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A protein that binds specifically to Saccharomyces cerevisiae centromere DNA element I was purified on the
basis of a nitrocellulose filter-binding assay. This protein, termed centromere-binding protein 1 (CP1), was heat
stable and renaturable from sodium dodecyl sulfate (SDS), and assays of eluates from SDS gels indicated a
molecular weight of 57,000 to 64,000. An activity with similar specificity and stability was detected in human
lymphocyte extracts, and analysis in SDS gels revealed a molecular weight of 39,000 to 49,000. CP1-binding
sites occurred not only at centromeres but also near many transcription units, for example, adjacent to binding
sites for the GAL4-positive regulatory protein upstream of the GAL2 gene in S. cerevisiae and adjacent to the
TATA element of the adenovirus major late promoter. A factor (termed USF) that binds to the latter site and
stimulates transcription has been isolated from HeLa cells by others.

Centromeres are specialized regions of eucaryotic chro-
mosomes that form sites of attachment for spindle
microtubules in mitosis and meiosis (13, 35, 36). Little is
known of the mechanism of spindle attachment or the
molecules involved. We report here on the isolation of a
centromere DN A-binding protein from Saccharomyces cere-
visiae and its counterpart from human cells.

Cloning and deletion analysis of yeast centromeres re-
vealed three contiguous conserved sequences essential to or
important for centromere function: centromere DNA ele-
ment I (CDEI), an 8-base-pair (bp) conserved sequence;
CDEII, an apparently random, adenine-plus-thymine (A +
T)-rich stretch of approximately 90 bp; and CDEIII, a 25-bp
conserved sequence (11, 12, 17, 18, 20, 21, 24, 29, 32, 33, 39).
Nuclease digestion studies of chromatin containing cen-
tromere regions CEN3 and CENII revealed an unusual
configuration: 250 bp, including the three conserved DNA
elements, are especially protected from digestion (4). Crude
fractions from S. cerevisiae bind naked DNA containing
centromere sequences (5), but no resolution of the proteins
involved has been described.

A centromere-specific DNA-binding activity was discov-
ered during recent studies of the GAL4-positive regulatory
protein (7). DNase I footprints with a yeast nuclear extract
showed three 30-bp regions of protection upstream of the
GAL? gene: two regions located 55 bp apart, and the third
located 25 bp further upstream. The first two regions were
attributed to GAL4 protein binding, and the third was
attributed to another activity for the following reasons. (i)
Protection of the first two regions was abolished by compe-
tition with a GAL4-binding oligonucleotide, while protection
of the third region was unaffected. (ii) The first two regions
were homologous with a consensus GAL4-binding sequence,
while the third region was altogether different, showing a
striking homology to many CDElIs. During studies of protein
binding to the third region (see below), a further homology
came to light, suggesting a relationship to transcription.
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MATERIALS AND METHODS

Plasmid DNAs. Plasmid pG2p contains the 5’ half of the
GAL?2 gene (7). Plasmids p181, p113, p200, p201, p203, p202,
and pl82 containing HindIll fragments of CENI1, CEN4,
CEN7, CENI1l, CENI4, CENI5, and 2pm-STB in
YRpI4/ARS1 were kindly provided by P. Hieter (20).

Yeast strains and media. BY2 (6) is a protease-deficient
strain (pep4-3) carrying the GAL4 gene on a high-copy-
number plasmid. YNN 267 (a ura3-52 Ahis3-200 ade2-101
lys2-801 met~ Agal4-537) was a gift from M. Johnston. BJ926
(a trpl prcl-126 pep4-3 prbl-1122 canl/a hisl prcl-126
pep4-3 prbl-1122 canl) was kindly provided by E. Jones.
Cells were grown in YP medium (1% yeast extract, 2%
Bacto-Peptone) containing 2% glucose to an Agy of 5.

Nitrocellulose filter-binding assay and DNase I footprints.
Plasmid pG2p DNA was linearized by cleavage with EcoRI,
and the recessed 3’ ends were filled in with the large
fragment of DNA polymerase I in the presence of [a-
32p]dATP and cold TTP. In some experiments, a 0.28-
kilobase (kb) fragment containing the two GAIL4-binding
sites and the centromere-binding protein 1 (CP1)-binding site
prepared by cleavage of pG2p with HindIIl and Hpal and
agarose gel electrophoresis was used for greater sensitivity.
A palindromic oligonucleotide (Fig. 1) was synthesized,
purified, and self-annealed (6). Details of the nitrocellulose
filter-binding and DNase I footprint experiments were pre-
viously described (6). Other probes for filter binding were
prepared by excision of CEN-containing fragments with
HindlIll, labeling, and isolation as described above. Probes
for DNase I footprint experiments were prepared by cleav-
age with BgIII (CEN7 and CEN15) or HindIll (CENI11) after
labeling as described above. Polymerase I was inactivated
by heating at 65°C for 20 min. The labeled DNAs were
cleaved with Xbal (CEN15 and CENI1) or HindIIl (CEN?7),
and CEN-containing fragments were isolated by agarose gel
electrophoresis.

Yeast cell extracts and protein fractionation. Crude extracts
and nuclear extracts were prepared as described previously
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FIG. 1. Specific protein binding to yeast centromere DNAs.
32P-labeled DNA fragments containing centromere, 2um-STB, or
vector (YRPI4/ARSI) sequences were treated with crude extract
from strain YNN267 (5 ug of protein) or with phosphocellulose
fractions in the case of CEN15 (0.6 pg of protein) and filtered
through nitrocellulose. Percent specific binding is 32P bound to the
filter in the absence of a competing, synthetic oligonucleotide (Table
1) minus that bound in its presence, all divided by 32P bound in the
absence of the oligonucleotide and multiplied by 100%. 3?P bound in
the absence of oligonucleotide was at least 1,400 cpm in all cases.

(6, 7). BJ926 cells were harvested by centrifugation, washed
with cold water, and suspended with an amount of 10 mM
Tris (pH 7.5)-1.5 mM MgCl,-15 mM KCI-0.1 mM EDTA-1
mM phenylmethylsulfonyl fluoride-2 uM pepstatin A-0.6
M leupeptin-0.5 mM dithiothreitol (9) equal to the volume
of the cell pellet. The suspension was treated with an equal
volume of glass beads (diameter, 0.45 mm) and eight 30-s
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pulses of a bead beater (Biospec Products, Bartlesville,
Okla.). The cell lysate was centrifuged in a Sorvall SS34
rotor at 10,000 rpm for 10 min at 4°C, and the supernatant
was made isotonic by addition of 0.1 volume of 250 mM
N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (pH
7.5-50 mM MgCl,-1 mM EDTA-5 mM dithiothreitol-500
mM KCI. The mixture was centrifuged in a Beckman Ti60
rotor at 55,000 rpm for 3 h at 0°C, and the supernatant (14 ml
with 9.5 mg of protein per ml) was loaded at 0.7 ml/min on a
30-ml phosphocellulose column (diameter, 2.5 cm) equili-
brated with buffer AS0 as described previously (6). The
column was washed with 80 ml each of buffer A50 and buffer
A250, and CP1 activity was eluted with 50 ml of buffer A400.
Peak fractions were pooled, adjusted to 70% of saturation
with solid ammonium sulfate, and centrifuged. The precipi-
tate was resuspended in buffer AS0, dialyzed twice against
100 volumes of buffer ASO for 3 h at 4°C, and stored at
—80°C.

Human lymphocyte extract. MICH cells (an Epstein-Barr
virus-immortalized human B lymphocyte line) were kindly
provided by J. Ways and D. Goldfarb. Cells were grown in
suspension in 200 ml of RPMI 1640 plus 5% fetal bovine
serum at 37°C to a density of S X 10° to 10 X 10%ml,
harvested by centrifugation, washed wth 10 ml of buffer A50,
and lysed by adding 2.7 ml (9 pellet volumes) of distilled
water, followed by 20 strokes of a Dounce homogenizer.
Buffer AS500 (0.1 volume) was added, and nuclei were
collected by centrifugation at 3,000 rpm for 10 min at 0°C.
The pellet was suspended in 2.7 ml of buffer A50, and solid
ammonium sulfate was added to 0.3 M. After gentle mixing
at 4°C for 20 min, the solution was clarified by centrifugation

TABLE 1. Homology between DNA sequence upstream of the GAL2 gene and sequences of yeast centromere DNA elements I

No. of matches/22 bp to:

Genetic element Sequence CDEI Symmetrized
consensus GAL2
CENI AGTCTTGTCACATGACATAATA 17 13
CEN3 AAATAAGTCACATGATGATATT 20 16
CEN4 CAAAAGGTCACATGCTTATAAT 16 14
CEN6 CTTTTCATCACGTGCTATAAAA 17 14
CEN7 AAATATATCACGTGT TATATTT 20 19
CENI10 AACTTAATCACGTGT TAAATAA 19 15
CENII TCATAAGTCACATGATAAAAAC 19 14
CENI4 TAGTTAGTCACGTGCAGCTTTT 15 14
CENI5 AATAATATCACGTGAACTTATT 17 16
CENI6 AAATAGATCACATGATATATTT 21 20
GAL2 AAATGGGTCACGTGATCTATAT 19 2
CDEI consensus aarTrASTCACSTGATARAR AT
T Cn~C

Symmetrized GAL2 G%c

Synthetic oligonucleotide

A, ATAGATCcAcGTGAScCAT T

T-T

AATTAAAATAGATCACGTGATCTATTTT

“ GAL2 sequence is from Bram et al. (7). Centromere sequences are from Hieter et al. (20) for CENI, 7, 10, 14, 15, and 16; Fitzgerald-Hayes et al. (18) for CEN3
and 11; and Panzeri and Philippsen (33) for CEN6. CDEI was defined by Hieter et al. (20) as the sequence Pu-T-C-A-C-Pu-T-G near the center of the consensus

shown above. Matches to the symmetrized GAL2 sequence are overlined.
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TABLE 2. Partial list of sequences homologous to the GAL2-associated CP1-binding site

Genetic element

Sequence”

Location or source (reference)

GAL2

Yeast CENI1I-METI14

Yeast CBP2

Yeast Arg-tRNA 3a

Yeast TRPI-ARSI

Yeast ADR2

Bovine 1.706 satellite DNA
Adenovirus major late promoter

Mouse middle repetitive
LTR®-like sequence

Human Kpnl repeat

Drosophila melanogaster transposable
element MDG3

D. melanogaster transposable P

Trypanosome kinetoplast DNA
minicircle

Xenopus laevis histone H2A1
Human Alu sequences 5’
of globin genes

Alu sequence 5’ of human
e-globin gene

Gross passage A murine
leukemia virus LTR

Mouse adenovirus strain F1
inverted terminal repeat

HTLVIII LTRs

Bovine papilloma virus

A
G

A
G

T

T Cc.C
AAAAT G TCACGTGATCTATATT

ACACGCCCTCACGTGAGTGAATTT
AGTTACCATCACGTGCCGCTCTAT

TGCACTGATCACGTGACTGATCAT

GGTGTAGGCCACGTGACCGGGTGT
ATAAAGTCTCACGTGGTT TGCAAC
ATACAATTTCACGTGTCTCTTTTA
AAATTAATTCACGTGCCGAAGTGT
TACACAAATCACGTGCTATTTTCG

CAGGCAGATCACCTGAGG TCAAGA
TGGGCAGATCATGAGGTCAAGAGA
ATTGTGAATCACG TGAATAAAAGA
CCCGGGTTTCACGTGGTGCGTCAG
GCATTTCATCACGTGGCC CGAGAG

CCTCTAAATCACGTGGCATTTTAA

)]

510 bp 3’ of CDEII (18)

285 bp 5’ of AUG (25)

475 bp 5' of tRNA start (42)
51 bp 5’ of TRPI AUG (41)
734 bp 5’ of mRNA start (43)
23 bp prototype (34)

60 bp 5’ of mRNA start (37)
No. 38 of Wirth et al. (44)

No. 52 of Digiovanni et al. (15)

No. 111 at 3’ end, no. 78 at 5’ end of
Bayev et al. (3)

No. 195 of O’Hare and Rubin (31)
No. 746 of Barrois et al. (2)
71 bp 3’ of stop codon 200-300 bp 3’
of H4 gene (27)
55 in Alu upstream of G-y and & (16)
in Alu sequence 1.5 kb 5’ of
e AUG (1)
92 bp from 3’ end of provirus (14)

No. 88 of Temple et al. (40)
176 bp S’ of mRNA start also 365 bp

5" of 3' end (28)
No. 4922 of Chen et al. (10)

¢ Matches to the symmetrized GAL2-associated sequence are overlined.

® LTR, Long terminal repeat.

in a Sorvall AH650 rotor at 50,000 rpm for 1 h at 0°C. The
supernatant was frozen in liquid N, and stored at —80°C.
Recovery of CP1 activity from SDS-polyacrylamide gels.
Partially purified yeast CP1 (60 pg of peak phosphocellulose
fractions) or crude extracts containing human CP1 (270 pg
after dialysis against buffer A50) were subjected to electro-
phoresis in 1.5-mm-thick sodium dodecyl sulfate (SDS)-10%
polyacrylamide gels (23) calibrated with SDS-polyacryl-
amide gel electrophoresis low-molecular-weight standards
(Bio-Rad Laboratories, Richmond, Calif.). Proteins were
eluted from gel slices as described before (19), precipitated,
and renatured by resuspension in 5 pl of 6 M guanidine
hydrochloride-30 mM Tris (pH 8), followed by dilution with
250 pl of SO mM Tris (pH 7.5-0.1 mM EDTA-1 mM
dithiothreitol-0.1 mg of bovine serum albumin per ml-0.15
M NaCl-20% glycerol. Approximately 75% of the yeast and

>50% of the human CP1 activity was recovered after incu-
bation of the diluted protein at 22°C for 1 h.

RESULTS

Homology of a protein-binding sequence upstream of the
GAL2 gene to CDEI. The protein-binding sequence located
upstream of the GAL2 gene, 25 bp beyond a pair of GAL4-
binding sites, was dyad symmetric at 18 of 24 bp, with the
central 8 bp forming the perfect palindrome T-C-A-C-G-T-
G-A. This GAL2-associated sequence was homologous at 19
of 22 bp with a consensus sequence (Table 1) of 10 CDEIs
(compared with 15 to 21 correct matches to the consensus of
the CDEI sequences themselves). Comparison with the
GAL2-associated sequence revealed a previously unrecog-
nized dyad symmetry of CDEI sequences (with 20 of 22 bp of
dyad-symmetric sequence in the CDEI of CEN7).
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FIG. 2. Distribution of CEN-binding activity in SDS gels of (A) yeast phosphocellulose fractions and (B) human lymphocyte nuclear
extract. 32P-labeled pG2p DNA was incubated with 5 ul of renatured protein from each gel slice and filtered through nitrocellulose as
described. 32P counts per minute bound to filters are plotted for slices from the top of the gel at the left. Major peaks of binding activity in
panels A and B were abolished by adding a competing, synthetic oligonucleotide.

Specific protein binding to CEN sequences. Protein binding
to GAL2-associated and CEN sequences was detected in
nitrocellulose filter-binding assays. 32P-labeled plasmid
DNAs (1 to 2 ng) containing these sequences were mixed
with protein fractions and carrier DNA (1 to 2 pg) and
passed through nitrocellulose. Binding specific for the
GAL2-associated sequence was determined from the differ-
ence between label bound in the presence and absence of a
50-fold molar excess (4 ng) of synthetic oligonucleotide
containing the GAL2 sequence. In a typical experiment with
labeled plasmid containing the GAL2 upstream region and
crude yeast extract (5 pg of protein), 35% of the label bound
in the presence, and 65% bound in the absence of competing
oligonucleotide. All six CEN DNAs tested showed binding
specific for the GAL2-associated sequence, whereas DNAs
containing chromosome replication or stabilization elements
(ARSI, ARSI4, and 2um-STB, a cis-acting locus required
for stable maintenance of the 2um plasmid) showed no
specific binding (Fig. 1). The variation in the percentage of
specific binding among the CEN DN As was due to variation
in the length and sequence composition of the restriction
fragments used. This is illustrated for a 2.9-kb HindIII
fragment containing CEN11 and 0.8-kb (CEN11L, containing
CENII) and 2.1-kb (CENIIR) products of cleaving this
fragment with Xbal, which showed 14.1, 25.1, and 8.6%
specific binding, respectively (Fig. 1). The increase in per-
cent specific binding upon shortening the CEN1I-containing
fragment may be attributed to the removal of nonspecific

binding to flanking DNA. The effect would have been
greater, were it not for some specific binding to the flanking
DNA (CENIIR), possibly to a sequence between CENII
and the METI4 gene identical with the central eight residues
of the GAL2-associated sequence (Table 2).

Purification and properties of CEN-binding protein. CEN-
binding activity was heat stable and renaturable from SDS
(Heating a crude extract for 10 min at 100°C resulted in a
23% loss of activity and in the precipitation of 98% of the
total protein; removal of SDS by acetone precipitation and
renaturation from guanidine hydrochloride resulted in 76%
recovery of activity). CEN-binding activity was also insen-
sitive to RNase treatment (36% loss of activity upon treat-
ment with 1 png of RNase A per pl for 40 min at 37°C), but it
was completely destroyed by proteinase K.

Crude extracts were fractionated on phosphocellulose
(160-fold enrichment of CEN-binding activity in 54% yield)
or they were heated, centrifuged, and fractionated on Affi-
Gel Blue (875-fold enrichment of CEN-binding activity in
22% yield). Peak phosphocellulose or Affi-Gel Blue fractions
were subjected to SDS-polyacrylamide gel electrophoresis,
and eluates of gel slices were treated with acetone and
guanidine hydrochloride for renaturation of CEN-binding
activity. Nitrocellulose filter-binding assays revealed a single
peak of activity in the 57- to 64-kilodalton region of the gel
(Fig. 2A).

DNAse I footprint of CEN-binding protein on CEN DNAs.
End-labeled DNA fragments containing CEN sequences
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were mixed with peak phosphocellulose fractions, digested
briefly with DNase I, and subjected to polyacrylamide gel
electrophoresis and autoradiography. CEN7, CENI11 (Fig. 3)
and CENIS5 (not shown) showed protected regions of about
25 bp centered on CDEI but no protection of CDEs II and
III. The size and location of the protected regions were
similar to those previously found for the GAL2-associated
sequence (7).

CEN-binding activity in human cells. Fitzgerald-Hayes et
al. (17) noted a homology of 12 of 14 bp between CDEI and
the bovine 1.706 satellite DN A (a 23-bp repeating structure).
The region of homology included the sequences involved in
the CEN-binding interaction described above. The GAL2-
associated binding sequence was identical with the proto-
type bovine sequence (Table 2) at 11 of 11 central bp. This
prompted us to investigate the occurrence of CEN-binding
activity in mammalian cells. The nitrocellulose filter-binding
assay described above was applied to extracts from human
lymphocyte nuclei with a labeled HindIII-Hpal DNA frag-
ment containing the GAL2 upstream region. Significant
DNA-binding activity specific for the GAL2-associated se-
quence was detected (31% of label bound in the absence, and
6% bound in the presence of oligonucleotide containing the
GAL2-associated sequence with 5 pg of protein; oligonucle-
otides containing unrelated sequences had no effect). The
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FIG. 3. DNase I footprints of CEN-binding activity on CEN7
and CENI1I DNAs. 3?P-labeled CEN DNA fragments were incu-
bated with (right lanes) or without (left lanes) peak phosphocellulose
fractions (12 pg of protein) and processed as described in the text.
The correspondence between points in the CEN DNA maps and
positions of DNA bands was determined from patterns of
$X174/Haelll fragments (not shown). Abbreviations: nt, nucleo-
tides; I, CDEI; II, CDEII; I1I, CDEIIL.
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activity was heat stable (43% recovery of activity after
treatment at 100°C for 10 min) and renaturable from SDS.
Upon electrophoresis in SDS-polyacrylamide gels and elu-
tion from gel slices, a single peak of activity in the 39- to
49-kilodalton region of the gel was obtained (Fig. 2B).

DISCUSSION

Although the polypeptides from yeast responsible for
binding six CEN sequences and a GAL2-associated se-
quence were not purified to homogeneity, several lines of
evidence suggested that the various binding activities were
identical. First, the various DNA sequences were highly
homologous, and an oligonucleotide containing one se-
quence competed for binding with all the others. Second,
DNase I footprints showed that the location of protein
binding to all the sequences was the same. Finally, the
binding activity migrated as a single band in an SDS-
polyacrylamide gel. We refer to what is, in all likelihood, a
single DN A-binding polypeptide as CP1.

The striking features of CPl1 are the occurrence of
noncentromeric binding sites and the apparent conserva-
tion of the protein through evolution. In addition to a
GAL2-associated site, a computer-assisted search of a DNA
sequence data bank revealed several possible binding se-
quences in yeast (Table 2). These sequences were homolo-
gous at 8 or more of the 12 residues containing the central
palindrome C-A-C-G-T-G and were located upstream of
various transcription units. The abundance of CP1 in S.
cerevisiae was in keeping with its action at sites in addition
to the few associated with centromeres. The amount of DNA
specifically bound by crude extracts led to an estimate of
approximately 500 copies of CP1 per cell. This is probably a
low estimate that does not take into account the protein
associated with cellular DNA, since the extracts were pre-
pared under conditions similar to those used to measure
binding, and the complex was quite stable under these
conditions (half-life for dissociation, ca. 20 min).

Yeast CP1 and the CP1 activity identified in human
lymphocyte extracts shared both specificity for CDEI se-
quences and unusual stability and capacity for renaturation.
These findings, together with the homology between yeast
CDEIs and a bovine satellite known to occur in centromeres
(22, 38), lead us to suggest that the yeast and human proteins
perform similar functions. An indication of a possible func-
tion that would fit with the occurrence of noncentromeric
sites comes from recent reports (8, 26, 37) of a transcription
factor from HeLa cells, termed USF, whose recognition
sequence in adenovirus DNA is identical at 13 out of 14
central bp with the GAL2-associated CP1-binding sequence
(Table 2). USF not only recognizes the same DNA sequence
as CP1, but is heat stable as well, and it seems likely that
USF is analogous to CP1 in lymphocyte extracts. USF
stimulates transcription from the adenovirus major late
promoter 10- to 20-fold in vitro, and its binding appears to be
cooperative with that of a factor that recognizes the TATA
sequence. CP1 may play a similar role in S. cerevisiae,
assisting the binding of GAL4 protein, microtubule proteins,
and the like. Preliminary experiments indeed suggested that
CP1 facilitates GAL4-binding to the GAL2 upstream region
(Bram, unpublished data). The occurrence of a CP1-binding
site in this region but not upstream of other galactose-
inducible genes may be explained by the low level of GAL4
protein in cells and the advantage of transcribing the GAL2
gene, which encodes a galactose permease, before the other
GAL genes.
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Further consistent with a role of CP1 in facilitating the
binding of other proteins, it appears to be important for but
not essential for centromere function. Deletion of CDEI
from CENG resulted in partial loss of mitotic stability (about
50% retention of a CEN6/ARSI/TRPI plasmid after 10
generations) and no impairment of segregation in meiosis
(32). Other functions for CP1 besides an accessory role in
microtubule attachment could also account for these obser-
vations. For example, CP1-binding to CDEI may prevent
processes such as transcription from interfering with
centromere activity (Panzeri et al. [32] mention a deleterious
effect of transcription on CENG6 activity). CP1 binding could
play a similar role in the case of the GAL2 gene, sequestering
the GALA-binding sites, protecting them from transcription
originating upstream, or preventing their action on genes
located upstream. With the latter possibility in mind, we
placed a restriction fragment from the GAL2 regulatory
region containing the CP1 and GAL4-binding sites in front of
a ‘GALI-HIS3 fusion gene. When the orientation of the
restriction fragment was inverted (CP1-binding site between
the GALA4-binding sites and the promoter), the level of
GALI-HIS3 transcription was only 20% of that found with
the fragment in the normal orientation, indicative of some
capacity of CP1 to block GAL4 action. The persistence of
appreciable transcription, however, argues against such a
function for the primary role of CP1 in vivo.

The human homolog of CP1 is probably distinct from a
centromeric antigen recognized by autoantibodies in some
CREST-scleroderma patients (30). CP1 activity is released
from lymphocyte nuclei with 0.3 M ammonium sulfate (I =
0.9) and migrates in SDS-polyacrylamide gels as a polypep-
tide of 39 to 49 kilodaltons, whereas CREST antigen is
extracted with 4 M NaCl and migrates in gels as a 70-
kilodalton species.
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