both DNA
fragments were bound by the protein as efficiently as the
full-length ars3002 DNA (Fig. 2 A). The DNase I footprinting
assay showed that ars3002 DNA contained three protein-
binding sites that were located between nucleotide 82 and 98,
125 and 141, and 342 and 358 (Fig. 2B).

Cloning and Amino Acid Sequence Analysis. The cDNA
clone containing the complete coding region of this protein
was obtained as described in Materials and Methods. This
cDNA clone contained one open reading frame encoding a
putative protein of 514 amino acids with a predicted molecular
mass of 59.9 kDa (Fig. 3), which was identical to the size of the
purified protein estimated by SDSyPAGE analysis.

The amino acid sequence of this protein showed significant
homology to the human and mouse CENP-B proteins, which bind
to the CENP-B box (CyTTTCGTTGGAARCGGGA) present
in the highly repeated a-satellite DNA of the centromere region
(9, 11). Based on this homology, this gene was named cbh1

(CENP-B homologue). Also, the sequence of Cbh is similar to
that of S. pombe Abp1, which was initially identified as an
ARS-binding protein (29) and later shown to play a role in
chromosome segregation (30). The amino acid sequence showed
about 25% identity and 46% homology to human CENP-B and
40% identity and 67% homology to Abp1, and included several
short, highly conserved amino acid regions, as shown in Fig. 3.

The Cbh Protein Binds to the S. pombe Centromere K-Type
Repeat DNA in Vitro. The homology of the Cbh protein to
mammalian CENP-B suggests that this protein may play a role
in centromere functions. To test this possibility, the centro-
meric DNA-binding activity of this protein was determined
using the gel mobility shift assay. For this purpose, the central
core sequence of centromere 2 (cc2) and the centromere 1

FIG. 1. SDSyPAGE and ars3002 binding assay of fractions ob-
tained after glycerol gradient sedimentation. Glycerol gradient (15–
35%) sedimentation was performed as described in Materials and
Methods. (A) Glycerol gradient fractions (15 ml) were subjected to 9%
SDSyPAGE and stained with Coomassie blue. The positions of
size-marker proteins in the glycerol gradient are indicated by arrow-
heads: Cat, catalase (11.3 S); Ald, aldolase (7.3 S); BSA (4.3 S). (B)
The glycerol gradient fractions (0.5 ml) were subjected to the gel
mobility shift assay using 4 fmol of 32P-labeled ars3002 DNA as the
substrate. Arrowheads indicate the position of free ars3002 DNA.
Lanes: M, size marker; L, material loaded onto the glycerol gradient;
3–23, glycerol gradient fractions; –, buffer only.

FIG. 2. Properties of Cbh protein-ars3002 DNA complexes. (A)
The indicated amounts of purified protein were used in the gel mobility
shift assay with 4 fmol of the 361-bp ars3002 (a), 210-bp ars3002-A
fragment (b), or 182-bp ars3002-B fragment (c) DNA as substrate.
Arrowheads indicate the positions of free DNA in each experiment.
(B) DNase I footprinting assay for the determination of binding sites
in ars3002. Three levels of protein (15, 30, and 60 ng) were used in the
DNase I footprinting assay with 4 fmol of 32P-labeled ars3002-A (a) or
ars3002-B (b) fragments. (a and b) Left portion shows the T-rich
strand, and the right shows the complementary strand. The regions
protected by the Cbh protein are indicated as I (nucleotide 82–98), II
(nucleotide 125–141), and III (nucleotide 342–358). Lanes indicated by
the symbol – were reactions carried out without protein.

Table 1. Summary of purification

Fraction
Amount of
protein, mg

Total activity,
units*

Specific activity,
unitsymg

Ammonium sulfate 6,000 108,000 0.02
SP-Sepharose 268 32,160 0.12
Q-Sepharose 62.6 23,162 0.37
ds-DNA Cellulose 1.1 8,085 7.7
DNA affinity column 0.059 3,570 60.5
Glycerol gradient 0.018 2,700 151.0

*One unit of activity was defined as the amount of protein that
converted 50% of the substrate to complexes in the gel mobility shift
assay described in Materials and Methods.
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K0-repeat DNA were examined as possible DNA substrates
because these two DNA elements are essential for the function
of centromeres in S. pombe (26).

Several DNA fragments of about 1 kb derived from the
K0-repeat and cc2 regions were generated by PCR (designated as
K1 to K6 for the K0 repeat and C1 to C6 for the cc2 region as
shown in Fig. 4A), and the binding of the Cbh protein to these
DNA fragments was analyzed using a competition assay in which
ars3002 DNA was employed as the labeled substrate. As shown
in Fig. 4B, DNA fragments derived from regions of the cc2 DNA
did not effectively block the binding of Cbh to labeled ars3002
DNA. In contrast, the K0-repeat DNA fragments K4 and K5 were
effective competitors, comparable to ars3002 DNA in preventing
complex formation with the labeled ars3002 DNA. K3 and K6
DNA fragments also showed significant competition, suggesting
that the Cbh protein binds to these K0-repeat DNA regions as
well. This centromere-binding specificity of Cbh protein was quite
distinct from that of Abp1 protein. When the same competition
experiments were performed with Abp1 protein, only C2 frag-
ment showed significant competition (Fig. 4C). These results
showed that these two proteins have distinct binding specificity to
centromere DNA even though they share strong amino acid
sequence homology.

To further localize the binding region, smaller DNA frag-
ments of about 300 bp were generated from these regions
(designated as a to m in Fig. 4A), and the competition
experiments were carried out as described above. With these
DNA fragments, maximum competition was observed with
fragment d, which blocked complex formation somewhat more
effectively than ars3002. Fragments i, k, and l also showed
significant competition (Fig. 5). These results suggest that Cbh
protein is capable of binding to several sites in this K0-repeat
DNA region. To determine the sequence that interacted with
Cbh within the K-d fragment, DNase I footprinting assays were
performed in which the K-d fragment was used as the labeled
DNA substrate (Fig. 6). The Cbh protein bound to this DNA
fragment efficiently in the gel mobility shift assay. Results from
the DNase I footprinting assay showed that this DNA con-
tained one Cbh binding site (nucleotide 2847–2862 in X03806).
Comparison of the nucleotide sequences of the Cbh-binding
site in the K-d fragment with those in ars3002 DNA (derived
from the results presented in Fig. 2B) revealed a Cbh-binding

consensus sequence PyPuATATPyPuTA, which featured an
inverted repeat of the first four nucleotides (Fig. 6C).

DISCUSSION
In this study, we have purified and characterized a novel

60-kDa protein that is capable of binding to both K-type repeat
and ars3002 DNAs of S. pombe. This protein, Cbh, was initially
purified by its binding activity to ars3002 DNA. The ARS
elements of S. pombe cells are larger as well as more complex than
those of S. cerevisiae and usually lack a well defined boundary
(31–33). However, the mapping of cis-acting elements by deletion
and linker substitution analysis showed that ars3002 contains two
essential and several stimulatory elements for ARS activity (34).
In S. cerevisiae, ARS elements contain a single, essential element,
the ARS consensus sequence (ACS) in domain A and two or
three additional stimulatory elements in domain B (35, 36). The
ACS is the recognition site of the origin-recognition complex
(ORC), which plays an essential role in the initiation of DNA
replication. The B1 element is required for efficient binding of
ORC, and the binding of another protein, such as ABF1, to the
B3 element is also required for the stimulation of some ARS
elements (37, 38). The protein purified in this study, Cbh, may not
be essential for ARS activity because this protein binds to three
regions in ars3002 that are not essential for ARS activity (Fig. 3).
In addition, Cbh did not bind efficiently to the essential element
in ars1, another S. pombe ARS element that has been defined
recently (39) (data not shown). However, the observed reduction
of ARS activity upon deletion or substitution of a 55-bp region of
ars3002 (nucleotide 94–148 in the 363-bp ars3002) that includes
two sites to which Cbh binds (34) suggests that this protein may
possess ARS stimulatory activity.

The amino acid sequence of the protein Cbh shows significant
homology to mammalian CENP-B. CENP-B, which was origi-
nally discovered as a centromeric autoantigen (7), binds to the
CENP-B box of the highly repeated a-satellite DNA in the
centromeric region and is thought to be essential for the hetero-
chromatin structure of centromeres. This protein has a distinct
domain structure; the N terminus of this protein is the DNA-
binding domain and the dimerization domain is located at the C
terminus (13, 40, 41). Although the functional domains of the Cbh
protein have not been characterized as yet, the primary structure
of this protein is similar to CENP-B. The basic N terminus is
highly homologous to CENP-B (34% identity between amino

FIG. 3. The amino acid sequence of Cbh protein (spcbh) aligned with the human CENP-B (hcenp-b) and the S. pombe Abp1 (spabp1). Boxed
regions indicate exact matches between these sequences.
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acids 1 and 138), and an acidic domain is located at the C
terminus. The N-terminal region of this protein also shows
homology to other putative DNA-binding proteins such as PDC2,
RAG3, and jerky (42, 43), suggesting that these proteins may
constitute a family of proteins sharing a similar DNA-binding
motif. The C terminus of the Cbh protein contains an acidic
domain that presumably is required for its dimerization or
multimerization. This 60-kDa protein sedimented to a position
peaking between aldolase (138 kDa) and catalase (232 kDa)
during glycerol gradient sedimentation. In the mobility shift
assay, the interaction between Cbh and ars3002-B or the K-d
DNA fragments yielded multiple bands, whereas the DNase I
footprinting assay indicated the presence of only one Cbh-binding
site in these DNA fragments (Figs. 2 and 6). These observations
suggest that this protein may be dimerized or multimerized and
that the C-terminal acidic domain might be required for the
observed protein–protein interactions.

The centromeres of S. pombe contain special chromatin struc-
tures similar to centromeric heterochromatic regions found in
mammalian cells (27, 44). This similarity suggests that a functional
homologue of mammalian CENP-B might be required for the
formation or maintenance of the centromeric heterochromatin
structure in S. pombe. Based on the homology of the Cbh protein
with CENP-B, this protein is a good candidate to be a functional
homologue of mammalian CENP-B. This notion was supported
by observations reported here that Cbh was capable of binding to
K-type repeat DNA fragment (Figs. 4 and 5). Furthermore, the
distribution of Cbh-binding sites appears to correlate with the
centromeric function of these DNA elements. In minichromo-

FIG. 5. Competition assay using K-type repeat DNA fragments.
Gel mobility shift assays were carried out after incubating K-type
repeat DNA fragments (25 or 100 ng of fragments a to m described in
Fig. 4A) with 40 fmol (10 ng) of 32P-labeled ars3002 DNA and 10 ng
of the Cbh protein. After quantitation, the percentage of complex
formed (amount of complex formed in the presence of competitor 3
100yamount of complex formed in the absence of competitor) was
determined, and the results are presented using a bar graph. The open
and solid bars indicate the percentage of complex formed in the
presence of 25 or 100 ng of competitor, respectively.

FIG. 4. Preparation of centromeric DNA fragments and determi-
nation of the binding activity of the Cbh or Abp1 protein to centro-
meric DNA. (A) Structures of centromeres in chromosome I (cen1)
and chromosome II (cen2) and the positions of centromere DNA
fragments generated by PCR in this study. The solid bar indicates the
highly conserved region in all K-type repeats of S. pombe centromeres.
(B and C) Competition assays using centromere DNA fragments.
Indicated amounts of unlabeled ars3002 DNA or centromere DNA
fragments were incubated with 40 fmol (10 ng) of 32P-labeled ars3002
DNA (361 bp) and 10 ng of Cbh (B) or Abp1 (C) protein. The
percentage of complex formed (amount of complex with competitor 3
100yamount of complex without competitor) was determined by
phosphoimager analysis and is presented at the bottom of each lane.
Lane – indicates reactions carried out in the absence of competitor.
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some stability assays, deletion of the 2.1-kb KpnI-KpnI fragment,
which contains the strong and one weak Cbh-binding sites,
abolished centromeric function, and deletion of the 1.2-kb KpnI-
NcoI fragment, which contains the two weak Cbh-binding sites,
resulted in the reduction of minichromosome stability (26). In
addition, the 2.1-kb KpnI-KpnI fragment region in the K-type
repeat is highly conserved and repeated in all three centromeres
of S. pombe (24, 25), suggesting that all three centromeres contain
multiple sites capable of binding the Cbh protein.

The amino acid sequence of Cbh is also highly homologous
to Abp1 (Fig. 3). Abp1 protein was initially identified and
purified as an ARS-binding protein from S. pombe (29).
However, this protein was thought to play a role in centromere
function because this protein is capable of binding to central
core DNA region in centromere 2 in vitro and the overexpres-
sion of this protein or null-mutation of this gene elevates
mini-chromosome loss (Fig. 4C; ref. 30). In spite of the
homology between these proteins, little is known about their
functional relationship. A strain deleted of abp1 is viable but
exhibits slow growth and elevated mini-chromosome instabil-
ity (30), whereas cbh1 has been shown to be an essential gene
strain (unpublished results). Furthermore, overexpression of
the cbh1 gene did not suppress the phenotypes observed in the
abp1-deleted strain (unpublished results). These differences
might be due to the distinct DNA-binding specificity between
these proteins. Abp1 preferentially binds to alternating AT
sequences and interacted with portions of central core DNA
fragments, whereas Cbh showed strong binding to K0-repeat
DNA fragments (Fig. 4 B and C). These proteins, which have
different DNA-binding specificity, might belong to a family of

proteins with similar roles, such as formation of heterochro-
matin structure, and this will be addressed in future studies.
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FIG. 6. Determination of the Cbh binding site in the K-type repeat
DNA and the Cbh-binding consensus sequence. (A) Indicated
amounts of the Cbh protein were used in the gel mobility shift assay
with 4 fmol of 32P-labeled K-d DNA fragment. The position of free
DNA is indicated by the arrowheads. (B) DNase I footprinting assay
showing the binding site of the Cbh protein. Binding reactions were
performed with 4 fmol of 32P-labeled K-d DNA fragment with 15, 30,
or 60 ng of the Cbh protein. Left and Right show the results of the same
experiments using complementary strands. Asterisks show the region
protected by Cbh protein (nucleotide 2847–2862 in X03806). (C) The
nucleotide sequences of Cbh-binding sites found in the K-d DNA
fragment and the ars3002 DNA (Fig. 2B) and the consensus sequence.
Arrows show the inverted repeat region in the consensus sequence.
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