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Abstract. 

 

In budding yeast, accurate chromosome seg-
regation requires that one and only one kinetochore as-
semble per chromosome. In this paper, we report the 
use of DNA–protein crosslinking and nondenaturing 
gel analysis to study the structure of CBF3, a four-pro-
tein complex that binds to the essential CDEIII region 
of 

 

Saccharomyces cerevisiae

 

 centromeres. We find that 
three subunits of CBF3 are in direct contact with 
CDEIII over a region of DNA that spans 80 bp. A 

 

highly asymmetric core complex containing p58

 

CTF13

 

 
p64

 

CEP3

 

 and p110

 

NDC10

 

 in direct contact with DNA 
forms at the genetically defined center of CDEIII. This 

 

core complex spans 

 

z

 

56 bp of 

 

CEN3.

 

 An extended 

complex comprising the core complex and additional 
DNA-bound p110

 

NDC10

 

 also forms. It spans 

 

z

 

80 bp of 
DNA. CBF3 makes sequence-specific and -nonspecific 
contacts with DNA. Both contribute significantly to the 
energy of CBF3–DNA interaction. Moreover, impor-
tant sequence-specific contacts are made with bases 
that are not conserved among yeast centromeres. These 
findings provide a foundation for understanding the or-
ganization of the CBF3–centromere complex, a struc-
ture that appears to initiate the formation of microtu-
bule attachment sites at yeast kinetochores. These 
results also have implications for understanding cen-
tromere-binding proteins in higher cells.

 

K

 

inetochores 

 

are structures that assemble on cen-
tromeric DNA and attach chromosomes to the mi-
crotubules of the mitotic spindle. In most organ-

isms, a single kinetochore is present on each chromosome.
A chromosome lacking a correctly assembled kinetochore
(an acentric chromosome) neither attaches correctly to mi-
crotubules nor segregates properly at mitosis. A chromo-
some with two kinetochores (a dicentric chromosome) is
pulled toward both spindle poles and fragments. In either
case, a cell will become aneuploid and may die. Because
acentric and dicentric chromosomes are rapidly lost, the
probability of incorrect kinetochore assembly cannot be
higher than the observed frequency of chromosome non-
disjunction, 

 

z

 

10

 

2

 

5

 

 per generation in budding yeast.
The stringent requirement for one and only one kineto-

chore per chromosome must reflect a tightly controlled as-
sembly pathway. We are attempting to understand how ki-
netochores assemble on centromeric DNA in the budding
yeast 

 

Saccharomyces cerevisiae.

 

 The comparison of cen-
tromeres from different yeast chromosomes reveals that
they contain three DNA elements called CDEI, CDEII,
and CDEIII (Clarke and Carbon, 1980; Fitzgerald-Hayes,
et al., 1982; Hegemann and Fleig, 1993; see Fig. 1). CDEI

is an 8-bp, well-conserved palindrome that binds to the
dimeric helix–loop–helix domain protein Cbf1p (Baker
and Masison, 1990; Cai and Davis, 1990). The deletion of
CDEI DNA, or the gene that encodes Cbf1p, increases the
rate of chromosome loss 

 

z

 

10-fold, indicating that CDEI
is important, but not essential for centromere function
(Baker and Masison, 1990; Cai and Davis, 1990). CDEII is
a 75–80-bp sequence that is 85–95% adenine–thymidine but
has little sequence conservation and as yet, no known bind-
ing proteins. The deletion of CDEII abolishes centromere
function, but point mutations within the element have lit-
tle or no effect (Gaudet and Fitzgerald-Hayes, 1987).

CDEIII is an essential DNA element that binds to the
multiprotein complex CBF3 (Lechner and Carbon, 1991).
Point mutations in the absolutely conserved sequence at
the center of CDEIII (5

 

9

 

-CCG-3

 

9

 

; the “CCG motif”) cause
a 100–1,000-fold increase in chromosome loss in vivo and
severely impair CBF3–DNA binding in vitro (McGrew et al.,
1986; Ng and Carbon, 1987). Although superficially palin-
dromic, two pieces of data demonstrate that CDEIII is in-
herently asymmetric. First, point mutations on the CDEII-
proximal side of the CCG motif (referred to below as the
left side) have a greater effect on centromere function in
vivo and CBF3 binding in vitro than corresponding muta-
tions on the CDEII-distal side (referred to as the right side;
Hegemann et al., 1988; Jehn et al., 1991). Second, if the
CDEIII region is inverted with respect to CDEI and CDEII
in a manner that retains all of the bases present in a wild-
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type centromere, CBF3 binding is nearly as great as with
wild-type CDEIII, but the CDEIII-inverted centromere is
completely inactive in vivo (Murphy et al., 1991; Sorger et al.,
1994).

CBF3 is a four-protein complex that appears to make
both sequence-specific and -nonspecific contacts with cen-
tromeric DNA (Lechner and Carbon, 1991; Sorger et al.,
1995). All four protein subunits of CBF3 are encoded by
essential genes (Doheny et al., 1993; Goh and Kilmartin,
1993; Jiang et al., 1993; Lechner, 1994; Strunnikov et al.,
1995; Connelly and Hieter, 1996). At semipermissive tem-
peratures, temperature-sensitive mutations in either 

 

SKP1

 

(which encodes the CBF3

 

p23

 

 protein), 

 

CTF13

 

 (which encodes
the CBF3

 

p58

 

 protein), 

 

CEP3

 

 (which encodes the CBF3

 

p64

 

protein), or 

 

NDC10

 

 (which encodes the CBF3

 

p110

 

 protein)
elevates the rate of chromosome loss, demonstrating the
importance of CBF3 for chromosome transmission. Of the
four CBF3 subunits, only CBF3

 

p64

 

 has a recognizable DNA-
binding motif (Lechner, 1994; Strunnikov et al., 1995). The
amino terminus of p64 contains a 

 

GAL4

 

-like C6 zinc clus-
ter that functions like a zinc finger but has a different three-
dimensional protein structure (Marmorstein et al., 1992).
In extracts prepared from cells carrying a mutation in any
one of the four CBF3 subunits, CDEIII-binding activity is
abolished at nonpermissive temperatures (Sorger et al.,
1995; Kaplan et al. 1997). Thus, all of the CBF3 subunits
are required for DNA-binding activity. To understand
why this is true, it is necessary to determine which proteins
are in direct contact with DNA.

We have previously described the reconstitution of cen-
tromere–microtubule attachment in vitro and argued that
CBF3 is necessary but not sufficient for this attachment
(Sorger et al., 1994). Because CBF3 appears to bind to DNA
throughout the vegetative cell cycle, we hypothesize that it
forms a centromere-bound scaffold onto which other kinet-
ochore proteins assemble (Sorger et al., 1995; Wilmen and
Hegemann, 1996). This model implies that highly selective
binding of CBF3 to centromeric DNA initiates kineto-
chore assembly and ensures that one and only one kineto-
chore forms per chromosome (Hyman and Sorger, 1995).
Although the sequences of the CBF3 subunits are known,
there is very little information about the architecture of
the CBF3–DNA complex. As a result, elucidation of this
architecture is an important first step in understanding
how a microtubule attachment site forms. Moreover, we
anticipate that there will be features of the three-dimen-
sional organization of CBF3 that are common among the
simple kinetochores of budding yeast and the much more
complex centromeres of animal cells.

In this paper, we use nondenaturing gel analysis and
DNA–protein crosslinking to probe the organization of
the CBF3–DNA complex. To make the crosslinking of
proteins to 

 

CEN3

 

 DNA efficient, we inserted bromodeox-
yuridine (BrdU)

 

1

 

 in place of T and bromodeoxycytidine
(BrdC) in place of C. The exposure of BrdC- or BrdU-
containing DNA to UV light generates a reactive free rad-
ical that is capable of forming a covalent bond with pro-
teins that are within 2 to 4 Å of the brominated base. We
will refer to these as proteins in “direct” contact with

DNA. The bromines on both the top and bottom strands
of BrdC- or BrdU-modified DNA project into the major
groove. Because BrdC and BrdU can be introduced at sin-
gle sites, the locations of CBF3 proteins along the major
groove of binding site DNA can therefore be determined.
From this information, a picture of the arrangement of
CBF3 subunits with respect to each other can be inferred.

Using UV-activated crosslinking we find that three CBF3
subunits are in direct contact with bases in the major groove
of CDEIII and that these contacts span 

 

.

 

80 bp of DNA.
There are remarkably few bases in CDEIII that are con-
served among the 16 yeast centromeres, implying that se-
quence-specific binding involves contact with bases that are
not part of the strict CDEIII consensus. Two related com-
plexes assemble on CDEIII: a core complex and an ex-
tended complex. The core complex involves three DNA-
bound CBF3 proteins and 

 

z

 

56 bp of 

 

CEN3.

 

 The extended
complex forms when p110 binds in an asymmetric manner
to the core complex and to flanking CDEIII DNA to form
a p110 multimer.

 

Materials and Methods

 

CBF3 Preparation

 

For whole-cell yeast extracts, cultures were grown to 2–5 

 

3

 

 10

 

7

 

 cells/ml,
washed by pelleting in breakage buffer (50 mM bis-tris-Propane, 100 mM

 

b

 

-glycerophosphate, 10 mM EDTA, 10 mM EGTA, 10% [vol/vol] glyc-
erol), resuspended in a minimal amount of breakage buffer with protease
inhibitors (1 mM PMSF, 10 

 

m

 

g/ml each of pepstatin, chymostatin, and leu-
peptin), frozen in liquid nitrogen, and ground in a chilled mortar and pes-
tle as described (Sorger et al., 1995). Cell debris was removed by centrifu-
gation at 15,000 

 

g

 

 for 15 min. Typically, the total protein concentration
was 25–50 mg/ml. Recombinant CBF3 was obtained from High Five insect
cells (GIBCO BRL, Gaithersburg, MD) infected with baculoviruses ex-
pressing CBF3 subunits. Cells were coinfected with virus stocks to express
each of the four CBF3 subunits. In some cases, however, subunits were ex-
pressed individually or in various combinations (see figure legends for de-
tails). The construction of baculovirus vectors and the production of re-
combinant CBF3 will be described elsewhere.

 

Probe Preparation

 

All centromere sequences were derived from 

 

S. cerevisiae CEN3.

 

 Probes
are divided into crosslinking probes (X; see Fig. 1) and bandshift/competi-
tion probes (BC; see Fig. 2). The binding of CBF3 to both types of probes
was assayed using nondenaturing polyacrylamide (bandshift) gels as de-
scribed previously (Ng and Carbon, 1987; Sorger et al., 1995), but the pri-
mary purpose of the crosslinking probes was to analyze DNA–protein in-
teractions. The primary purpose of the bandshift/competition probes was
to examine the assembly of CBF3 on different DNA fragments.

To generate crosslinking probes, 50 pmol of two complementary oligo-
nucleotides of unequal length were annealed in 10 

 

m

 

l of 2 mM MgCl

 

2

 

, 50 mM
NaCl, 20 mM Tris, pH 7.4, by heating at 90

 

8

 

C for 10 min and then slowly
cooling to room temperature. Photocrosslinkable BrdU bases were intro-
duced by filling in the single stranded region using the Klenow fragment
of DNA polymerase I. 40-

 

m

 

l extension reactions containing 5 U Klenow
fragment (NEB), 125 

 

m

 

M BrdU (5-bromo-2

 

9

 

-deoxyuridine-5

 

9

 

-triphosphate;
Sigma Chemical Co., St. Louis, MO), 125 

 

m

 

M dCTP, 125 

 

m

 

M dGTP, and

 

32

 

P-

 

a

 

-dATP were incubated for 15 min at 30

 

8

 

C and then 20 min at 37

 

8

 

C.
The final concentration of dATP varied from 5 to 50 

 

m

 

M depending on
the length of the region being incorporated and typically contained a mix-
ture of 3,000 Ci/mmol 

 

32

 

P-

 

a

 

-dATP and cold dATP at a molar ratio of 1:10
to 1:20. In some probes, BrdC (5-bromo-2

 

9

 

-deoxycytidine-5

 

9

 

-triphosphate;
Sigma Chemical Co.) was incorporated in place of BrdU. Probes were pu-
rified by electroelution from 2% agarose TBE gels. The concentration of
the probe was calculated from its specific activity.

In some cases, crosslinkers were introduced at single positions during
oligonucleotide synthesis. Unexpectedly, we were unable to get efficient
enzymatic extension of oligos in which the brominated base was at the ex-

 

1. 

 

Abbreviations used in this paper

 

: BrdC, bromodeoxycytidine; BrdU,
bromodeoxyuridine.
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treme 3

 

9

 

 end of the oligo. However, the addition of two or more native
DNA bases at the 3

 

9

 

 end of oligo solved this problem (see Fig. 1).
Bandshift/competition probes were derived from constructs described

previously (Sorger et al., 1995). For each probe, 10 PCR reactions were
pooled and the DNA purified on agarose gels. Probe concentration was
determined by comparing band intensities with a HaeIII-digested 

 

u

 

X stan-
dard on ethidium bromide-stained agarose gels using a digital camera and
analyzed using the IP LabGel program (Molecular Dynamics, Inc., Sunny-
vale, CA). Purified DNA was labeled with 

 

32

 

P-

 

g

 

ATP using polynucleotide
kinase. Some DNA probes for bandshift experiments and controls were
prepared by body labeling in the absence of BrdU/BrdC.

 

UV Crosslinking

 

Pilot experiments revealed a technical difficulty in CBF3–DNA crosslink-
ing. Ideally, DNA probes containing crosslinkers are end labeled by kinas-
ing. All probes then have the same specific activity, and the reactivities of
individual bases can be reliably compared. Despite considerable effort, we
were unable to find conditions in which end-labeled CDEIII probes could
be used with CBF3. Heavy nuclease treatment was necessary to allow
CBF3 complexes crosslinked to DNA to be resolved on SDS-containing
gels. This is not unexpected for a large protein complex bound to a long
piece of DNA. However, heavy nuclease treatment invariably removed
the radiolabel from end-labeled probes. Fine results were obtained with
body-labeled probes, presumably because the radiolabel was often close
to the site of crosslinking and thus protected from nuclease digestion by
the bound protein. It is necessary to bear in mind that the intensity with
which a protein is radiolabeled by a body-labeled probe reflects not only
the crosslinking efficiency but also the number of radioactive bases that
remain linked to the protein after nuclease digestion as well as the specific
activity of each probe and thus can vary from probe to probe. Thus, as
negative controls, probes without BrdU or BrdC, but with equal specific
activity, were compared in parallel with every BrdU- or BrdC-incorpo-
rated probe.

150 

 

m

 

l binding reactions with 200 fmol of 

 

32

 

P-labeled 

 

CEN3

 

 probe
DNA made with either BrdU, BrdC, or native bases, 5 

 

m

 

l of crude extract
from CBF3-expressing insect cells, 8 

 

m

 

g of sheared salmon sperm DNA,
45 

 

m

 

g casein and 10 mM Hepes (pH 8.0), 6 mM MgCl

 

2

 

, 10% glycerol were
adjusted with 1 M KCl to a final concentration of 150 mM. After 35 min
incubation at 25

 

8

 

C, a 30-

 

m

 

l aliquot was removed and loaded onto a 4%
nondenaturing polyacrylamide bandshift gel, as described (Sorger et al.,
1995). The remaining 120 

 

m

 

l was immediately transferred to a 2.0-ml flat-
bottom tube. Samples were exposed to 305 nm UV light at a distance of
3.5 mm for 20 min at 25

 

8

 

C.
After UV exposure, samples were adjusted to 0.01 M CaCl

 

2

 

 and incu-
bated at 37

 

8

 

C for 20 min with 60 U of micrococcal nuclease (Worthington
Biochemical Corp., Freehold, NJ) and 25 U of DNase I (Worthington
Biochemical Corp.). Proteins were then precipitated with 0.20 vol of cold
trichloroacetic acid and 4 mg/ml deoxycholate by incubation on ice for 15
min. The precipitate was recovered by centrifugation in a microfuge at 4

 

8

 

C
for 10 min. Pellets were washed with acetone, resuspended in electro-
phoresis loading buffer containing 1% SDS, and denatured by boiling for
5 min. Electrophoresis was performed on discontinuous SDS–polyacryla-
mide gels. Gels were fixed in a 20% methanol/7% acetic acid solution,
dried on Whatman paper, and analyzed using a PhosphorImager (Molecu-
lar Dynamics).

 

DNA-binding Assays

 

To measure DNA-binding affinity, 30-

 

m

 

l reactions containing 0.5 

 

m

 

l of
crude extracts from CBF3-expressing insect cells, 40 fmol of DNA probe,
9 

 

m

 

g casein, 3 

 

m

 

g of sheared salmon sperm DNA, in 10 mM Hepes (pH
8.0), 6 mM MgCl

 

2

 

, 10% glycerol, and adjusted with 1 M KCl to a final con-
centration of 150 mM were analyzed as described above. Competition ex-
periments were carried out by mixing unlabeled wild-type or mutant
CDEIII DNA with labeled probe DNA at various ratios and then adding
CBF3. Off-rate experiments were performed by preincubating CBF3 with
radiolabeled probe for 40 min and then adding a 200-fold excess of unla-
beled 89-bp CDEIII competitor DNA to the reaction mixture (probe BC1).
At times between 5 min and 4 h after the addition of competitor, reactions
were loaded onto bandshift gels, and CDEIII-binding activity was mea-
sured. Off-rate experiments suggested that protein–DNA dissociation
continued throughout the time that the gel was electrophoresing, typically
90 min.

To measure the ratio of sequence-specific to nonspecific binding,
sheared salmon sperm DNA was used as a competitor. The average length

of the salmon sperm DNA was 500 bp. Random sequence DNA of this
length contains 

 

z

 

10

 

3

 

 50-bp sequences, and we have converted macro-
scopic binding constants into microscopic binding constants by dividing
the former by 10

 

3

 

.

 

Results

 

How many CBF3 proteins are in contact with DNA? To
determine this, we performed DNA–protein crosslinking
with CDEIII DNA probes in which the photactivatable bases
BrdU or BrdC had been introduced. Our strategy was to
make a set of probes in which the region containing BrdU
or BrdC was made progressively smaller. We could then
narrow in on bases required for crosslinking and finally in-
vestigate individual crosslinks by inserting BrdU or BrdC
at single positions. The 34 different DNA probes used in
this study are divided into 20 crosslinking probes (numbers
X1 to X20; Fig. 1) and 14 bandshift/competition probes
(numbers BC1 to BC14; Fig. 2). We refer to the CDEI/
CDEII-proximal end of these probes as the left end and
the CDEI/CDEII distal end as the right end. Bases on the
top strand of CDEIII are labeled from 1 to 89 and comple-
mentary bases on the bottom strand of CDEIII are labeled

 

2

 

1 to 

 

2

 

89 (Fig. 3).

 

Three CBF3 Subunits Contact DNA

 

For simplicity, we analyzed CDEIII-CBF3 crosslinking one
strand at a time. We began by examining crosslinking to a
56-bp fragment of CDEIII that corresponds to the CBF3-
dependent DNaseI footprint (see below; Lechner and Car-
bon, 1991) and is the smallest fragment of DNA known to
bind to CBF3 with high affinity (Fig. 1, probe 

 

X1

 

). To gen-
erate sufficient CBF3 for biochemical experiments, CBF3
p23, p58, p64, and p110 were coexpressed in insect cells in-
fected with recombinant baculoviruses, and nuclear ex-
tracts were prepared (we refer to this as rCBF3). A de-
scription of the production of recombinant CBF3 as well
as a comparison of the DNA-binding specificities of native
and recombinant complexes will be published elsewhere.
In experiments in which the biological significance of vari-
ous CBF3–DNA complexes was investigated, we have
used yeast CBF3. In all cases however, yeast and recombi-
nant CBF3 had fundamentally similar properties. To
crosslink CBF3 to DNA, body-labeled probes were incu-
bated with rCBF3 (or yeast extract) and then exposed to
305 nm UV light for 20 min. This produces a covalent
bond between photoactivatable BrdU (BrdC) in the probe
and any protein within 

 

z

 

2 Å. Nuclease digestion with
DNase I and micrococcal nuclease was used to remove any
excess DNA and the proteins were run on an SDS-PAGE
gel and analyzed by autoradiography. This allows identifi-
cation of DNA-labeled proteins.

After crosslinking of rCBF3 to the 56-bp BrdU-contain-
ing probe, three prominent radiolabeled bands with appar-
ent molecular weights of 58, 65, and 110 kD as well as sev-
eral weaker bands were visible (Fig. 4, lane 

 

1

 

). Even on
long exposures, there was no evidence of crosslinking to a
protein of 23 kD (the mass of p23

 

SKP1

 

). A competition as-
say with wild-type CDEIII DNA or a CDEIII mutant that
contains a 3-bp deletion in bases essential for centromere
function (probe BC2; called 3bp

 

D

 

 CDEIII in Sorger et al.,
1995) established that the 58-, 65-, and 110-kD bands arise
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from sequence-specific crosslinking to CDEIII DNA (Fig.
4, lanes 

 

2

 

 and 

 

3

 

). Other bands visible on the gel probably
represent crosslinking to proteins in the nuclear extract
that bind to DNA nonspecifically. To show that the
CDEIII-labeled proteins are indeed CBF3 subunits, p58
and p64 were fused to amino-terminal epitope tags and
p110 was truncated to remove 122 carboxy-terminal resi-
dues. These modified proteins are functional because they
can complement a chromosomal deletion of the appropri-
ate CBF3 gene (data not shown). When rCBF3 prepara-
tions containing modified subunits were crosslinked to DNA,
the predicted molecular weight changes were observed (Fig.
4, lanes 

 

4–6

 

). With a BrdC-containing probe, only p58 and
p64 were labeled (Fig. 4, lane 

 

7

 

; below we discuss the dim-
inution in CBF3–DNA binding caused by BrdC incorpora-
tion). We conclude that CBF3-p58, p64, and p110 can be
crosslinked to the bottom strand of CDEIII DNA.

To demonstrate the specificity of the crosslinking, we
performed two control experiments. First, we established
that CBF3 crosslinks to bromine-modified bases more effi-
ciently than to native bases. When radiolabeled native
DNA was used as a crosslinking probe, p64 was only
weakly labeled, and p58 and p110 were not labeled, even
after long exposures (Fig. 4, lane 

 

8

 

). As a second control,

we showed that only assembled CBF3 complexes could be
crosslinked to DNA. No crosslinking to BrdU-substituted
CDEIII was observed in cell lysates containing rCBF3
subunits expressed individually or in two or three-subunit
combinations (Fig. 4, lanes 

 

9

 

 and 

 

10

 

, and data not shown).
The inability of individual CBF3 subunits to crosslink to
DNA was not a trivial consequence of having inactive pro-
teins because DNA binding by CBF3 (Fig. 4, lane 

 

22

 

) and
crosslinking to BrdU-containing CDEIII DNA (Fig. 4,
lane 

 

11

 

) were restored when extracts were mixed.
These data show that the crosslinking of CBF3 proteins

to DNA involves sequence-specific binding to CDEIII, is
stimulated by the incorporation of BrdU and requires func-
tional CBF3 complexes. We conclude that CBF3-p58, p64,
and p110 (but probably not p23) are in direct contact with
bases in the major groove of CDEIII DNA.

 

Localizing p64 and p58 Crosslinks on the Bottom 
Strand of CDEIII

 

To localize CBF3–DNA crosslinks, we generated a set of
probes in which BrdU or BrdC and 

 

32

 

P

 

a

 

dATP (the “filled-
in” region; Fig. 1, probes 

 

X2–X4

 

) were incorporated into
progressively shorter regions of DNA. Crosslinking ob-

Figure 1. Structure of crosslinking probes. (note 1) “Filled-in” refers to the enzymatic synthesis of double-stranded DNA from a single-
strand template using BrdU or BrdC, radionucleotide, and other deoxynucleotides. (note 2) Dark arrow indicates the region of DNA
that was synthesized. (note 3) Numbers (28, 214, 215, and 221) refer to the precise positions of BrdU/BrdC substitutions. Asterisks in-
dicate additional specific sites substituted with BrdU or BrdC. (note 4) The box shows additional noncentromeric DNA that was added
to promote oligo annealing.
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served with these probes was compared to crosslinking ob-
served with the probe X1 that contains a 39-bp filled-in re-
gion and labels p58, p64, and p110 (Fig. 5, lanes 

 

1–3). When
a probe with a filled-in region comprising 18 bases to the
left of the CCG motif was used (Fig. 5, Probe X2), the la-
beling of p58 and p64 was as intense as with a probe X1
(Fig. 5, lanes 1–6). p110 labeling was observed only with
BrdU, and was z50% as strong. A further reduction of the
filled-in region to 11 bases (Fig. 5, Probe X3, lanes 7–9)
eliminated p58 labeling, retained some p110 labeling, and
left p64 labeling unaffected. A final reduction to seven
filled-in bases (Fig. 5, Probe X4, lanes 10–12) eliminated
all crosslinker-specific labeling. Thus, we infer that p58
crosslinks to the single T and single C present in the seven
base interval that distinguishes probes X2 and X3 (i.e.,
215T and 214C) and that p64 crosslinks to the T and C in
the region that distinguishes probes X3 and X4 (i.e., 28C
and 210T).

To establish directly the positions of individual crosslinks,
two techniques were used. First, we generated a series of
oligonucleotides in which single bromine substitutions
were introduced during chemical synthesis. After UV irra-
diation, p64 was labeled by probes containing bromines at
28C and 221C, two- to threefold more strongly than by a
native DNA control (Fig. 6, lanes 1–3 and 9–11). p58 was
labeled by probes containing bromines at 214 C and 215 T

but not by a native DNA control (Fig. 6, lanes 4–8). To
overcome problems with low signal and incomplete diges-
tion of crosslinked DNA (Fig. 6 a) we used mutant oligos
that allowed crosslinker and radiolabel to be incorporated
at successive bases (Fig. 1, X9 and X10). Although these
mutated CDEIII sequences bound to CBF3 with 5- to 10-
fold lower affinity than wild-type CDEIII (see below), com-
petition analysis established that the binding was sequence
specific (data not shown). When BrdC was present only at
214C, p58 was specifically labeled (Fig. 6 b, lanes 15–17,
probe X9), and when BrdC was present only at 28C, p64
was specifically labeled (Fig. 6 b, lanes 18–20, probe X10).
Taken together, these data demonstrate that on the bot-
tom strand of CDEIII, p58 interacts with two successive
bases at 214C and 215T, and that p64 interacts with two
bases separated by slightly more than one turn of a B-form
DNA helix, one at 221C and one at 28C.

Localizing p64 and p110 Crosslinks on the Top Strand 
of CDEIII

To investigate crosslinking to the top strand of CDEIII,
we again used a set of probes with progressively shorter la-
beled regions. When BrdU was incorporated in place of T
between bases 2 and 56 on the top strand (probe X11), p64
and p110 were efficiently labeled in a sequence-specific

Figure 2. Structure of bandshift-competition probes. (note 5) See Sorger et al. (1995). (note 6) See Murphy et al. (1991).
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manner, but only very weak labeling of p58 was observed
(Fig. 7 a, lanes 1–3, and data not shown). By using probes
with progressively shorter filled-in regions (Fig. 1, probes
X12–X18), we were able to localize a p64 crosslink to 17T
(Fig. 7 a, compare lanes 5 and 6). This site lies immediately
across the major groove from the bottom-strand crosslink
at 28C, strengthening the argument that this region of
CDEIII is in close association with p64.

When BrdU was incorporated as a crosslinker, p110 was
labeled in a sequence-specific manner by most of the top-
and bottom-strand probes that were tested. In no case did
we observe p110 crosslinking to BrdC-containing probes,
implying that p110 does not bind to the major groove of
CDEIII within 3 Å of a cytosine. As described in the Dis-
cussion, p110 appears to be multimeric. Attempts to local-
ize the crosslinking of at least one p110 monomer to a sin-
gle base or a small set of bases were not successful (Figs.

Figure 3. Structure of CEN3 se-
quences used in this study. (a)
Boxes indicate CDEI and
CDEIII sequences. (b) The
boxed bases denote the con-
served core of CDEIII as deter-
mined by Hegemann et al.
(1988). A diamond marks the lo-
cation of the essential CCG mo-
tif. Solid circles indicate bases
conserved among all 16 S. cerevi-
siae centromeres. Open circles
indicate bases conserved in 15 of
16 centromeres. The top strand
of DNA is numbered from 1 to
89 and the corresponding bot-
tom strand is numbered from 21
to 289. “Left” refers to bases
that are CDEII proximal, and
“right” refers to the bases that
are centromere distal. (c) This
schematic is used in subsequent
figures to represent various
crosslinking probes. The heavy
arrow indicates the region of
single-stranded DNA in which
BrdC or BrdU, 32PadATP and
native bases were incorporated
by enzymatic fill-in.

Figure 4. UV crosslinking of rCBF3 to the bottom strand of radi-
olabeled 56-bp CDEIII DNA. (a) rCBF3 proteins labeled by DNA
crosslinking probes (as indicated) were run on an SDS-containing
gel. The positions of molecular weight markers are shown. The
types of crosslinking probe and CBF3 preparation used in each
lane are indicated above the gel. The specificity of CBF3 binding

was tested by including a 200-fold excess of unlabeled wild-type
(WT; probe BC1) or mutant CDEIII competitor (Mut; probe BC2)
DNA in the binding reaction. Some reactions contain rCBF3 with
p58 (tag-p58) or p64 (tag-p64) proteins that are linked at their
amino termini to a short epitope tag. p110D refers to rCBF3 con-
taining p110 protein with a carboxy-terminal 122 amino acid dele-
tion. For a complete description of probe X1 see Figs. 1 and 3. (b)
Crosslinking reactions containing recombinant p64/p58/23 (lane
9), recombinant p110 protein (lane 10), or a mixture of these two
extracts (lane 11) was analyzed as above. (c) One fifth of each
crosslinking reaction from a was analyzed on bandshift gels
(lanes 12–19). (d) One fifth of each crosslinking reaction from b
was analyzed on bandshift gels (lanes 20–22).
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5–7), suggesting that p110 contacts an extended region of
the major groove. However, we cannot exclude the possi-
bility that there are a few localized regions of p110–DNA
contact that we have not been able to identify because of
technical limitations in the crosslinking methodology. We
can conclude, however, that p110 can be crosslinked to the
middle of CDEIII and also to the left end on the bottom
strand and to the right end on the top strand (Figs. 5, lanes
2–12; and 7, lanes 9 and 10). Thus, the contacts that p110
makes with CDEIII are not restricted to a single stretch of
DNA.

BrdC-dependent Binding Interference

In several cases, we found that the incorporation of BrdC
into CDEIII DNA interfered with CBF3–DNA binding.
With the bottom-strand probe X1 and the top-strand
probe X11, CBF3 binding affinity was 10-fold weaker than
with native DNA (Figs. 5, lanes 13 and 15; and 7, lanes 11
and 12). On both DNA strands, interference with CBF3–
DNA binding occurred primarily when BrdC was incorpo-
rated into the CCG motif (e.g., Fig. 7, compare lanes 12
and 13). The bromine in BrdC lies in the C-5 position and
replaces a hydrogen in the native nucleotide that projects
into the major groove. BrdC incorporation substantially
occludes the major groove of DNA and, independently
from its use as a crosslinker, BrdC-dependent interference
can been used to identify critical regions of protein–DNA
contact (de Vries et al., 1987). In the case of CBF3-CDEIII
interaction, we conclude that the presence of BrdC at
221C, 119C, or 120C in the CCG motif interferes signifi-
cantly with DNA binding. This presumably reflects a di-

rect interaction of CBF3 with these bases and is consistent
with the important role that the CCG motif plays in cen-
tromere function in vivo (Hegemann et al., 1988).

CBF3-crosslinked Bases Are Important for
DNA Binding

Of the bases in CDEIII that can be crosslinked to CBF3,
only those in the CCG motif at positions 19–21 have previ-
ously been shown to be important for CBF3–DNA bind-
ing in vitro (Ng and Carbon, 1987; Sorger et al., 1995). To
investigate the importance of other sites of CBF3–DNA
contact, we performed a competition analysis with a mu-
tant probe (Comp. BC3) in which both 28C (which cross-
links to p64) and 214C (which crosslinks to p58) were
changed to T. CBF3 bound to this sequence 50-fold more
weakly than to wild-type DNA (Fig. 8 a, compare BC4 and
BC3). We also examined sequences to the right of 38T that
crosslink to p110 but that lie outside of the CDEIII region
as conventionally defined (Cottarel et al., 1989). A variant
56-bp CEN3 fragment was constructed in which the order
of bases 38 to 56 was scrambled but the base composition
retained (Fig. 8 a, Comp. BC5). The binding of CBF3 to
this probe was z50-fold weaker than to wild-type DNA
(Fig. 8, Comp. BC4) but stronger than to the mutant 3bpD
CDEIII (Fig. 8, Comp. BC2). The removal of bases be-
tween 138 and 156 to generate a 38-bp-long CDEIII
fragment eliminated even residual binding to BC4 (Fig. 8
b, lanes 1–3). Thus, CDEIII bases identified by crosslink-

Figure 5. UV crosslinking of rCBF3 to progressively shorter la-
beled regions of the bottom strand of the 56-bp CDEIII DNA.
(a) Crosslinking reactions using differently labeled probes (as in-
dicated) were analyzed on SDS-containing gels. Each set of three
reactions was performed in parallel. The positions of the filled-in
regions as well as the type of bromine-modified base (BrdU or
BrdC) are indicated. The probe numbers and schematics are
keyed to the full descriptions in Fig. 1. Lane 4 a is exposed only
one fifth as long as lane 4 to allow better visualization of the
crosslinked bands. (b) One fifth of each crosslinking reaction
from a was separately analyzed on bandshift gels (lanes 13–24).

Figure 6. Localization of protein–DNA crosslinks on the bottom
strand of 56-bp CDEIII DNA. (a) The site-specific crosslinkers,
BrdC or BrdU, were incorporated at the positions indicated into
the bottom strand of DNA. In each case “none” refers to the syn-
thesis of probe in the absence of BrdC or BrdU. (b) Site-specific
BrdC crosslinkers (indicated by asterisks) were incorporated us-
ing mutant top-strand oligos and appropriate bottom-strand oli-
gos by enzymatic extension (see Fig. 1 for details about the
probes). Crosslinking reactions using probes described in a and b
were analyzed on SDS-containing gels as in Fig. 4. Faint labeling
of p58 in lanes 18–20 are a result of non-BrdC–dependent bind-
ing as in Fig. 5, lane 12.
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ing as being in close proximity with CBF3 are also required
for sequence-specific CBF3–DNA binding.

Multiple p110-dependent CBF3–DNA Complexes

In chromosomes, centromeric DNA is imbedded in flank-
ing DNA. We therefore investigated the effect of length-
ening the DNA probe on CBF3–DNA complex formation.
Previously, we and others had noted that when centro-
meric probes longer than 56 bp are used for bandshift
analysis, more than one CBF3–protein complex can form
(Lechner and Carbon, 1991; Jiang and Carbon, 1993; Sorger
et al., 1995). We started with a wild-type 89-bp probe (probe
BC1) containing the 56 bp of DNA in probe BC4 as well
as 33 bp of CEN DNA lying to its right. This encompasses
the region of CDEIII that is partially protected in the
DNase I footprint (Lechner and Carbon, 1991). Gel analy-
sis with this probe revealed upper and lower bands. Both
corresponded to sequence-specific DNA–protein com-
plexes (Fig. 9, lanes 2–4). The lower band electrophoresed
to the same position as the band corresponding to the
CBF3 complex formed with the 56-bp probe (Fig. 9, lane
1). To define more precisely the amount of DNA required
to produce the upper band, we generated an 89-bp probe
(probe BC7) containing 56 bp of CEN DNA and 33 bp of
linker DNA. The linker contained four restriction sites, al-
lowing the probe to be cleaved into 80-, 72-, 64-, and 56-bp
DNA fragments (probes BC8 to BC11). The 89-bp linker-
modified probe gave rise to upper and lower bands in es-

sentially the same ratios as wild-type CDEIII DNA (Fig.
9, compare lanes 2 and 5). The amount of upper band re-
mained high with an 80-bp probe (Fig. 9, lane 7), fell 2-fold
with a 72-bp probe (lane 8), and was reduced at least 20-
fold with a 64-bp probe (lane 9). From these findings, we
conclude that two discrete CBF3–DNA complexes can
form on centromeric DNA and that formation of the more
slowly migrating complex requires DNA between posi-
tions 57 and 80.

To investigate the difference in protein composition be-
tween upper and lower bands, we altered CBF3 subunit
stoichiometry by expressing p110, p64, or p58/p23 sepa-
rately and then adding them to rCBF3 (see Fig. 10, leg-
end). In general, the total amount of DNA-bound CBF3
increased when subunits were added, but only in the case
of p110 addition did we observe a substantial increase in

Figure 7. UV crosslinking of rCBF3 to progressively shorter la-
beled regions of the top strand of the 56-bp CDEIII DNA. (a)
BrdU was incorporated into each crosslinking probe as in Fig. 5.
Reactions were carried out in the presence of either wild-type or
tagged CBF3 proteins and analyzed on an SDS-containing gel.
(b) Probes with either BrdU or BrdC incorporated into the entire
top strand (12 to 156; lanes 11 and 12) or a probe with BrdC in-
corporated only to the right of the CCG (122 to 56; lane 13) were
mixed with rCBF3 and analyzed on bandshift gels. 

Figure 8. Analysis of centromeres containing point mutations in
sequences that crosslink to CBF3 subunits. (a) rCBF3 and radio-
labeled probe BC4 were mixed with a 4- to 200-fold excess of un-
labeled centromeric DNA competitors (as indicated) and ana-
lyzed on bandshift gel. Values are expressed as a percentage of
core complex CDEIII binding observed in the absence of com-
petitor. Error bars represent the range of values obtained in du-
plicate experiments. (b) rCBF3 was mixed with radiolabeled
56-bp wild-type DNA (Probe BC4; lane 1), linker-modified 56-bp
DNA (Probe BC5; lane 2), or 38-bp probe DNA (Probe BC6;
lane 3), and CDEIII binding was analyzed on bandshift gels.

Figure 9. Analysis of extended com-
plex formation on progressively
shorter CDEIII probes. rCBF3 and the
indicated probes were analyzed by
bandshift gel. Specificity was demon-
strated by adding excess unlabeled
wild-type (lanes 3 and 6) or mutant
(lane 4) CDEIII competitor DNA.
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the ratio of the upper to lower bands (Fig. 10 a, lanes 1–6).
We interpret this to mean that the upper band corre-
sponds to a CBF3 complex with more p110 than the lower
band. Even when large amounts of p110 were added, the
upper band was seen only with the 89- and not with the 56-
bp probe (Fig. 11 a, lanes 1–4). To demonstrate that the
additional p110 in the upper band is DNA bound, we
crosslinked rCBF3 to a probe in which BrdU had been in-
corporated only in the 33 bases that lie to the right of 56C
(Fig. 11, Probe X19). This probe specifically labeled only
p110, proving that p110 indeed touches DNA in the 56C to
89G interval (Fig. 11 c, lane 11). Because the more slowly
migrating complex involves a longer piece of DNA and
more p110 molecules, we will refer to it as the extended
complex. The complex that forms on 56-bp DNA will be
referred to as the core complex. The formation of the ex-
tended complex on the 89-bp probe does not appear to
radically alter the architecture of the core CBF3 complex,
because the patterns of bottom strand crosslinks with the
56- and 89-bp probes were nearly indistinguishable (com-
pare Figs. 11 b, lanes 5–7, with 2, lanes 1, 7, and 8). Thus,
we conclude that the extended CBF3 complex forms when
additional p110 binds to the core complex, without sub-
stantially altering its organization.

Properties of the Extended CBF3–DNA Complex

To characterize the extended complex, we investigated its

concentration dependence, DNA-binding affinity, and sta-
bility. To determine the concentration of p110 required for
extended complex formation, we prepared extracts from
yeast cells carrying a temperature-sensitive mutation in
the p110 subunit (ndc10-42) and then added increasing
amounts of recombinant p110. ndc10-42 extracts lack
CDEIII-binding activity (Sorger et al., 1995), but this de-
fect is complemented by the addition of recombinant p110
(Fig. 10 b, lanes 7–14). The concentration of p110 at which
the extended CBF3 complex formed (1.7 nM) was only
fivefold higher than the concentration at which the core com-
plex formed (0.4 nM). Similar results were obtained when
using rCBF3 components. In extracts from most wild-type
yeast strains, we have observed that p110 is present in sub-
stantial excess over the other CBF3 subunit and that roughly
equimolar core and extended complexes form on 89-bp
CDEIII probe (Sorger et al., 1995). It therefore seems
likely that the concentration of p110 in cells is sufficient to
drive extended complex formation.

Next, we estimated the DNA-binding affinities of the core
and extended complexes by performing a series of band-
shift reactions with increasing amounts of the 89-bp probe
(probe BC1). This data is plotted in Fig. 12 a as a satura-
tion curve. Half-maximal formation of the extended com-
plex occurred at 8 3 10210 M and of the core complex at
2 3 10210 M (these are not true binding constants because
the reactions were not at equilibrium). We also measured
the half-lives of the core and extended complexes by incu-
bating yeast CBF3 with an 89-bp probe (probe BC1) for 40
min, adding a large excess of unlabeled CDEIII, and then
measuring the amounts of the two complexes as a function
of time. Both the core and extended complexes were rela-

Figure 10. Effect of varying the stoichiometry of CBF3 subunits
on CBF3–DNA complex formation. (a) Extract containing re-
combinant p110 and p64 (lanes 1 and 2), p110, p58, and p23
(lanes 3 and 4) or p64, p58, and p23 (lanes 5 and 6) were mixed
with 10 to 20 fmol or with 60 to 120 fmol of p58/p23, p64, or p110
and complexes analyzed on bandshift gels. (b) Extract from
ndc10-42 cells (80 mg) was mixed with 5, 10, 20, 50, 100, 200, or
400 fmoles of recombinant p110 (lanes 7–14). Specificity was
demonstrated by adding excess wild-type CDEIII competitor
DNA (lane 14).

Figure 11. Analysis of p110 binding to 89-bp CDEIII probe. (a)
rCBF3 on its own or mixed with excess p110 (as indicated) was
bound to a 56-bp (lanes 1 and 2) or 89-bp (lanes 3 and 4) probe
and analyzed on a bandshift gel. (b) 89-bp probes containing ei-
ther BrdU, BrdC, or no crosslinkers in the bottom strand were
reacted with rCBF3 and analyzed on an SDS-containing gel. (c)
89-bp probes with BrdU incorporated in the entire top strand or
only in the region between 156 and 189 bp were added to ex-
tracts containing rCBF3 as indicated and crosslinking analyzed
on an SDS-containing gel.
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tively stable, with half-lives of z2 h (Fig. 12 b). Taken to-
gether, these data argue that the extended complex has a
high affinity for DNA and that it is kinetically as stable as
the core complex.

Among S. cerevisiae centromeres, there is no apparent
conservation of the sequences that lie between bases 56T
and 89G. To determine whether p110 makes sequence-
specific contact with this region of CDEIII, we generated a
linker-modified probe with 56 bp of wild-type CDEIII DNA
and 33 bases of scrambled DNA to the right that had the
same base composition as wild-type CEN3 but was unre-
lated in sequence (this probe is identical to probe BC7 de-
scribed above). Competition analysis showed that the 56-bp
wild-type DNA (Comp. BC4), 89-bp wild-type (Comp.
BC1), and 89-bp linker–modified probes (Comp. BC7)

had similar affinities for CBF3 (Fig. 12 c). From this, we
conclude that the contacts p110 makes with bases 56–89 as
part of the extended CBF3 complex are nonsequence spe-
cific.

If p110 contacts bases 56–89 nonspecifically, can p110
nevertheless assemble selectively on CDEIII DNA in the
context of the large amount of noncentromeric DNA found
in a chromosome? To answer this, we compared the se-
quence-specific and -nonspecific binding affinities of core
and extended CBF3 complexes. This was done by binding
CBF3 to an 89-bp wild-type probe (probe BC1) in the
presence of either specific competitor DNA (unlabeled BC1
CDEIII DNA) or nonspecific competitor DNA (bulk DNA
from salmon sperm testes). The amounts of core and ex-
tended CBF3 complexes were then determined on band-
shift gels for a range of specific and nonspecific competitor
DNA concentrations. The relative affinities of CBF3 for
specific and nonspecific DNA could then be approximated
by comparing the concentrations of competitor at which
complex formation was reduced to 50% of its original
value. We found that a 50% reduction in the amount of la-
beled core and extended complexes occurred at an identi-
cal concentration of specific CDEIII DNA, z3 3 1029 M.
With salmon sperm DNA as a competitor, a 50% reduc-
tion in the amount of core CBF3 complex occurred at 2 3
1026 M and a 50% reduction in the amount of extended
complex occurred at 5 3 1027 M (Fig. 12 d). From this we
conclude that the macroscopic ratio of affinities for the
binding of the core CBF3 complex to CDEIII DNA and to
bulk DNA is z1,000-fold. Because the preparation of bulk
DNA we used had an average length of 500 bp, it con-
tained z1,000 random 50-bp sites per molecule. Thus, the
molar ratio of specific to nonspecific binding sites at half-
maximal CBF3 binding was z1 3 106 (this is the ratio of
microscopic affinities). The microscopic ratio of binding
affinities for formation of the extended complex was
zfivefold lower. Because p110 does not appear to make
sequence-specific contact with bases 56 to 89, to form an
extended complex, it must recognize bases 56 to 89 in the
context of the immediately adjacent and highly sequence-
specific core complex.

Asymmetric Binding of CBF3 to DNA

The yeast centromere is strikingly asymmetric. Bases on
the left side of CDEIII are more important than the corre-
sponding bases on the right side of CDEIII (Hegemann
et al., 1988; Jehn et al., 1991; Sorger et al., 1995). We can
now understand this asymmetry, at least in part, because
both p58 and p64 make sequence-specific contacts on the
left side but not on the right side of CDEIII. To determine
if asymmetry is also observed in the formation of the ex-
tended complex, we asked whether p110 could bind to
DNA on both the left and right sides of the core. A set of
three 89-bp probes was constructed, each containing the
56 bases bound by the CBF3 core complex but differing by
having either wild-type CDEIII or linker DNA to the right
or wild-type CDEII DNA to the left. Whereas both core
and extended complexes formed on probe containing wild-
type bases (probe BC1) or linker DNA (probe BC7) to the
right, only the core complex formed efficiently on probe
having extra DNA to the left (probe BC12), even under

Figure 12. Analysis of core and extended CBF3 complexes. (a)
Data for the saturation curve was obtained by adding an 89-bp
wild-type probe (probe BC1) at increasing concentrations to a
fixed amount of semi-pure yeast CBF3 and then determining the
amounts of core and extended complexes on bandshift gels. (b)
The off-rate for yeast CBF3 DNA complexes was measured by
adding 200-fold excess of unlabeled BC1 competitor to CBF3
prebound to a radiolabeled 89 bp wild-type probe (BC1). At time
points between 5 and 270 min, reactions were loaded on band-
shift gels for analysis. Data points and best-fit exponential lines
are shown. The lines extrapolate back to 100% binding at 290
min. This was the running time of the gel, suggesting that CBF3
was equilibrating between labeled and unlabeled CDEIII DNA
throughout this period. (c) rCBF3 and radiolabeled probe BC4
were mixed with a 4- to 200-fold excess of unlabeled centromeric
DNA competitors (as indicated) and analyzed on bandshift gels
(see Fig. 6). (d) 89-bp radiolabeled CEN3 DNA (probe BC1) was
mixed with unlabeled 89-bp wild-type CDEIII DNA (solid lines)
or sheared salmon sperm testes DNA (broken lines) at a range of
concentrations and rCBF3 was then added. Values are expressed
as a percentage of CDEIII binding observed in the absence of
competitor. Upper (more slowly migrating) and lower (more rap-
idly migrating) complexes are indicated by right-side-up and in-
verted triangles, respectively.
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conditions of p110 excess (Fig. 13 a, lanes 1–6; the upper
band formed on BC12 is at least 20-fold weaker than the
upper band formed on BC1). We conclude that the ex-
tended CBF3 complex can form by the addition of p110
molecules to the right of the core complex (on the CDEII-
distal side) but not to the left.

The implication of this finding is that the asymmetry of
CDEIII is a property of the core sequences and is not im-
posed by flanking CDEII and centromere-distal DNA se-
quences. If this is correct, one prediction is that we can
switch the left–right asymmetry in p110 binding by invert-
ing the orientation of the central bases of CDEIII. A cen-
tromere variant containing an inverted CDEIII region had
previously been shown to bind to CBF3 but to be nonfunc-
tional in vivo (Murphy et al., 1991; Sorger et al., 1995). Us-
ing CDEIII-inverted DNA we generated two probes: one
that contained only the flipped-core sequence (probe BC13)
and one that contained the flipped core and 33 bases of
CDEII sequence to its left (probe BC14). Bandshift analy-
sis revealed that with CDEIII-inverted DNA, the ex-
tended complex formed with an orientation specificity op-
posite to the specificity observed with wild-type CDEIII
DNA (Fig. 13 b, lanes 7–10); p110 could now bind to the
DNA that lies to the left of the core and form an extended
complex with reverse orientation. We therefore conclude
that p110 indeed interacts with the CBF3 core complex in
an asymmetric fashion and that this asymmetry is imposed
by the core itself and not by the flanking DNA.

Discussion
The crosslinking experiments described here had three im-
mediate goals: to establish which CBF3 proteins are in
contact with DNA; to investigate the basis of sequence-
specific binding by CBF3; and to determine the basis for
the asymmetry of CDEIII–CBF3 interaction. We have found

that in the context of an assembled CBF3 complex, the
CBF3 subunits p58CTF13, p64CEP3, and p110NDC10 are in
close contact with bases in the major groove of DNA but
that p23SKP1 does not appear to touch DNA. Mutations in
any one of the four CBF3 subunits abolish the CDEIII-
binding activity of CBF3. In the cases of p58, p64, and
p110 this probably reflects a direct contribution to the af-
finity of the CBF3–DNA interaction. In the case of p23,
we have found that this reflects its role in the phosphoryla-
tion-dependent activation of p58 and that CBF3–DNA
complexes containing activated p58 can form in the ab-
sence of p23 (Kaplan et al., 1997).

Organization of the CBF3–DNA Core Complex

Based on our analysis, we can draw the following model
for the architecture of the CBF3–DNA complex. Most
of the CBF3–DNA contacts occur within the 56 bases of
CDEIII that correspond (at least approximately) to the
smallest functional CBF3-binding site. Within this binding
site, p64 appears to touch two regions of centromeric
DNA. One is the CCG motif at bp 19 to 21 and one is at
7T and 28C (and possibly also 210T). The CCG motif is
present in all 16 yeast centromeres, and single point muta-
tions in the motif increase chromosome loss rates 100–
1,000-fold (McGrew et al., 1986). Thus, CBF3-CDEIII bind-
ing in vitro is sensitive to changes in major groove atoms at
bases that are essential for centromere function in vivo;
this argues strongly that the mode of CBF3 binding ob-
served in vitro is fundamentally similar to the binding that
occurs in vivo.

The amino terminus of p64 contains a C6 DNA-binding
motif whose structure was first determined in the yeast
transcriptional activator Gal4p (Marmorstein et al., 1992).
CBF3–DNA binding is substantially impaired by muta-
tions in p64 residues that, by analogy to residues in Gal4p,
should touch DNA (Lechner, 1994). This argues that p64
probably contains a C6 cluster similar in fold to the cluster
found in Gal4p. C6–Zn clusters are found in a large num-
ber of dimeric transcriptional activators and are folded
into a compact domain that fits into the major groove of
DNA (Marmorstein et al., 1992; Bohm et al., 1997). The
binding sites for dimeric C6 cluster proteins contain two
CCG sequences, and one of the two DNA-binding do-
mains of a Gal4p-type dimer lies in the major groove of
one CCG half-site, and the second binding domain lies in
the major groove of the other CCG half-site (Reece and
Ptashne, 1993). Specificity in DNA binding arises because
different members of the C6 cluster family recognize CCG
half-sites with different orientations and spacing (Zhang
and Guarente, 1994). We have recently obtained data on
the hydrodynamic properties of p64 showing that it is a
dimer (Grancell, A., and P.K. Sorger, unpublished results;
Lechner, 1994). These findings suggest that one C6–Zn
cluster of a p64 dimer binds to the major groove of CDEIII
at 20C and a second Zn cluster binds to the major groove
near 7T (Fig. 14). A striking feature of this arrangement is
that only one of the p64–Zn clusters appears to make con-
tact with a CCG half-site. Perhaps this is why p64 is unable
to bind to CDEIII DNA on its own, whereas proteins such
as Gal4p bind to their operators with high affinity. It will
be interesting to determine whether the difference be-

Figure 13. Formation of the
extended CBF3 complex on
probes containing wild-type
and inverted CDEII se-
quences. (a) rCBF3 on its
own or mixed with excess
p110 (as indicated) was
bound to an 89-bp wild-type
probe (lanes 1 and 2), an 89-bp
probe containing a linker to
the right of base 156 (lanes 3
and 4), or an 89-bp probe
containing 33 bp of CDEII to
the left of base 11 (lanes 5
and 6) and analyzed on a
bandshift gel. (b) rCBF3 was
mixed with a radiolabeled
56-bp inverted-CDEIII DNA
probe (lane 7) or radiolabeled
106-bp inverted-CDEIII DNA
probe (lanes 8–10) and ana-
lyzed on a bandshift gel.
Specificity was demonstrated
by the addition of wild-type
or mutant CDEIII DNA
competitors, as indicated.
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tween p64 and Gal4p lies in the DNA-binding sites or
whether some structural property of the p64 protein
makes it inherently unable to bind to DNA unless other
CBF3 subunits are present.

Neither p58 nor p110 have recognizable DNA-binding mo-
tifs, but both contact DNA. p58 appears to bind to CDEIII
on the opposite side of the DNA helix from p64 near
214C and 215T. The close physical proximity of p64 and
p58 suggests that these proteins could touch each other,
and there is evidence that a p58–p64 complex can form in
the absence of p110 and DNA (Stemmann and Lechner,
1996). Preliminary hydrodynamic data suggests that p58 is
a monomer, although its oligimerization state has yet to be
determined reliably (Grancell, A., and P.K. Sorger, un-
published observations). p110 can be crosslinked to BrdU
(but not BrdC) bases throughout the length of CDEIII,
suggesting that p110 makes multiple contacts with DNA.
p110 appears to be a dimer in solution (Grancell, A., and
P.K. Sorger, unpublished observations), and for simplicity
we speculate that a single dimer of p110 is bound to the
CDEIII DNA between bases 1 and 56.

The positions of CBF3–DNA crosslinks and of BrdC-
dependent interference are summarized in Fig. 14 along

with a speculative model for the organization of the CBF3–
DNA complex. It postulates that a p64 dimer binds via C6
cluster domains to two regions of the major grove z1 1/4
helical turns apart. p58 binds to the major groove between
these sites and on the opposite side of DNA. p110 dimers
bind along the top and bottom strands in an as yet un-
known manner. Missing from this model is any sense of
the geometry of CDEIII DNA; it is possible, for example,
that it bends upon CBF3 binding. It is also possible that
there are contacts between CBF3 proteins and other re-
gions of centromeric DNA, or their associated proteins, ly-
ing to the left and right of the 89-bp sequence we have ex-
amined here (Hegemann et al., 1988).

Formation of a p110-dependent Extended
CBF3–DNA Complex

The structure of the CBF3 complex that forms on CDEIII
in vitro depends on the length of the DNA and on the con-
centration of p110. When CBF3 is bound to CDEIII DNA
that is 56 bp long, only the core DNA–protein complex de-
scribed above is formed. However, when the CDEIII DNA
is 80 bp or longer, two CBF3–DNA complexes with differ-

Figure 14. A model for the or-
ganization of the CBF3–DNA
complex. (a) The positions of
BrdU- and BrdC-mediated
crosslinks (solid arrows) and
BrdC-dependent interference of
the CBF3–DNA interaction
(open arrows) are shown in the
diagram. Sequences with which
CBF3 makes sequence-specific
and -nonspecific contacts are in-
dicated. (b) CBF3 subunits have
been positioned at their sites of
DNA crosslinking and the core
and extended CBF3 complexes
indicated with brackets. See Re-
sults for details.
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ent electrophoretic mobilities are formed (Fig. 9; Lechner
and Carbon, 1991; Sorger et al., 1994). The faster-migrat-
ing or core complex is similar in composition to the com-
plex that forms on the 56-bp DNA. The more slowly mi-
grating complex assembles when additional p110 binds to
the 33 bases of DNA that lie to the right of core complex.
The interaction of p110 with CDEIII bases 56 to 89 is se-
quence nonspecific, implying that p110 can bind selec-
tively to these bases only because it recognizes them in the
context of the immediately adjacent CBF3 core complex.

We cannot yet test directly the importance of the ex-
tended CBF3 complex for kinetochore function in cells.
However, several properties of the extended complex ar-
gue that it does indeed form on centromeric DNA in vivo.
First, its apparent affinity for DNA is as high as that of the
CBF3–DNA core complex. Second, it is as stable as the
core complex with an off rate of z2 h. Third, it forms at a
concentration of p110 that is only three- to fourfold higher
than the concentration at which the core complex forms
and p110 concentrations in yeast extracts are indeed great
enough to drive extended complex formation. We propose
that the functional CBF3–DNA complex in vivo is similar
to the extended complex that forms in vitro and that it
contains two DNA-bound dimers of p110, 80 bp of centro-
meric DNA, and has an overall mass of 680 kD.

Assembling One and Only One Kinetochore
Per Chromosome

In organisms such as S. cerevisiae, one of the most impor-
tant properties of the kinetochore is that it assembles at
one and only one site on each chromosome. This requires
that one 125-bp centromeric sequence be recognized in the
context of a chromosome with an average length of 800 kb.
We believe that this selectivity is achieved by four mecha-
nisms: the sequence-specific binding of CBF3 to CDEIII;
the juxtaposition of multiple DNA elements so that a sin-
gle element (such as CDEIII) is not active on its own and
must be flanked by a second element (CDEII; Gaudet and
Fitzgerald-Hayes, 1987); tight control over the amounts
and activities of CBF3 subunits (Kaplan et al., 1997); and
the operation of an error-sensing checkpoint that detects
those assembly errors that do occur (Murray, 1992). In this
paper we are concerned only with the first of these mecha-
nisms.

There are two ways in which sequence selectivity can be
achieved. One possibility, exemplified by the HO endonu-
clease, is a short, highly conserved binding site. 17 bases of
the 24 bp in the HO-binding site are conserved between
MATa and MATa (Nickoloff et al., 1986). A match to a
17-bp consensus occurs at random once every 2 3 1010

bases, easily accounting for the selectivity of the endonu-
clease (although other mechanisms are also involved in site
specificity in a cell). A second possibility is that the bind-
ing site is long and selectivity is achieved by summing over
many DNA–protein contacts, only some of which are com-
pletely base selective. The interaction of CBF3 with CDEIII
DNA appears to be an example of the latter type of inter-
action.

We do not yet understand what aspects of CDEIII are
important for sequence-specific binding. The highly con-
served bases clearly play a role, but there are only seven of

them and they would be found in random-sequence DNA
every 104 bases or so. This is insufficient to explain the 106

sequence-selectivity observed for CBF3-CDEIII interac-
tion in vitro. A second possibility is that the geometry or
deformability of a sequence is important for CBF3 bind-
ing. This might not manifest itself as a simple conservation
of sequence. A final possibility is that there are multiple
degenerate elements within CDEIII that can substitute for
each other (p110-binding sites for example). In this case, it
might be quite difficult to detect a consensus sequence. It
should be possible however, to develop a mutagenic strat-
egy to test each of these possibilities.

Implications for Complex Kinetochores

A fundamental and unanswered question in centromere
biology is the relationship between the simple centromeres
found in budding yeast and the complex centromeres found
in fission yeast and animal cells. S. cerevisiae centromeres
are 125 bp long, whereas S. pombe centromeres are up to
100 kb in length and animal cell centromeres span many
megabases. It is widely assumed that simple centromeres
contain conventional sequence-specific DNA-binding pro-
teins, whereas complex centromeres involve large regions
of chromatin that have few, if any, sequence-specific con-
tacts within them. Consistent with this view, existing mod-
els for the S. cerevisiae kinetochore propose a simple
DNA–protein connection in which the Zn cluster domains
of p64 are primarily responsible for attaching CBF3 to the
conserved bases of CDEIII (Pluta et al., 1995). The data
presented in this paper suggests that there may be impor-
tant similarities in the modes of DNA binding between
yeast CBF3 and the DNA-binding components of complex
kinetochores. Outside of the 25-bp CDEIII core, it is not
possible to discern any conservation of DNA sequence in
the 80 bp that appear to comprise the functional CBF3
binding site. Similarly, it has been difficult to detect any
highly conserved motifs in the sequences of the complex
centromeres found in S. pombe (Fishel et al., 1988; Clarke,
1990; Takahashi et al., 1992).

Future Prospects

Our model poses a number of interesting questions about
the CBF3–DNA complex. Does CDEIII contain only a
single p64 half-site, and would p64 therefore bind on its
own to a DNA sequence that contains two appropriately
spaced half sites? If so, what does this imply about the as-
sembly of CBF3–DNA complexes? What is the basis of se-
quence-specific binding by CBF3, and why does an inter-
action that must be highly specific appear to involve so few
conserved bases? Finally, is centromeric DNA bent, and
does this bring elements at CDEI and CDEII into contact
with CDEIII-bound CBF3?

We anticipate that yeast kinetochores will be embedded
in a specialized region of chromatin (Bloom and Carbon,
1982). It is therefore intriguing that the core complex of
CBF3 seems to form a nucleating structure on which a se-
quence-nonspecific p110 multimer can assemble. Perhaps
this p110 multimer can be much larger in cells than the
complex we have observed in vitro. One speculative idea is
that p110 polymers can direct the formation of a centro-



The Journal of Cell Biology, Volume 139, 1997 1396

meric chromatin domain much as Sir3 polymers lead to
the assembly of a silent region of chromatin (Hecht et al.,
1996). To address these issues, the association of CBF3 with
other centromere elements must be studied, and the struc-
ture of the CBF3–DNA complex in the context of an in-
tact kinetochore in a living cell needs to be examined.
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