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ABSTRACT Yeast centromeric DNA (CEN DNA) binding
factor 3 (CBF3) is a multisubunit protein complex that binds
to the essential CDEIII element in CEN DNA. The four CBF3
proteins are required for accurate chromosome segregation
and are considered to be core components of the yeast
kinetochore. We have examined the structure of the CBF3-
CEN DNA complex by atomic force microscopy. Assembly of
CBF3-CEN DNA complexes was performed by combining
purified CBF3 proteins with a DNA fragment that includes the
CEN region from yeast chromosome III. Atomic force micros-
copy images showed DNA molecules with attached globular
bodies. The contour length of the DNA containing the complex
is =~9% shorter than the DNA alone, suggesting some winding
of DNA within the complex. The measured location of the
single binding site indicates that the complex is located
asymmetrically to the right of CDEIII extending away from
CDEI and CDEII, which is consistent with previous data. The
CEN DNA is bent ~55° at the site of complex formation. A
significant fraction of the complexes are linked in pairs,
showing three to four DNA arms, with molecular volumes
approximately three times the mean volumes of two-armed
complexes. These multi-armed complexes indicate that CBF3
can bind two DNA molecules together in vitro and, thus, may
be involved in holding together chromatid pairs during mi-
tosis.

Accurate chromosome segregation in mitosis and meiosis
depends on the correct assembly of kinetochores on centro-
meric DNA (CEN DNA). During cell division, these structures
attach chromosomes to the microtubules of the mitotic spindle
and move the replicated chromosomes to opposing spindle
poles.

The minimal functional centromere in the budding yeast
Saccharomyces cerevisiae contains a 125-base-pair sequence
(CEN) present once on each chromosome, which is organized
into three domains: CDEI, CDEII, and CDEIII (Fig. 14)
(reviewed in ref. 1). CDEIII is an essential CEN DNA
sequence element that provides the specific binding site for the
multisubunit-protein-complex CEN DNA binding factor 3
(CBF3; ref. 2). The CBF3 complex consists of four proteins:
Cbf3a (Cbf2p, NdclOp, Ctfl4p), Cbf3b (Cep3p), Cbf3c
(Ctf13p), and Cbf3d (Skplp). Mutations in the central CCG
triplet of CDEIII, which inactivate the centromere in vivo, also
interfere with CBF3-CEN DNA complex formation in vitro
(2). Structures identifiable as kinetochores have not been
imaged in yeast cells, nor have images previously been ob-
tained of the CBF3—-CEN DNA complex assembled in vitro.
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In this paper, we describe the use of atomic force microscopy
(AFM; also called scanning force microscopy) to probe the
organization of the CBF3—-CEN DNA complexes. We find that
binding of the CBF3 proteins is associated with DNA short-
ening and bending. The location of the center of the CBF3
complex relative to the CDEIII site was found to be quite
asymmetric, corroborating previous findings from DNase pro-
tection and DNA-protein crosslinking studies (2, 3). Addition-
ally, we encountered evidence of joining or pairing of CEN
DNA molecules by the CBF3 proteins. AFM has been suc-
cessfully used to image biological samples in air or in liquid
(4-8), and our findings further demonstrate that this imaging
method is a powerful tool for the study of macromolecular
assemblies and their interactions (9-16).

MATERIALS AND METHODS

Preparation of CBF3 Proteins. Cbf3a, Cbf3b, and Cbf3c/d
complex proteins tagged with 6-10 histidine residues were
overexpressed and purified from Pichia pastoris, Escherichia
coli, and S. cerevisiae, respectively, according to the procedure
described in ref. 23.

Preparation of CEN DNA Fragments and pUC19 DNA
Beads. A linear DNA restriction fragment containing yeast
centromere III was obtained from a Ndel-Af/II1 digest of
pRNO055 (17) and used for formation of the CBF3-CEN DNA
complexes. This 914-bp DNA fragment has a single binding
site for CBF3, and the central CCG triplet in CDEIII is located
489 bp (161 nm) from one end (Fig. 14). For the control
experiments, a mutated CEN DNA fragment containing a 3-bp
deletion of the essential CCG was isolated from a Ndel-AfII11
digest of pSF137 (a gift of Peter Sorger, Massachusetts Insti-
tute of Technology, Cambridge, MA). DNA fragments were
incubated with the Klenow fragment of DNA polymerase I and
dNTPs to convert overhanging single-stranded DNA to blunt
ends. The restriction fragments were then purified by electro-
phoresis on 0.8% agarose gels and isolated by electroelution,
extracted twice with phenol/chloroform, precipitated with
ethanol, and redissolved in TE buffer (10 mM Tris-Cl, pH
8.0/1 mM EDTA). DNA samples were filtered through
0.025-um Ultrafree-Probind membrane filters (Millipore)
prior to use.

pUC19 DNA-coated beads were prepared by linearizing
pUC19 with EcoRI, derivatizing the DNA by filling in the
restriction end with biotin-14-dATP (Life Technologies), and
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Location of the CBF3 complex on yeast CEN DNA. (4) Scaled diagram of the linear 914-bp CEN DNA Ndel/AfIIII restriction fragment

showing the locations (in nanometers, numbered from the left) of CDEI, CDEII, and CDEIII. (B) Scaled diagrams illustrate this DNA molecule
containing a CBF3 complex. The region of DNA covered by the CBF3 complex is indicated by a circle and the 23-nm reduction in contour length
is indicated by a vertical arrow within the circle. The diameter of the circle shows the width of the complex at half-maximal height. The vertical
stripes on each side of the circle indicate the apparent width of the base of the CBF3 complex, which is broadened by an amount comparable to
the width of the AFM tip. In diagram B-1 the location of the complex relative to CDEI and CDEIII assumes that the long DNA arm extends to
the left of CDEIIL. In B-2, it is assumed that the long DNA arm extends to the right of CDEIII. All measurements are in nm. The core and extended

complexes are indicated according to refs. 2 and 3.

incubating 400 ug of biotinylated DNA with 0.2 ml of strepta-
vidin agarose beads (GIBCO/BRL).

Assembly of CBF3—-CEN DNA Complexes for AFM Analysis.
CBF3 proteins were added to a buffer containing 40 mM
Na-Hepes, pH 7.6, 10 mM MgCl,, 10% glycerol, 92 mM KCl,
16 mM NaCl, plus the appropriate CEN DNA fragment.
Proteins were added to CEN DNA in a molar ratio (Cbf3a/
b/c/d/DNA) of 3:3:1:1:1. This mixture was incubated for 20
min at room temperature in the presence of 10 ul of pelleted
pUCI19-coated agarose beads (as nonspecific DNA competi-
tor). Following the incubation, an aliquot of the mixture was
pipetted from the tube without disturbing the agarose beads
that had settled to the bottom, then diluted 10-fold into 40 mM
Na Hepes, pH 7.6, 10 mM MgCl,, and 20-ul aliquots were
immediately deposited on mica. After 2 min in a humidifying
chamber, the mica disc was washed with 1 ml of MilliQ water
(Millipore) and dried briefly in a stream of compressed and
filtered air. All samples were further dried in a 2-liter glass
dessicator in the presence of P,Os for 5 min.

Sample Preparation for Proteins. A 20-ul drop of the
solution containing the purified Cbf3a protein was pipetted
onto freshly cleaved mica and rinsed with 1 ml of MilliQ water
after 2 min. The Cbf3a was also spread on freshly cleaved mica
by the action of the cationic detergent cetylpyridinium chloride
as described previously (18).

E. coli RNA polymerase elongation complexes were formed
with a 373-bp DNA template according to the procedure
described in refs. 8 and 19.

AFM (Tapping Mode). In tapping-mode AFM, a tip on the
end of an oscillating cantilever briefly touches the surface
during each oscillation as it scans the sample. The cantilever is
modulated sinusoidally at high frequencies. Its response is used
as the input to a feedback loop, adjusting the piezo height such
that the vibration amplitude stays constant. This mode is
analogous to the constant deflection mode in conventional

AFM. Tapping-mode AFM was performed in dry nitrogen
using a Nanoscope III Multimode-AFM (Digital Instruments,
Santa Barbara, CA) with an E-type vertical-engage piezoelec-
tric scanner having a maximal lateral range of 12 wm. Standard
silicon cantilevers 125 um in length were used. Cantilever
oscillation frequency was tuned to the resonance frequency of
the cantilever (280-350 kHz). The 512 X 512 pixel images were
captured with a scan size between 0.6 and 2 um at a scan rate
of 1 to 2 scan lines per sec. Images were acquired simulta-
neously with the height and the phase signals.

Images were processed by flattening using NANOSCOPE
software (Digital Instruments) to remove background slope.
Height, full width at half-maximum height (FWHM), and
volume of the CBF3, and average height and width of the DNA
molecules were measured with the NANOSCOPE software. In
the analysis of cross-sections, the FWHM measurements were
used as a first-order compensation for the systematic distor-
tions introduced by the conical tip geometry (20). The contour
length of DNA molecules was measured using NIH-IMAGE
software v.1.59 (National Institutes of Health). Arm length
percentages were calculated relative to the total length of
DNA molecules within the same scan.

The DNA bending angles at the protein binding sites were
measured with NIH-IMAGE software by drawing lines through
the DNA axes on both sides of the protein and measuring the
angle at their intersection (21). The DNA bending angle 6 is
then defined as § = 180 — a. A second criteria was used to
measure the bend angles in free DNA and CBF3-CEN DNA
complexes. The orientational bias of the complex was evalu-
ated by determining whether the angle formed between the
DNA arms, when measured in a clockwise manner from the
short to the long arm, was greater or less then 180°. Those that
formed an angle less than 180° were classed as left-handed
complexes and those that formed angles greater than 180° were
classed as right-handed complexes (8).
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The apparent molecular volumes of the protein complexes
were measured by using the NANOSCOPE software in two ways.
In using the bearing analysis software, the volumes of the
molecules were measured from the top to the half-maximum
height, and this value was doubled to obtain a corrected
bearing volume. In a second method, after obtaining the height
and FWHM, the molecular volume was calculated by treating
the molecule as a segment of a sphere, as shown in Eq. 1 (22):

V.= m(h/6)[3r* + h?], [1]

where V. is the molecular volume, and / and r are the height
and the radius of the protein, respectively. The radius r is half
of FWHM.

In addition, the theoretical molecular volume was calculated
from the protein’s molecular weight, as shown in Eq. 2 (22):

Vaw = (MoNo)(Vy + dV>), [2]

where M, is the molecular weight, N, is Avogadro’s number,
V1 and V, are the partial specific volumes of the individual
protein (0.74 cm3g~1) and water (1 cm3-g~!), respectively, and
d is the extent of protein hydration (0.4 mol of H,O per mol
of protein).

Statistics. Data are given as mean values = SEM. Significant
differences in the results were evaluated by applying both
Student’s ¢ test and the Wilcoxon test when applicable (P <
0.05). We have analyzed 40 uncomplexed DNA molecules and
94 CBF3-CEN DNA complexes.

Proc. Natl. Acad. Sci. USA 96 (1999) 3759

RESULTS

AFM Imaging of CBF3 Complexes on Linear Fragments of
CEN DNA. A linear 914-bp DNA restriction fragment con-
taining a single copy of the centromere region of yeast
chromosome 3 was combined with purified CBF3 proteins to
form CBF3-CEN DNA complexes that could be analyzed by
AFM (see Materials and Methods). The CDEIII element, which
contains the DNA sequence that is most critical for CBF3
protein binding, is located near the center of the fragment (Fig.
1A4). AFM images of these preparations revealed asymmetri-
cally positioned conical structures that appeared to straddle a
large proportion of the population of DNA molecules bound
to the mica surface. Representative examples of these protein—
DNA complexes are shown in Fig. 2. We identified these
structures as CBF3 complexes because they were only ob-
served in DNA samples that had been preincubated with a
mixture of the four CBF3 subunit proteins. Protein-DNA
complex formation required the addition of Cbf3a, Cbf3b, and
Cbf3c/d, consistent with previous results from gel-mobility
assays (23). Additionally, no complexes were found on CEN
DNA fragments that lacked the central CCG of CDEIII, nor
did these altered DNA fragments bind CBF3 in gel-mobility
shift assays (ref. 24 and unpublished results).

The CBF3 protein complexes had outer diameters of 51 *
1.7 nm (mean = SEM, n = 94) and a FWHM of 21.8 * 0.7 nm,
as measured from AFM images. The measured heights of the
complexes were 4.1 = 0.1 nm.

F1G. 2. AFM images of CBF3-CEN DNA complexes on mica. The images are presented as line plots at a 30° viewing angle to emphasize

topography. Height is indicated by the gray-scale code bar.
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Differences in Contour Lengths of DNA with and Without
the CBF3 Complex. The apparent contour lengths of DNA
molecules that lacked any visible bound proteins (free DNA)
and those with bound proteins (complexed DNA) were mea-
sured from the AFM images. These measurements yielded
normal distributions to which a Gaussian fit and a ¢ test could
be applied. The apparent contour length for the free DNA was
301.7 = 2.0 nm. The measured length for the free DNA
corresponded to a helical rise of 0.33 = 0.01 nm/bp, which is
in good agreement with the expected value of 0.34 nm/bp for
B-DNA (25). The apparent contour length of complexed DNA
molecules in the same sample was 23 nm less than that of free
DNA (278.9 = 2.6 nm). This difference was statistically
significant, indicating that the binding of the CBF3 complex
produces shortening of CEN DNA.

Location of the CBF3 Complex on CEN DNA. The location
of the CBF3 complex relative to the DNA ends was determined
by measuring the contour length of the two arms extended to
either side of the complex. The contour lengths of the arms
from the edge of the complex to the ends of the DNA molecule
were 146 = 2.3 nm and 81.6 = 1.7 nm, respectively. These DNA
arms represented 48% and 27%, respectively, of the length of
the uncomplexed DNA molecule. Thus, the sum of both arms
is 25% less than the contour length of the free DNA fragment
(uncomplexed). This suggests the presence of a large region of
contact between the proteins and the DNA molecules, al-
though the actual dimensions of the protein-DNA complex are
likely to be less than indicated by our results because of the
presence of AFM tip-induced broadening effects (see Discus-
sion and refs. 26 and 27). The outer diameter of the CBF3
complex (=50 nm) is ~17% of the length of the uncomplexed
DNA. Measured from the geometric center of the complex, the
protein was found to break the DNA into unequal arms of
171.8 = 2.2 nm and 107 = 1.7 nm. The center of the CDEIII
region on this linear template is located 161 nm from one end
of the uncomplexed DNA molecule. Thus, even accounting for
the DNA shortening that occurs with the protein binding, the
center of the protein complex does not coincide with the center
of CDEIII (see Discussion and Fig. 1B).

DNA Bending and Conformation of the CBF3—-CEN DNA
Complexes. Images of CBF3-CEN DNA complexes revealed a
distinct bend in the DNA molecules at the CBF3 binding site (Fig.
2). Measurements of the DNA bending angles yielded a broad
distribution with an apparent bending angle of 55° + 3.6° (Fig. 3).
To determine if the bend was an inherent characteristic of this
specific DNA molecule, representative molecules lacking com-
plexes were examined for bending, using a mask centered at 171.8

0=180-a
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nm from either end as the presumptive bend site. Uncomplexed
DNA molecules showed a bend angle distribution centered at 0°,
similar to results reported by other authors (14, 21). This suggests
that the bending observed on the complexed DNA molecules was
dependent on the binding of CBF3.

The bending angle and presence of two DNA arms of unequal
length made it possible to determine if there was an orientational
bias in the attachment of the CBF3-CEN DNA complex to the
mica surface. Measuring angles in a counterclockwise direction
starting from the short segment of the complexed DNA, we found
that 39% of the complexes were right-handed versus 60% left-
handed (see Materials and Methods). An equal distribution of
right- and left-handed molecules would be expected if all sides of
the complex bound with equal affinity to the surface. Our results
indicate that no significant bias exists.

Molecular Volume of CBF3-DNA Complexes. The apparent
molecular volume of the protein—-DNA complex was measured
from AFM images of CBF3—-CEN DNA complexes. Measure-
ments of 94 complexes by using the bearing volume analysis
method (see Materials and Methods) yielded an average ap-
parent molecular volume of 897 = 47 nm?. The average value
for the molecular volume calculated from the height and width
measurements of the complexes as applied to the formula for
a segment of a sphere (see Materials and Methods) was 886 =+
68 nm3. The distribution of measured volumes for the 94
complexes is shown in Fig. 4.

To determine whether this method generated reasonable
protein volume measurements, we used purified Cfb3a protein
and E. coli RNA polymerase. The result for the measured
molecular volumes of the Cbf3a protein spread with or without
detergent was 279 = 35 nm? (bearing volume analysis method).
The average values for the molecular volume calculated from
the height and width measurements of the Cbf3a molecules as
applied to the formula for a segment of a sphere (see Materials
and Methods) were 224 + 12 nm3 in the absence of detergent
and 219 = 25 nm? in the presence of the detergent. For 53
complexes of RNA polymerase, we found a measured molec-
ular volume of 882 = 63 nm?. The theoretical molecular
volumes of monomeric Cbf3a and RNA polymerase calculated
from their molecular weight, partial specific volume, and
extent of hydration are 212 nm?3 and 851 nm?, respectively (see
Materials and Methods), in reasonably good agreement with the
experimentally determined values.

Multi-Armed CBF3-CEN DNA Complexes. Approximately
12% of the protein-DNA complexes observed in our prepa-
rations contained more than two DNA arms (Fig. 5). Approx-
imately equal numbers of three- and four-armed complexes

L e o B L L B L I I I B B R R
: \
14 §
: \
12f N
g | \
2o §
[-9 B e
g | N
g ot \
%s; §
£ N
£ NN
E L X
&
nd_ §
NN
1
2t N

DNA bending angle (degrees)

F16.3. CEN DNA is bent at the site of CBF3 binding. (Left) A typical CBF3—CEN DNA complex showing the measured angle « and its relation
to the bend angle 6. (Right) Histogram of the DNA bend angles measured from AFM images of 94 CBF3-CEN DNA complexes.
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Fic. 4. Molecular volumes of CBF3—-CEN DNA complexes. His-
togram of the calculated volumes of the CBF3—-CEN DNA complexes
using the bearing volume method to analyze the AFM images (see
Materials and Methods).

were observed. Two short and two long arms were observed in
the four-armed complexes, indicating that they are formed by
the fusion of the protein masses of a pair of two-armed
complexes.

The apparent height for these complexes is 7.3 = 0.4 nm, the
width at half height is 28.7 = 1.1 nm, and the measured volume
is 2600 = 288 nm?. Thus, the average height is nearly twice the
height of two-armed complexes, the width at half height is
slightly greater than that of two-armed complexes, and the
average volume is about three times the average measured
volume for two-armed complexes.

DISCUSSION

Visualization of individual biological molecules by AFM has
been used successfully to reveal details of protein—protein and
protein—-DNA interactions in a number of systems (4-7, 28).
We have examined the interaction between the yeast CBF3
multisubunit protein complex and CEN DNA to directly
answer questions relating to the conformation of DNA in the
CBF3-bound state, and to determine the dimensions and
volume of the protein complex. Volume measurements can be
used to calculate the molecular mass of the complex and the
most likely subunit stoichiometries.

The outer diameter of proteins and the width of DNA mea-
sured from AFM images is broadened by an amount comparable
to the width and shape of the microtip used to image them (26,
27). The width of the probing tip can be estimated from width
measurements of DNA molecules in the AFM images. We
measured the width of 40 DNA molecules in our samples and

100 nm

Proc. Natl. Acad. Sci. USA 96 (1999) 3761

obtained a mean value of 10.3 = 0.3 nm. The diameter of
double-stranded DNA obtained from x-ray crystallography data
is 2.4 nm (25). Thus, it was estimated that tip broadening would
contribute at least 8 nm to the apparent width of the CBF3
complex on the DNA. Additionally, the observed height of the
DNA was 0.5 £ 0.01 nm, indicating that the tip compresses the
DNA, as has been observed previously when AFM was used to
image DNA molecules. To correct for tip-induced errors when
calculating protein volumes, FWHM measurements have been
used instead of full width (22). Thus, the FWHM measurement
for CBF3 (21.8 nm) is probably a reasonable estimate of its actual
diameter.

We determined that binding of the CBF3 complex to CEN
DNA resulted in a statistically significant 23-nm reduction of
the length of linear DNA fragments. This is equivalent to ~70
bp of DNA. Other examples of protein-induced shortening of
DNA have been reported and are thought to involve a nu-
cleosome-like wrapping of the DNA around a protein core (29,
30). Making the assumption that the diameter of the complex
is approximately 22 nm, the length of DNA that would be
required to wrap once around the entire complex would be 69
nm, which is significantly greater than the observed CBF3-
induced DNA shortening (23 nm). Thus, it is unlikely that the
CEN DNA wraps around the entire CBF3 complex; possibly,
the DNA loops or bends among a subset of proteins in the
complex. A 23-nm loop of DNA would have ca. 70 bp. This is
similar to the number of base pairs of CEN DNA (56—80 bp)
that appear to interact with CBF3, based on DNase footprint-
ing (2) and DNA-protein-crosslinking studies (3).

Our results show that the binding of CBF3 is not symmetrical
with respect to CDEIII because the contact region extends
primarily to the right of CDEIII, on the CDEII-distal side (see
Fig. 14). From contour-length measurements and the known
nucleotide sequence, the CDEIII site on the 914-bp CEN DNA
fragments lacking complexes would be located between 157
and 165 nm from one end. The center of the bound CBF3
complex divides the fragment into arms of 172 and 107 nm (the
total length is 23 nm shorter than the uncomplexed DNA
molecule, as explained above). Because we do not have a
marker that independently distinguishes the two ends of the
DNA fragments, there are two possible locations for the
complex in relation to the position of CDEIII. The model
shown in Fig. 1B-1 assumes that the long DNA arm extends to
the left of CDEIII (the CDEI side). The DNA region short-
ened by 23 nm is assumed to be at the center of the complex
(see vertical arrow, Fig. 1B), placing the borders of the
shortened region between 172 and 195 nm. A 22-nm-diameter
complex would then extend between 160 and 206 nm, over-
lapping and extending well to right of CDEIII. The alternative
scenario that the long DNA arm extends to the right of CDEIII
(Fig. 1B-2) would place the center of the complex to the left
of CDEI, with the complex extending into CDEII, but not
including CDEIII. The interpretation shown in Fig. 1B-1 is by
far the most likely because it is consistent with the results of
DNase protection and crosslinking studies (2, 3).

_I 00 nm

100 nm

F16.5. Multi-armed CBF3-CEN DNA complexes. AFM images (top views) of complexes containing single and multiple DNA molecules. (Image

sizes are 500 X 500 nm.)
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We also observed that CEN DNA bending was associated
with the binding of CBF3. Evidence for such an interaction
between CBF3 and CEN DNA had not previously been found.
Protein-induced DNA bending is involved in a variety of
functions including transcriptional regulation by upstream
trans-acting factors (31), DNA repair (13), the action of
endonucleases (32), and maintenance of higher order chro-
matin structure (33). CBF3-induced DNA bending might
facilitate interactions between CBF3 proteins and other cen-
tromere proteins, such as Cbflp and Csedp, that have been
shown to interact genetically with CBF3 (34). It has been
speculated that Csedp, a protein with sequence homology to
CENP-A and histone H3, may be involved in the folding of
CEN DNA into a nucleosome-like structure (35). Future AFM
experiments on CEN DNA complexes containing CBF3,
Mif2p, Csedp, and a full histone complement could help
determine if such a model is correct.

Efforts to determine the molecular mass of the CBF3
complex have been hindered by the fact that the formation of
this complex requires binding of the proteins to DNA (23).
With AFM, the molecular mass of the CBF3 complex can be
estimated from its measured molecular volume. The molecular
mass can be estimated by using a published standard curve that
has the molecular volumes from AFM of proteins with known
molecular masses (22). Using this method with our molecular
volumes for E. coli RNA polymerase, we estimate a molecular
mass of ~480 kDa, which is in good agreement with the known
value of ~450 kDa (36).

For the Cbf3a protein, we obtained an estimated molecular
mass of ~120 kDa, which is close to the predicted molecular mass
of 110 kDa (37, 38). Although the Cbf3a protein exists in solution
as a multimer (23), apparently it binds to the mica surface as a
monomer in the presence of detergent or at low ionic strength.

For the CBF3 protein complex, the apparent molecular mass
was ~480 kDa. This exceeds the size expected for a complex
composed of four monomers and is similar to the hypothetical
molecular mass of the CBF3 core complex as modeled by Espelin
et al. (3), containing two molecules of Cbf3a, two Cbf3b, one
Cbf3c, and one Cbf3d (total of 430 kDa). Only a single size
population was apparent from our volume-distribution results
(Fig. 4), but the wide range of this distribution could indicate the
presence of complexes with a variety of subunit stoichiometries.

A significant number (12%) of the CBF3-CEN DNA com-
plexes had either three or four DNA arms (Fig. 5), suggesting
that dimerization of the DNA was occurring. The CBF3
protein complexes on these three- and four-armed structures
were also two to three times as large as the CBF3 complexes
on two-armed structures. Naked DNA molecules in prepara-
tions lacking CBF3 proteins did not interact with the frequency
with which the multi-armed complexes were observed, sug-
gesting that the interaction was mediated by interactions
between CBF3 proteins bound to centromeres on two DNA
molecules. We assume in the case of the three-armed com-
plexes that one arm is not visible because it is under the
complex. It is possible that these multi-armed complexes could
be responsible, at least in part, for the lower mobility bands
that have been observed in gel-shift assays with CBF3 and CEN
DNA (2, 3, 24, 39). Alternatively, these dimer molecules could
be too large to penetrate polyacrylamide gels or too unstable
to survive gel electrophoresis. Thus they would not be detected
in standard DNA-fragment mobility-shift experiments. It is
tempting to speculate that CBF3 proteins could be involved in
sister chromatid cohesion, although no in vivo evidence cur-
rently supports a direct role of these proteins in this process.
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