Molecular Biology of the Cell
Vol. 20, 4131-4139, October 1, 2009

Function and Assembly of DNA Looping, Clustering, and
Microtubule Attachment Complexes within a Eukaryotic
Kinetochore

Marybeth Anderson, Julian Haase, Elaine Yeh, and Kerry Bloom

Department of Biology, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599-3280

Submitted May 1, 2009; Revised July 21, 2009; Accepted July 23, 2009
Monitoring Editor: David G. Drubin

The kinetochore is a complex protein-DNA assembly that provides the mechanical linkage between microtubules and the
centromere DNA of each chromosome. Centromere DNA in all eukaryotes is wrapped around a unique nucleosome that
contains the histone H3 variant CENP-A (Cse4p in Saccharomyces cerevisiae). Here, we report that the inner kinetochore
complex (CBF3) is required for pericentric DNA looping at the Cse4p-containing nucleosome. DNA within the pericentric
loop occupies a spatially confined area that is radially displaced from the interpolar central spindle. Microtubule-binding
kinetochore complexes are not involved in pericentric DNA looping but are required for the geometric organization of
DNA loops around the spindle microtubules in metaphase. Thus, the mitotic segregation apparatus is a composite
structure composed of kinetochore and interpolar microtubules, the kinetochore, and organized pericentric DNA loops.
The linkage of microtubule-binding to centromere DNA-looping complexes positions the pericentric chromatin loops and

stabilizes the dynamic properties of individual kinetochore complexes in mitosis.

INTRODUCTION

The kinetochore is a protein-DNA structure composed of
>14 multiprotein complexes and CEN DNA (Bouck et al.,
2008; Cheeseman and Desai, 2008). Although centromere
DNA ranges in size from 0.125 kb in budding yeast, 6-9 kb
in Candida albicans, 40-100 kb in Schizosaccharomyces pombe,
400 kb in Drosophila melanogaster, to 2000—4000 kb in humans
(Kitagawa and Hieter, 2001; Joglekar et al., 2008), the con-
served feature among all centromeres is the incorporation of
the histone H3 variant CENP-A into centromeric nucleo-
somes. The single Cse4p nucleosome (Furuyama and Big-
gins, 2007) lies at the apex of the intramolecularly paired
centromeric loop in budding yeast (Yeh ef al., 2008). This
loop reflects a cruciform configuration of pericentric chro-
matin that positions Cse4p on the outer surface of the chro-
mosome. In Drosophila, C. elegans and mammalian centro-
meres CENP-A nucleosomes are interspersed with canonical
H3-containing nucleosomes, leading to a three-dimensional
structure that results in positioning CENP-A on the outside
of the chromosome (Sullivan and Karpen, 2004).

The geometry provided by dispersal of CENP-A creates a
platform for kinetochore protein recruitment (Moore and
Roth, 2001; Sullivan and Karpen, 2004) and capture of dy-
namic microtubules. In budding yeast, a single microtubule
is captured by the kinetochore. Sister kinetochores from the
16 chromosomes are clustered into a diffraction limited spot
within the spindle after microtubule attachment and biori-
entation. Growing evidence suggests that the geometrical
organization of the kinetochore in mitosis and meiosis is
dictated by cohesion within the pericentric region (Indjeian
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and Murray, 2007; Sakuno ef al., 2009). An alternative hy-
pothesis is that inner centromere DNA binding complexes
specify the critical geometry. The budding yeast centromere
DNA binding proteins include Cse4p/CENP-A, the CBF3
complex (composed of Ndc10p, Ctf13p, Ctfl4p, and Cep3p),
and Mif2p/CENP-C and define the inner kinetochore. CBF3
has been shown to induce a 55° bend in centromere DNA in
vitro (Pietrasanta ef al., 1999). In mammalian cells, the inner
centromere protein CENP-B induces a bend in alphoid sat-
ellite DNA upon binding to the CENP-B box (17-bp repeat in
alphoid DNA) (Tanaka et al., 2001) and facilitates CENP-A
assembly on centromeres de novo (Okada et al., 2007). Al-
though these inner centromere DNA binding proteins are
not conserved at the sequence level, their propensity to bend
DNA may be indicative of a conserved function in organiz-
ing centromere DNA in a path conducive for looping.

The inner kinetochore DNA-binding complexes interact
with several linker complexes, including COMA (Ctf19p,
Okplp, Mcm21p, the essential protein Amelp), COMA-as-
sociated proteins (Mcm19p/Iml3p, Nkplp/Nkp2p, and
Chl4p), and MIND (Mtwlp, Nnflp, Nsllp, Dsnlp), and
Spcl05p. At the microtubule plus-end, the outer kineto-
chore complexes include NDC80 and DAM-DASH. The
NDC80 complex is a microtubule-associated tetramer, con-
taining Spc24p, Spc25p, Nuf2p/hNuf2p, and Ndc80p/Heclp
(Westermann et al., 2007; Joglekar et al., 2008). DAM-DASH is a
decameric complex of essential proteins, including Ask1p, that
has the ability to form rings around microtubule plus-ends in
vitro (Miranda ef al., 2005; Westermann et al., 2005). In vitro
chromatin immunoprecipitation (Chlp) experiments and flu-
orescent localization dependencies have provided much
insight into the hierarchical organization and epistatic
relationship among these kinetochore complexes (He et
al., 2001; De Wulf et al., 2003; Westermann et al., 2003,
2007). However, epistasis analysis of gene order or local-
ization does not result in simple interpretations of com-
plex assemblies, especially in cases where the structure

4131



M. Anderson et al.

3.00

2.50

Figure 1. Kinetochore protein requirements

for centromere-loop formation. The looping in-
Chr Il WT 15kb

2.00

Looping Index

o A A
a o O
o O O

0.00

(ChrXl) WT
12.3kb

(Chrlll) nuf2-60  (Chrlll) ame1-4

(Chrlll) ndc10-1

dex accounts for differential efficiency of PCR
reactions with primers for pericentric chroma-
tin versus chromosome arms at an equivalent
ratio of input DNA. The pericentric region of
chromosome III has a looping index of 2.4
(dotted line) (Yeh et al., 2008). Experimental
samples (wild-type [WT], ndc10-1, amel-4, and
nuf2-60) were prepared as described previ-
ously (Yeh et al., 2008). Temperature-sensitive
mutants were shifted to restrictive tempera-
ture (37°C) for 3 h before cross-linking. Ran-

looping index

Uncrosslinked
looping index

dom chromosomal association by using uncross-linked DNA has a looping index of 1.1 (dotted line).

may not be assembled in a linear, or single pathway
(Huang and Sternberg, 2006).

We report here that the inner kinetochore complexes pro-
mote centromere DNA bending, whereas the outer microtu-
bule binding complexes contribute to the spatial positioning
of the pericentric chromatin loops. The kinetochore is assem-
bled by linking preformed protein subcomplexes and the 16
kinetochores in haploid yeast cells cluster at microtubule
plus-ends in each half spindle. On assembly into the kinet-
ochore, the stability of individual complexes is significantly
enhanced. These studies provide new insight into the me-
chanical structure and multiple pathways of assembly of a
eukaryotic kinetochore in vivo.

MATERIALS AND METHODS

All strains (Supplemental Table 2) in this study were constructed in the
YEF473A background (Bi and Pringle, 1996) unless otherwise noted, by using
methods described previously (Mythreye and Bloom, 2003). All strains were
maintained at 25°C, and strains containing temperature-sensitive alleles were
shifted to 37°C for 3 h before imaging.

For imaging, cells were grown to logarithmic growth phase in complete
medium containing glucose (YPD). Cells were harvested by centrifugation,
washed with sterile water, and resuspended in 20-50 ul of sterile water. Cells
were pipetted onto slabs of 25% gelatin containing minimal medium and 2%
glucose as described by Yeh ef al. (1995). A TE2000 microscope (Nikon, East
Rutherford, NJ) with a 1.4 numerical aperture, X100 differential interference
contrast oil-immersion lens (Salmon et al., 2007) was used for imaging. Fluo-
rescent images were acquired by taking five steps along the z-axis at 750-nm
intervals. Exposure times ranged from 300 to 800 ms.

Fluorescence recovery after photobleaching (FRAP) experiments were per-
formed by photobleaching with a 50- to 200-ms laser pulse. Five plane Z series
stacks were acquired before photobleaching, immediately after photobleach-
ing, and at 20-s or 1-min intervals thereafter. To account for photobleaching
due to image acquisition, multiple images were acquired from unbleached
cells as well.

For fluorescence measurements, computer generated pixel regions were
drawn over kinetochore spots and analyzed as described by Hoffman et al.
(2001).

To examine the conformation of centromeric chromatin in nuf2-60, amel-4,
and ndc10-1, cells were shifted to restrictive temperature (37°C) for 3 h.
Chromosome conformation capture (3C) was performed as first detailed by
Dekker et al. (2002). Chromatin was fixed by treating cells with formaldehyde,
and all treatments thereafter were performed as described in Yeh et al. (2008).

RESULTS

Pericentric Chromatin Looping Requires the Inner
Kinetochore Complex CBF3 and Not Microtubule (MT)
Binding

To determine the kinetochore complexes required for peri-
centric chromatin looping, we used the chromosome confor-
mation capture (3C) assay to quantitate intramolecular DNA
looping. 3C experiments were performed as outlined previ-
ously (Dekker et al., 2002; Yeh et al., 2008). Chromatin struc-
ture was fixed in vivo by formaldehyde cross-linking; di-
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gested with the restriction enzyme Xbal; ligated under dilute
conditions; and after reversal of the cross-links, was used as
template for PCR reactions. Using DNA primers from peri-
centric versus arm regions (Supplemental Figure 1), the
relative likelihood that chromatin will adopt a specific con-
formation can be determined from the amount of polymer-
ase chain reaction (PCR) product in the linear range of the
reaction (Supplemental Figure 1). In this way, we define an
index of looping as the ratio of PCR products obtained from
primer pairs in pericentric chromatin versus chromosome
arm primers. A looping index of ~1.0 is indicative of the
random association of chromatin due to thermal motion
(uncross-linked looping index; dashed line in Figure 1). In
uncross-linked samples, the pericentric chromatin has a
looping index of ~1.1, indicating that thermal motion of
pericentric chromatin is no more or less likely than a chro-
mosome arm region to exhibit intramolecular looping (Yeh
et al., 2008). In cross-linked samples, the pericentric chroma-
tin from chromosomes III and XI exhibit about a 2.5-fold
increase in the looping index (chrXI 2.5; Figure 1) [chrlII
dashed line]; Yeh et al., 2008). The looping index reflects an
increased propensity for chromatin 6- to 8-kb flanking either
side of the centromere to adopt a loop conformation and not
an absolute number of molecules looped. To estimate the
fraction of pericentric chromatin looped in vivo, we com-
pared the yield of PCR products from experimental samples
to products from control samples with a synthetic DNA loop
of known concentration (Supplemental Table 1). A mini-
mum of 10% of the pericentric chromatin is looped in vivo.
Pericentric loop formation has been shown to depend
upon Ndcl0p, a constituent of the CBF3 complex (looping
index 1.1, chrlll, ndc10-1; Figure 1) (Yeh et al., 2008). To
examine whether C loop formation is dependent upon other
kinetochore complexes, the looping index for 15-kb seg-
ments of pericentric DNA on chromosome III was deter-
mined in temperature-sensitive mutants of COMA (amel-4)
and the NDC80 complex (nuf2-60) grown at their restrictive
temperature (37°C) for 3 h. Amelp and Nuf2p are essential
proteins of the COMA and NDC80 kinetochore complexes,
respectively (DeLuca et al., 2003; Pot et al., 2005). The in-
crease in looping index seen in wild-type (2.5; Figure 1) was
unchanged in amel-4 (2.1) and nuf2-60 (2.3). Thus, intramo-
lecular looping of pericentric DNA is insensitive to loss of
kinetochore linker complexes or MT attachment.

Density Maps Reveal the Geometry of Pericentric DNA
Loops Relative to the Mitotic Spindle Axis

The organization of cohesin in a cylindrical array about the
spindle predicts a specific geometric arrangement of the
pericentric DNA. Pericentric DNA has been visualized
through integration of a 10-kb LacO array 1.8 kb from the
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Figure 2. Density maps of pericentric LacO to
visualize the geometric arrangement of pericen-
tric chromatin in metaphase and anaphase. The
average position of 10-kb LacO DNA arrays
integrated 1.8 kb from CEN15 was determined
in metaphase and anaphase spindles in vivo.
Metaphase (A) and anaphase (C) spindles are
shown top left and right, respectively. Bar, 1
um. Spindle pole bodies are in red (Spc29-RFP),
and separated pericentric LacO arrays are in
green. The peak intensity (pixel) of each diffrac-
tion limited LacO foci was determined and the
coordinates of the brightest pixel of each spot
were plotted relative to the spindle pole body.
The number and position of LacO foci were
used to generate a positional heat map repre-
senting the range of motion of pericentric LacO
array relative to the spindle pole (metaphase, B;
anaphase D). The frequency distribution of the
brightest LacO pixel is indicated in the color
coded heat map below with red and orange the
most likely and blue and purple least likely
(metaphase, n = 81; anaphase, n = 152). B and
D, insets, the insets in the top right are gray-
scale density maps of the data plotted with
rainbow hues. The gray-scale reduces artifacts
due to the differential visual sensitivity to red,
green, and blue color spectrum (Borland and
Taylor, 2007).

250nm diameter

centromere on chromosome XV in cells containing Lacl
fused to green fluorescent protein (GFP) (Goshima and
Yanagida, 2000). These arrays occur as diffraction-limited
spots between the spindle poles in metaphase and adjacent
to the poles in anaphase (Figure 2, A and C, half spindle)
respectively. The pericentric LacO arrays exhibit microtu-
bule-dependent motion toward and away from the spindle
poles in metaphase (Goshima and Yanagida, 2000; He et al.,
2001; Pearson ef al., 2001). To determine their spatial distri-
bution, we compiled a two-dimensional density map for
LacO foci in a population of metaphase and anaphase cells.
In cells where the kinetochores had bioriented, the peak
intensity (pixel) of each diffraction limited focus was deter-
mined, and the coordinates of the brightest pixel were plot-
ted relative to the spindle pole body (marked with Spc29-
RFP). The distribution of x,y coordinates generates a
positional density map, representing the residence fre-
quency of the pericentric LacO array relative to the spindle
pole (Figure 2, B and D). The frequency distribution in
which the brightest pixel within a single diffraction limited
spot was observed is indicated in the color-coded map (Fig-
ure 2, B and D, red and orange, highest density; blue and
purple, least density). This technique provides the spatial
distribution of a single pericentric chromatin locus within a
large population.

The image of pericentric chromatin in Figure 2B repre-
sents a transverse slice through one-half of the mitotic spin-
dle. The pericentric LacO DNA is cylindrically arrayed and
radially displaced from the central spindle axis, with an
average diameter of approximately 250 nm (ranging up to
480 nm). The least frequently occupied positions are the two
pixels (130 nm) along the spindle axis. The LacO array
occupies a position approximately 405 nm from the spindle
pole, reflecting the average length of metaphase kinetochore
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microtubules (~350 nm) (Pearson et al., 2001). This spatial
arrangement is reminiscent of the organization of the cylin-
der of pericentric cohesin where cohesin is radially dis-
placed from the central spindle (average diameter, ~380 nm)
and delimited by the length of kinetochore microtubules
350—-400 nm from each pole (Yeh et al., 2008).

In anaphase, kinetochore MTs shorten to the spindle
poles, and the pericentric DNA is clustered near the SPB
along the spindle axis (Figure 2D). The LacO foci are no
longer radially displaced from the spindle axis, and the
average distance of the LacO foci is 230280 nm in three
dimensions from the spindle pole (range, 66-325 nm).

Although the outer kinetochore complex is not required
for intramolecular DNA looping, microtubule attachments
may contribute to the spatial organization of pericentric
loops. To determine whether the integrity of the outer ki-
netochore is required for loop position, we examined the
position of pericentric LacO in COMA (amel-4) and NDC80
(nuf2-60) mutants. In single time point assays, the LacO
arrays occur between the spindle poles, indistinguishable
from wild-type cells (Supplemental Figure 2, A and D). On
fluorescence averaging, LacO foci in cells containing a con-
ditional allele of amel-4 or nuf2-60 the pericentric chromatin
is dispersed relative to wild-type (Supplemental Figure 2, B,
C, E, and F). The pericentric chromatin is no longer confined
to a spindle proximal location; instead, it occupies a wider
area along and around the spindle. Likewise, the cylindrical
array of cohesin was dispersed upon loss of the NDC80
complex (nuf2-45; Yeh et al., 2008). Thus, microtubule attach-
ment via COMA or NDC80 is required for the geometric
positioning of pericentric chromatin loops. The findings
that C-loop formation (Figure 1) is separable from loop
positioning (wild type, Figure 2; amel1-4, nuf2-60, Supple-
mental Figure 2) reveal a novel function for the outer
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Figure 3. Functional autonomy of kinetochore complexes. (A)

Classes of kinetochore localization patterns observed using 560%

fluorescence microscopy. The protein components used to rep-

resent each kinetochore complex in this experiment are as 10.0%

follows: CBF3: Ndc10p; COMA: Ctf19p, Nkp2p, Mcm19p; Jl
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Spc24p, Ndc80p; and DAM-DASH: Asklp. Each kinetochore

protein-GFP fusion is shown in green, whereas spindle pole

bodies (Spc29-REP) are shown in red. Boxes i-v represent kinetochore protein localization in wild-type and temperature sensitive mutants
(i, wt; ii, ndc10-1; iii, ndc10-1; iv, nuf2-60; and v, ndc10-1) grown at permissive temperature (25°C). Cells in late anaphase are shown for
comparison. Boxes vi-x represents kinetochore protein localization in wild-type and temperature-sensitive mutants (vi, wt; vii, ndc10-1; viii,
ndc10-1; ix, nuf2-60; and x, ndc10-1) grown at restrictive temperature (37°C) for 3 h. (B) Kinetochore protein localization in ndc10-1 mutants
grown at restrictive temperature (37°C). The complete phenotype is indicated for each kinetochore protein GFP fusion (indicated on abscissa).
The percentages on the graph highlight the predominant phenotype of each protein. The inner kinetochore proteins (COMA and MIND) were
principally lost, whereas outer kinetochore proteins (NDC80 and DAM-DASH) redistributed to the spindle axis. (C) Kinetochore protein
localization in amel-4 mutants grown at restrictive temperature (37°C). The inner kinetochore proteins displayed either a loss of fluorescence
or a declustered localization pattern. The outer kinetochore proteins Spc24p and Asklp displayed spindle axis localization in the majority of
the population. A different member of the COMA complex, Ctf19p, was undetected, indicating a complete loss of COMA in amel-4. (D)
Kinetochore protein localization in nuf2-60 mutants grown at restrictive temperature (37°C). The inner kinetochore proteins displayed a
declustered phenotype. A different member of the NDC80 complex, Spc24p, was undetected, whereas the outer kinetochore protein Asklp
localized along the spindle axis in the majority of the population observed.

kinetochore domain in dictating spatial organization of  given mutant allele at restrictive growth temperature (Fig-

pericentric chromatin. ure 3, B-D). The kinetochores from each of the 16 replicated
sister chromatids in yeast are clustered into two spots sep-
Autonomy of Functional Domains within the Kinetochore arated by an average of 800 nm in metaphase and segregate

The findings that the inner kinetochore promotes intramo- in unison. at anaphase (He et al., 2000; Pearsqn et al.,. 2091)-
lecular pericentric DNA looping and that microtubule at- Several distinct patterns of kinetochore protein localization
tachment dictates loop geometry reveal that the segregation ~ Were observed at the restrictive growth temperature (Figure

apparatus is a composite structure of two dynamic poly- 3A, vi—x). The loss of fluorescence reflects the inability to
mers: DNA and microtubules. Disruption of assembled ki- observe kinetochore protein clusters in the nucleus (Figure
netochores by using temperature-sensitive alleles of the ma- ~ 3Avii). Using two Cse4p molecules per kinetochore as a
jor functional subdomains (DNA bending, ndc10-1; linker =~ numerical standard, fluorescence loss represents <10 mole-
domain, amel-4; and microtubule binding, nuf2-60) reveal cules clustered in a diffraction limit spot (Joglekar et al.,

how the major subdomains interact with their respective =~ 2006). Additional phenotypes observed include loss of ki-
polymer (DNA or microtubule) and with each other. On netochore biorientation, evidenced by one diffraction limited
average, >80% of the cells exhibit loss of function for the spot per cell (Figure 3Aviii); and kinetochore declustering,
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Figure 4. Schematic representation of kinetochore declustering (Ndc10-GFP) in inner (amel-4) versus outer (nuf2-60) kinetochore mutants.

Top (left), distribution of Ndc10-GFP in anaphase. Top (center, right)

, types of Ndc10-GFP declustering events observed in amel-4 (center)

and nuf2-60 (right) indicate differences in the status of microtubule plus-end attachment. Linear declustering is indicative of persistent inner

kinetochore protein interactions along the spindle (center). Bottom,

individual kinetochore-microtubule attachment sites are organized

circumferentially around the spindle microtubules (Yeh et al., 2008). A sagittal cross section of this organization in illustrated beneath each
fluorescence image. Kinetochore proteins and pericentric chromatin are no longer restrained to the spindle axis in nuf2-60 (top and bottom
right). Loss of kinetochore clustering in amel-4 results in dispersion of kinetochore proteins along the spindle axis (center). Cloud declustering

is indicative of loss of microtubule binding (right).

defined as multiple discrete fluorescent foci around (Figure
3Aix) or along the spindle axis (Figure 3Ax). The latter
classification includes linear arrays of fluorescence radiating
from the cell’s spindle pole bodies along the spindle axis that
often extend from pole to pole.

Microtubule Association of the Outer Kinetochore (NDC80
and DAM-DASH) in Absence of Centromeric DNA
Attachment

In the absence of Ndc10p of CBF3, there is complete loss of
kinetochore protein association with CEN DNA as deter-
mined by chromatin immunoprecipitation (He et al., 2001;
Westermann et al., 2003; Cheeseman and Desai, 2008). How-
ever, as observed previously, inner and outer kinetochore
complexes remain assembled in the absence of centromere
binding (De Wulf et al., 2003) and provide a useful assay for
functional autonomy of individual complexes. In ndc10-1,
the outer microtubule-associated proteins (NDC80 and
DAM-DASH) lose clustering and biorientation and are dis-
tributed along the length of the mitotic spindle (Supplemen-
tal Figure 3B, spindle axis ~30% Nuf2p, Ndc80p; 66%
Asklp). Therefore, NDC80 and DAM-DASH remain bound
to microtubules upon detachment of the kinetochore from
CEN DNA (ndc10-1). Two proteins normally associated with
the COMA complex (Nkp2p and Mcm19p) are not detect-
able, whereas Ctf19p of COMA and members of the MIND
complex are undetectable in 50—60% of cells. Ctf19p became
declustered (<20%), and the remaining MIND components
(Mtwlp and Dsnlp) localized to the spindle (<10%) or
retained only one focus (<20%) (Figure 4B).

Loss of COMA Disrupts the Linkage between CBF3 DNA

Binding and DAM-DASH Microtubule Binding Complexes
Inactivation of COMA (amel-4) has been reported to disrupt
the interaction between the inner and outer kinetochore,
without loss of the inner kinetochore binding to centromere
DNA (Pot et al., 2005). In cells containing a temperature-
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sensitive amel-4 allele, kinetochore localization of another
member of the COMA complex (Ctf19p) was lost in 91.7% of
the population. Thus, loss of a single member of COMA
results in loss of another member of the complex. In vivo,
Ndc10-GFP is predominantly declustered in amel-4 mutants
(80%; Figures 3Ax and 4C). The 3C analysis (Figure 1) indi-
cates that intramolecular looping is dependent upon Ndc10p
but not COMA (amel-4). Thus, Ndc10p remains bound and
functional to CEN DNA in the absence of COMA. CBF3
looping function is therefore independent of kinetochore
clustering as well. Loss of fluorescence or less than two foci
was observed in other MIND proteins (Mtw1-GFP, 46% loss,
22% <2 foci) and Spc105-GFP complexes (40% loss, 37% <2
foci). The microtubule binding components (Spc24p of
NDCB80 and Asklp of DAM-DASH, respectively) lost their
ability to accumulate at MT plus-ends and were found pre-
dominately along the spindle axis (Figure 3C).

The declustering of kinetochore subcomplexes indicates
that COMA contributes to the collection of sixteen centro-
meres into one diffraction-limited spot in metaphase, as
proposed previously (De Wulf ef al., 2003). In addition,
COMA is required for the geometric displacement of peri-
centric DNA loops (Supplemental Figure 2, C and F). Thus
COMA functions not only in stabilizing kinetochore-micro-
tubule contacts but also is required for the arrangement of
pericentric DNA loops into a cylindrical array encircling the
spindle microtubules (Figure 2 and Supplemental Figure 2).

Loss of NDC80 Results in Declustering of Unit-
Attachment Site Kinetochores

Nuf2p is an essential member of the NDC80 complex. In
cells containing a temperature-sensitive nuf2 allele (nuf2-60),
kinetochore localization of another member of the NDC80
complex (Spc24p) was lost in 95.7% of the population (Fig-
ure 3D). This result is consistent with the loss of several
proteins of the NDC80 complex upon removal of a single
member of the complex in mammalian cells (DeLuca et al.,
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2002). In the absence of the NDC80 complex, Asklp (DAM-
DASH) distributes along the spindle axis (65.7% of popula-
tion; Figure 3D), indicating that NDCB80 is required for the
kinetochore clustering but not microtubule binding of the
outer kinetochore DAM-DASH complex.

Proteins contained in the inner kinetochore (Ndc1Op)
were declustered in the absence of NDC80 (Fig. 3Aix and D).
The patterns of the inner kinetochore components observed
in nuf2-60 vary from those observed in amel-4 mutants (Fig-
ure 4). The declustering phenotype is marked by multiple,
distinct foci that surround spindle pole bodies (SPBs) or
extension along the spindle axis. Multiple distinct foci that
extend from pole to pole (linear declustering; Figure 4, cen-
ter) are more frequently observed in amel-4 cells (47% of
the 79% declustered Ndc10p; Figure 3C). In contrast, inner
kinetochores exhibiting the declustered phenotype in
nuf2-60 cells usually surround one (or both) of the cell’s
SPBs (cloud declustering; Figure 4, right) but do not ex-
tend along the spindle axis (79% of the 58% declustered
Ndc10p; Figure 3D).

The types of declustering events observed in amel-4 ver-
sus nuf2-60 indicate differences in the status of microtubule
plus-end attachment. amel-4 cells contain chromosomes that
remain attached to kinetochore microtubule plus-end (Pot et
al., 2005). In amel-4, NdclOp remains complexed with
Mtwlp (60% colocalization in cells containing Ndc10-GFP
and Mtw1-Cherry; Supplemental Figure 3), but cells are
unable to cluster individual attachment sites (Figure 4, cen-
ter). In nuf2-60, kinetochore declustering remains localized
to the area surrounding the cell’s SPBs and is not restricted
to the spindle axis (Figure 4, right). Previous Chlp experi-
ments have shown that inner kinetochore proteins (Ndc10p,
Amelp, and Mtwlp) bind to CEN DNA in ndc80-1 cells (De
Wulf et al., 2003). The fluorescence analysis reveals that
Ndc10p largely remains complexed with Mtwlp and
Spc105p in nuf2-60 mutants (66 and 64% colocalization; Sup-
plemental Figure 3). The declustering events observed in
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nuf2-60 reflect retention of inner kinetochore protein com-
plexes at the centromere that lack the ability to bind micro-
tubule plus-ends in the absence of the outer NDC80 com-
plex. Kinetochore proteins can therefore be recruited and
retained at centromeres in microtubule-dependent or inde-
pendent pathways.

Kinetochore Subdomains Are Destabilized upon
Perturbation of Kinetochore Function

Once assembled into a fully functional kinetochore, individ-
ual kinetochore proteins are highly stable, with half-lives of
recovery longer than the duration of metaphase (Pearson et
al., 2004; Joglekar et al., 2006). To test whether this stability is
an inherent property of the individual complexes, versus the
ensemble of kinetochore proteins we used FRAP to deter-
mine protein dynamics in functional versus nonfunctional
complexes. Components from each of CBF3 (NdclOp),
COMA (Ctf19p), or MIND (Mtw1p) in nuf2-60 and NDC80
(Nuf2p), Spc105p, or DAM-DASH (Asklp) in ndc10-1 were
photobleached after 3 h at restrictive temperature. Two
classes of recovery were observed. One class (5/43) resem-
bled unperturbed kinetochores in that no fluorescence re-
covery was observed over 5 min (Figure 5). In 38/43 cells,
67% recovery on average was detected within 5 min (Figure
5). The average halftime of recovery was 49 * 13 s, similar to
that reported for kinetochore microtubules (Maddox ef al.,
2000; Pearson et al., 2006). Decoupling kinetochore proteins
from the centromere DNA (ndc10-1) or microtubule (nuf2-
60) alters the in vivo binding affinity.

Because assembled kinetochore complexes are stable dur-
ing mitosis, we were able to address the mode of kineto-
chore protein segregation upon centromere DNA replica-
tion. Fluorescence intensity ratios of mother to daughter
kinetochore spots within one cell were compared. As shown
in Table 1, in anaphase/telophase the mother/daughter ki-
netochore protein ratio of ~1.00 was observed. This indi-
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Table 1. Fluorescence intensity ratios of mother/daughter kinetochore clusters obtained from FRAP experiments in which an anaphase cell
with a photobleached mother kinetochore spot was observed over time until the mother cell budded and completed S phase

Postbleach

Recovery

Prebleach
Cse4 GFP 0.99 = 0.04,n =20
Dsnl GFP 0.99 = 0.05,n =20
Spcl05 GFP 0.99 = 0.05,n =20
Nuf2 GFP 0.96 = 0.03,n =20
Ndc80 GFP 1.00 = 0.04,n = 20

0.03 £0.17,n =15
0.05*=011,n=18
0.06 =0.24,n=11
0.03*+032,n=14
0.07 x0.19,n =17

132 *+0.11,n=5
097 +0.10,n=4
113 £014,n=7
055*+012,n=>5
0.57 £0.06,n=3

The inner kinetochore proteins (Cse4p, Dsnlp, and Spc105p) have an average ratio prebleach of 0.99 = 0.05, n = 60; postbleach of 0.05 *+ 0.14,
n = 44; and recovery of 1.15 = 0.12, n = 16. The outer kinetochore proteins Nuf2p and Ndc80p have an average ratio prebleach of 0.98* 0.04,
n = 40; postbleach of 0.06 + 0.27, n = 31; and recovery of 0.56 + 0.18, n = 8.

cates that an equal number of fluorescent molecules are
deposited to mother and daughter kinetochores after an-
aphase chromosome segregation. Using relative cell size to
identify mother and daughter cells in an unperturbed cell
cycle, the kinetochore cluster in the mother cell was photo-
bleached in telophase (Figure 6). On average, 96 = 7.05% of
the kinetochore spot was photobleached (Table 1, Post-
bleach). Cells were monitored over time until DNA replica-
tion was complete, as assessed by bud emergence in the next
cell cycle. The fluorescence intensity of the newly replicated
32 kinetochores in the mother relative to the unbleached 16
kinetochores in the daughter was calculated. Csedp recov-
ered the largest extent (1.32 *+ 0.11) consistent with previous
studies, indicating that new Csedp is deposited on both
replicated strands (Supplemental Figure 4) (Pearson et al.,
2004). Representative inner kinetochore proteins (Dsnlp,
Spc105p) recovered to 0.97 and 1.13, respectively (Table 1).
The average recovery of the three inner kinetochore compo-
nents (Cse4dp, Spcl05p, and Dsnlp) was 1.15 = 0.12 (n = 16).
The relative amounts of protein recovery after DNA dupli-
cation indicate that the MIND complex and Spc105p follow
a similar mode of remodeling to Cse4p.

In contrast, the microtubule binding proteins Nuf2p and
Ndc80p recovered to only half the level (~0.50; Table 1) of
the inner kinetochore components. The average recovery of
Nuf2p and Ndc80p was 0.56 = 0.18 (n = 8). Therefore, twice

Pre-Bleach Post-Bleach Post-Bleach

Telophase Telophase S
L~

Figure 6. Pre- and postbleach images of Nuf2-GFP (top) and Cse4-
GFP (bottom) after cell cycle assembly. Prebleach sister kinetochore
clusters of both Nuf2-GFP and Cse4-GFP in a single late anaphase/
telophase cell (left). Postbleach image in late anaphase/telophase of
the mother kinetochore cluster using a 200-ms laser exposure (cen-
ter). Postbleach recovery of Nuf2-GFP and Cse4-GFP fluorescence in

the mother kinetochore cluster after the mother cell budded,
whereas the daughter remained unbudded. Arrow marks new bud.

Nuf2 GFP

Cse4 GFP
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the amount of unbleached Cse4p, Dsnlp, and Spcl05p is
incorporated into new kinetochores relative to the amount of
outer kinetochore proteins (Nuf2p and Ndc80p) after DNA
replication. This indicates that proteins in the NDC80 com-
plex from the previous cell cycle (bleached) are incorporated
into newly assembled kinetochores. The inner centromere
DNA binding complexes are replaced at each division,
whereas outer microtubule binding complexes are redistrib-
uted from prior divisions onto newly duplicated kineto-
chores.

DISCUSSION

The 16 replicated chromosomes in budding yeast orient on
the metaphase spindle in two clusters. Because individual
kinetochores bind a single microtubule, the cluster of 16
kinetochores reflects a higher order level of structural orga-
nization of microtubules and pericentric DNA. The pericen-
tric DNA is radially displaced from the central spindle and
coincident with the position of pericentric cohesin (Figure 2)
(Yeh et al., 2008). The inner kinetochore proteins catalyze
centromere DNA looping but are not sufficient for their
radial displacement. Loss of either the linker or outer do-
mains results in disruption of the spatial restriction of kinet-
ochores and pericentric chromatin. The linker kinetochore
domains are required to cluster the 16 kinetochores into a
diffraction limited spot. We propose that the segregation
apparatus is a composite structure reflecting the integrated
contribution of pericentric chromatin, kinetochore proteins,
and microtubules. The composite of 16 clustered kineto-
chores in budding yeast may be analogous to multiple mi-
crotubule attachment sites within a single kinetochore in
organisms with regional centromeres.

The DNA binding complex CBF3, but not COMA or
NDC80, is required for the centromere DNA loop (Figure 1).
In vitro, CBF3 produces an ~55° bend in CEN DNA as
assayed by atomic force microscopy (Pietrasanta ef al., 1999).
This bend may provide the molecular basis for intramolec-
ular pairing of pericentric chromatin. CBF3 remains bound
to the centromere in the absence of COMA (Pot ef al., 2005),
indicating that the looping function is intrinsic to CBF3 itself.
Although there are no protein homologues of CBF3 complex
in mammalian cells, recent studies regarding the role of the
human kinetochore DNA-binding protein CENP-B in CEN
DNA bending imply that this protein may be functionally
equivalent to the CBF3 complex. Tanaka et al. (2001) showed
that the binding of CENP-B to its target sequence creates a
bend in the DNA of ~59°, similar to the bend induced by
CBF3 binding to the yeast centromere DNA. Therefore, the
function of CBF3 in promoting intrastrand looping and ex-
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tending CEN DNA on the outer surface of the chromosome
may be conserved in the mammalian kinetochore via
CENP-B. These proteins are structurally important for the
integrity of kinetochore function in vivo and provide an
essential geometry required for centromere position and
accessibility to dynamic microtubules.

In metaphase, chromosome biorientation is essential for
the spatial organization of the kinetochore and pericentric
DNA. This requires both the linker domain consisting of the
COMA, MIND, and Spcl05p and the outer NDC80 and
DAM-DASH complexes. MT binding is intrinsic to NDC80
but its restriction to the MT plus end requires association
with centromere DNA via either CBF3 or COMA (Figure 3).
Loss of NDC80 releases chromosomes from plus-end MT
attachment and kinetochores are no longer restrained in a
cluster near the spindle axis and disperse into multiple foci
(Figure 4, right) (De Wulf et al., 2003). Likewise, the pericen-
tric DNA loops are no longer constrained to a cylindrical
array surrounding the spindle microtubules (Supplemental
Figure 2). Although the inner complexes remain at the cen-
tromere, the geometrical arrangements of centromere DNA
clustering and loop displacement are lost in the absence of
microtubule attachment. In contrast, CBF3 is redistributed
primarily to the spindle axis upon loss of COMA (Figure 4,
center). NDC80 remains tethered to the centromere in MIND
disrupted cells (Scharfenberger ef al., 2003), indicating that
microtubule attachment without COMA is not sufficient for
centromere clustering and loop displacement. Thus, COMA,
MIND, and Spcl05p are required for the higher order geo-
metrical arrangement of pericentric loops and efficient plus-
end binding to microtubules.

Once assembled into a functional kinetochore, kineto-
chore proteins do not turnover and do not disassemble until
the next cell cycle (Pearson et al., 2004; Joglekar et al., 2006).
Loss of this structural integrity by decoupling the outer
kinetochore complex (Nuf2p,Asklp,Spcl05p) from the cen-
tromere, or inner kinetochore proteins (Ndc10p, Mtw1p, and
Ctf19p) from MT attachment changes the dynamics of these
proteins to a behavior reminiscent of dynamic microtubule
plus-ends (Figure 5). Thus, kinetochore protein stability is
not intrinsic to an individual complex, rather reflects the
stability of the ensemble. In addition, the difference in re-
covery after photobleaching in late anaphase is indicative of
different modes of protein deposition into newly assembled
kinetochores. The inner kinetochore proteins, including the
histone H3 variant Csedp, are completely replaced at the
kinetochore upon DNA duplication (Pearson et al., 2004). In
contrast, the outer microtubule binding complexes can be
reincorporated from the previous cell cycle.

The kinetochore and surrounding pericentric chromatin
occupy a discrete region in the mitotic spindle. The high
fidelity of chromosome segregation is dependent on inter-
actions between kinetochore and spindle components as
well as the spatial organization of the major polymers, DNA,
and microtubules. This finding expands upon the function-
ality of a eukaryotic kinetochore from a simple microtubule
attachment site to a protein-DNA complex that organizes
the three-dimensional structure of the centromere and peri-
centric chromatin. The kinetochore has classically been
viewed as a protein machine designed to couple chromo-
some movement to depolymerizing microtubules. The work
here reveals that the kinetochore and spindle microtubules
dictate the geometry of pericentric DNA loops to envelop
the central spindle. This structure provides a new perspec-
tive on the architecture of the centromere and how it relates
to the mitotic spindle. In addition, the finding that DNA
loops are an architectural component of the budding yeast
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spindle sheds insight into how point centromeres might
function. Loops from individual chromosomes are clustered
into a specific arrangement in metaphase (Figures 1 and 2).
This configuration may be similar to the architecture of
mammalian kinetochores with multiple microtubule attach-
ment sites per chromosome. The major structural difference
between the yeast and mammalian kinetochores is that cen-
tromere DNA loops on the outer surface of the chromosome
emanate from multiple yeast chromosomes, whereas loops
of mammalian DNA emanate from a single chromosome.
We propose that the organization of point centromeres in
budding yeast kinetochores is structurally analogous to
multiple microtubule attachment site kinetochores found in
higher eukaryotes.
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