
Chromosoma (2003) 111:417–428
DOI 10.1007/s00412-002-0220-6

O R I G I N A L A R T I C L E

Thomas M�ller-Reichert · Ingrid Sassoon ·
Eileen O’Toole · Maryse Romao · Anthony J. Ashford ·
Anthony A. Hyman · Claude Antony

Analysis of the distribution of the kinetochore protein Ndc10p
in Saccharomyces cerevisiae using 3-D modeling of mitotic spindles

Received: 14 June 2002 / Revised: 21 October 2002 / Accepted: 30 October 2002 / Published online: 18 March 2003
� Springer-Verlag 2003

Abstract Ndc10p is one of the DNA-binding constituents
of the kinetochore in Saccharomyces cerevisiae but light
microscopy analysis suggests that Ndc10p is not limited
to kinetochore regions. We examined the localization of
Ndc10p using immunoelectron microscopy and showed
that Ndc10p is associated with spindle microtubules from
S-phase through anaphase. By serial section reconstruc-
tion of mitotic spindles combined with immunogold
detection, we showed that Ndc10p interacts with micro-
tubules laterally as well as terminally. About 50% of the
gold label in serial section reconstructions of short mitotic
spindles was associated with the walls of spindle micro-
tubules. Interaction of kinetochore components with
microtubule walls was also shown for kinetochore protein
Ndc80p. Our data suggest that at least a subset of
kinetochore-associated protein is dispersed throughout the
mitotic spindle.

Introduction

Kinetochores are protein complexes that bind to centro-
meric DNA to ensure the correct segregation of chromo-
somes at mitosis (reviewed by Nasmyth 2002). A

mammalian centromere can be millions of base pairs in
size, and this complexity has hindered the study of
centromere function in animal cells (Cheeseman et al.
2002). The centromere of budding yeast, on the other
hand, is only about 100 bp (Fitzgerald-Hayes et al. 1982).
DNA recognition is carried out primarily at the CDE III
element of the yeast centromere (reviewed by Hyman and
Sorger 1995). CDEIII binds CBF3, an Mr 240,000
multiprotein complex consisting of Ndc10p, Cep3p,
Ctf13p, and Skp1p (Lechner and Carbon 1991). CBF3
is an essential complex as its absence causes the loss of
kinetochore function both in vivo and in vitro and the
disruption of all interactions of kinetochore proteins with
the centromere (Goh and Kilmartin 1993; Sorger et al.
1994; Ortiz et al. 1999). Apart from this complex, many
other components play a role in kinetochore function
(reviewed by Cheeseman et al. 2002). Recent reports have
shown that Ndc80p in association with Spc24p, Spc25p
and Nuf2p forms an evolutionarily conserved multipro-
tein complex, which is part of the central kinetochore and,
like CBF3, essential for the correct segregation of
chromosomes (Janke et al. 2001; Wigge and Kilmartin
2001). Other protein complexes are thought to have a
“linking” function. For example, the Ctf19p complex
(Ortiz et al. 1999) links CBF3 components to the Ctf3p
(Measday et al. 2002) and the Ndc80p complex (Janke et
al. 2001; Wigge and Kilmartin 2001). Finally, the Duo1p/
Dam1p complex appears to be involved in both kineto-
chore function and spindle integrity (Cheeseman et al.
2001a, 2001b; Janke et al. 2002), and the Aurora kinase
type Ipl1p, in a complex with Sli15p, is thought to control
sister kinetochore orientation with respect to the poles
(Tanaka et al. 2002).

Kinetochore complexes in mammalian cells are readily
visible by light and electron microscopy upon their
appearance after breakdown of the nuclear envelope,
when chromatin is condensed (Roos 1973). In contrast, in
Saccharomyces cerevisiae, kinetochores are not visible
during mitosis (Peterson and Ris 1976; Winey et al. 1995)
and the exact time course of their assembly is largely
unknown. Although individual centromere loci in budding
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yeast can be detected by light microscopy, using either in
situ hybridization (Scherthan et al. 1992; Guacci et al.
1994) or expression of green fluorescent protein (GFP)-
fusion proteins (Straight et al. 1997), the structure of the
kinetochore complex in this organism could not be
visualized even by electron microscopy. The aim of this
study was to analyze the distribution of budding yeast
kinetochores during mitosis by electron microscopy using
Ndc10p as a primary target for immunolocalization. The
NDC10 gene has been isolated in a visual screen for
abnormal spindle morphology (Goh and Kilmartin 1993;
Jiang et al. 1993). The phenotype of ndc10-1 cells at
restrictive temperature is detachment of chromosomes
from the spindle, while DNA replication, spindle forma-
tion, anaphase spindle elongation, and cytokinesis con-
tinue essentially normally (Goh and Kilmartin 1993).
Another allele of NDC10, ndc10-2, exhibits anaphase
spindles in which DNA is associated with only one pole
(Sorger et al. 1995). In addition, localization of Mtw1p at
the centromere is dependent on Ndc10p (Goshima and
Yanagida 2000), and centromere clustering in the inter-
phase nucleus is reduced by the ndc10-1mutation (Quan-
wen et al. 2000). In fact, the centromeric association of
most if not all kinetochore proteins is dependent on
Ndc10 protein (He et al. 2001). Therefore Ndc10p is
considered as one of the core components of budding
yeast kinetochores, and homologous proteins have not
been described in either Schizosaccharomyces pombe or
in mammalian systems. To date, Ndc10p has been
localized by light microscopy to structures that resemble
the entire mitotic spindle (Goh and Kilmartin 1993; Zeng
et al. 1999; Goshima and Yanagida 2000). Interestingly,
bilobed localization of kinetochore proteins on either side
of the spindle midzone has been reported (Goshima and
Yanagida 2000; He et al. 2000), and this pattern was
related to the existence of transient sister chromatid
separation. One possibility is that this distribution repre-
sents the sum of the distributions of all the kinetochores
oscillating throughout the spindle. Because kinetochores
are thought to bind to microtubule ends, we were
therefore interested in determining the relationship be-
tween kinetochore localization and microtubule end
interaction. By combining three-dimensional reconstruc-
tion of mitotic spindles with immunoelectron microscopy
of the Ndc10p protein, we show that half of the detected
antigens are associated terminally with the plus end of the
spindle microtubules, while about half of the Ndc10p
protein is clearly associated laterally with microtubule
walls. Using an antibody against Ndc80p, we found that
this kinetochore protein displays a similar pattern of
distribution at the electron microscopy level.

Materials and methods

Yeast strains and growth conditions

The yeast strains and relevant genotypes used were as fol-
lows: THY658, NDC10-GFP::TRP1 (this study); THY697,

Dcdc20::LEU2, GALCDC20::TRP1 (Lim et al. 1998). The
background of all yeast strains is W303A. Green fluorescent
protein tagging of Ndc10p was performed by the lithium acetate
method (Ito et al. 1983) using a previously described NDC10-GFP
fusion plasmid (Zeng et al. 1999). General molecular biology
methods were carried out as described by Sambrook et al. (1989).
Growth media including yeast extract/peptone/dextrose (YEPD)
and yeast extract/peptone containing 2% raffinose and 2% galac-
tose (YEPRG) were prepared as described (Rose et al. 1990). The
wild-type strain expressing the Ndc10p-GFP fusion protein was
grown in YEPD at 30�C. To obtain arrested metaphase spindles,
GALCDC20 cells were grown in YEPRG, centrifuged, and
resuspended in YEPD. Cells were grown for 4 h at 30�C before
harvesting.

Antibodies against kinetochore proteins

The plasmid pGEX-GST-NDC10 was kindly provided by J.
Kilmartin (MRC, Cambridge, UK). It contains the C-terminal part
of the NDC10 gene (amino acids 679–894). It was transformed into
BL21 bacteria and the glutathione (GST)-Ndc10p was renatured,
purified over a GST column, and injected into rabbits. The sera
obtained were subsequently purified over a GST-Ndc10p column
and stored in 50% glycerol at �20�C (Sassoon et al. 1999). We also
used polyclonal antibodies raised against Ndc10p, Ndc80p (Wigge
et al. 1998) and Tub4p, the g-tubulin of S. cerevisiae (all antibodies
kindly provided by J. Kilmartin MRC, Cambridge, UK).

Immunofluorescence light microscopy

We performed indirect immunofluorescence on formaldehyde-
fixed samples (Pringle et al. 1991; Hoyt et al. 1992). Kinetochore
antigens were localized using the polyclonal GST-Ndc10p antibody
and a previously described polyclonal antibody raised against
Ndc80p. We labeled spindle microtubules using a monoclonal anti-
a-tubulin antibody (Sigma; St. Louis, Mo.). Secondary antibodies
for double labeling were a fluorescein-conjugated anti-rabbit
antibody (1:200 dilution) and a rhodamine-conjugated anti-mouse
antibody (1:200 dilution). All fluorescent conjugates were pur-
chased from Sigma (St. Louis, Mo.). Yeast cells were examined
with a Zeiss Axioskop epifluorescence microscope equipped with a
100� PlanApo oil immersion objective lens. Images were digitally
captured using a Colour Cool View camera (Photonic Sciences,
East Sussex). Image processing (i.e. background manipulation) was
done using Adobe Photoshop (San Jos�, Calif.).

Electron microscopy and immunocytochemistry

To preserve the ultrastructure of the spindle apparatus, yeast cells
were high-pressure frozen as described (Ding et al. 1993; Winey et
al. 1995; O’Toole et al. 1997; McDonald and M�ller-Reichert
2002). Cells from mid-log phase cultures were harvested by
vacuum filtration on 0.45 mm Millipore filters. After the cell paste
had been transferred into specimen holders, samples were frozen
using a BAL-TEC HPM 010 High Pressure Freezer (BAL-TEC,
Liechtenstein). Freeze substitution of frozen cells was carried out in
an automatic freeze substitution system (LEICA EM AFS; Leica,
Vienna, Austria) for 3 days in 0.1% glutaraldehyde, 0.25% uranyl
acetate, 0.01% OsO4 in acetone at �90�C (M�ller-Reichert et al.
2000). The freeze-substituted cells were gradually warmed to
�50�C and embedded in Lowicryl resin (HM20). Polymerization of
the resin was performed for 2 days each at �50�C and at 10�C. Thin
sections (50–70 nm) were cut using a Reichert Ultracut Microtome
(Leica, Vienna, Austria). The sections were collected on Formvar-
coated nickel grids and processed for on-section immunolabeling.

For labeling of Ndc10p, we used the GST-Ndc10p antibody. In
addition, we also tried to label Ndc10p-GFP using an affinity
purified polyclonal antibody against GFP (raised by J. Kahana and
P. Silver, Dana-Farber Cancer Institute, Boston, Mass.). Labeling
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with the latter antibody was less efficient, possibly due to
“masking” of the GFP tag in the fusion protein or the composition
of the freeze-substitution cocktail. Using the same antibody against
GFP, we tried to label Mtw1p-GFP and Cse4p-GFP on thin sections
of wild-type cells (Goshima and Yanagida 2000). Due to either the
masking effect or very low accessibility of antigens on the surface
of the thin section, we could not obtain sufficient labeling signal
(see discussion below). For labeling of another kinetochore
component, we used the polyclonal antibody raised against Ndc80p
(Wigge et al. 1998). The polyclonal antibody raised against Tub4p
was used for a control experiment. All primary antibodies were
diluted in blocking buffer containing 0.8% bovine serum albumin,
0.01% Tween 20, and 0.1% fish scale gelatin (Nycomed, Amers-
ham) in PBS. The secondary goat anti-rabbit IgG antibody was
coupled with 10 nm colloidal gold (British BioCell, UK). The
antibody complex was stabilized by 1% glutaraldehyde in PBS.
Immunolabeled sections were poststained with 2% uranyl acetate in
70% methanol for 4 min and Reynold’s lead citrate for 2.5 min.
Samples were imaged using a Philips CM120 (BioTWIN) (Eind-
hoven, The Netherlands) or a JEOL 100CX (Peadbody, Mass.,
USA) electron microscope operated at 80 and 100 kV, respectively.

Serial section reconstruction and data analysis

For three-dimensional reconstructions, 50 nm serial sections of
wild-type cells were imaged in a Philips CM10 electron microscope
operated at 80 kV. The electron microscope was equipped with a
rotating grid holder and a €60� tilting stage. Rotating and tilting of
the specimens allowed us to track microtubules in cross section
from spindle pole body to spindle pole body. The tilt data were
recorded for each image to correct for apparent section thickness.
Images at 64,000� magnification were recorded by a CCD camera
and transferred to a Silicon Graphics work station. Microtubule
tracking, spindle alignment and stacking of the serial data were
carried out as described (McDonald et al. 1991; Winey et al. 1995;
O’Toole et al. 1997). We reconstructed four mitotic spindles of
wild-type cells, ranging in length from 0.6 to 1.2 mm. In the three-
dimensional wild-type models (two models are presented as stereo
view pairs), microtubules were marked as follows: red and green
lines represent microtubules originating from the opposite spindle
pole bodies; blue lines, pole-to-pole microtubules. We also marked
gold particles that represent immunolocalized Ndc10p with yellow
dots, microtubule plus ends with blue dots, and microtubule plus
ends associated with gold markers as pink dots. We determined the
total number of gold particles bound, the total number of

microtubule plus ends, and the number of microtubule plus ends
associated with gold labels. Using the largest reconstructed spindle
(cell no. 1, 1.2 mm), we estimated the percentage of gold in the
spindle that was associated with microtubule plus ends. For each
gold particle, we determined the relative position on individual
microtubules. We binned the data to generate a distribution plot.
We also determined the percentage of gold-label antibodies in the
wild-type nucleus that was associated with spindle microtubules.
We counted the number of gold particles in the visible spindle area
and the number of gold particles dispersed in the nucleus. To
determine the position of Ndc10p in the arrested GALCDC20
spindle, we searched our sections for cells whose spindle apparatus
was oriented parallel to the plane of the section. We chose in
preference those cells that showed the two spindle pole bodies. The
spindle pole body close to the neck region of the duplicating cell
was called “mother”, the opposite spindle pole body was called
“daughter” (Pereira et al. 2001). For each gold particle associated
with the spindle, we measured its distance from the spindle pole
bodies. We binned and normalized the data to show the distribution
of Ndc10p between the two spindle pole bodies. As a control we
mapped the position of Tub4p in the spindle using the same
method.

Results

Ndc10p is associated with microtubules
of forming, short and elongated spindles

Using an affinity-purified antibody that specifically
recognizes recombinant as well as extracted wild-type
Ndc10p on immunoblots (Fig. 1A) (Sassoon et al. 1999),
we performed immunoelectron microscopy on cycling
wild-type yeast cells (Fig. 1B). We found that the
majority of the nuclear gold was associated with micro-
tubules of the mitotic spindle (arrowheads). However, we
also detected gold label dispersed in the yeast nucleus.
We found no indication of specific labeling of compo-
nents of the spindle pole body. Importantly, almost no
labeling was observed at locations in the cytoplasm (c) or
on cytoplasmic microtubules (arrows). About 80% of the

Fig. 1A–C Specificity of immunolabeling. A Immunoblot show-
ing the detection of recombinant (a) and extracted wild-type
Ndc10p (b). The antibody recognizes the full-size protein and
degradation products of the baculovirus-expressed Ndc10p. B
Immunoelectron microscopy showing the localization of Ndc10p in
a wild-type cell. Gold labels (arrowheads) indicating Ndc10p were

found predominantly associated with nuclear microtubules (n).
Ndc10p could not be localized on cytoplasmic microtubules (c,
arrows). C Quantitative analysis of immunolabeling. About 80%
of the intranuclear signal was distributed in the spindle (a).
Roughly, 20% of the colloidal gold was found dispersed in the
nucleus (b). Bar represents 200 nm in B
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nuclear signal was distributed in the spindle (Fig. 1C, a),
while 20% of the signal was dispersed (Fig. 1C, b).

Having shown that Ndc10p can be specifically recog-
nized on Lowicryl sections prepared for immunoelectron
microscopy, we followed the distribution of Ndc10p
through the cell cycle. First, we examined the distribution
of Ndc10p in S-phase. During S-phase, spindle pole
bodies duplicate and microtubules grow out from the old
and the new spindle pole body (Adams and Kilmartin
2000). Two serial sections of a forming spindle are shown
in Fig. 2A, B. Open circles indicate the approximate
centers of the two spindle pole bodies and arrows mark
the “ direction” of the microtubules. After duplication of
the spindle pole body, gold labels were found associated
with microtubules originating from both spindle pole
bodies. Next, we examined short bipolar spindles in the
wild-type nucleus. Two serial sections of a short mitotic
spindle are shown in Fig. 2C, D. We found gold labels
distributed throughout the short spindle (arrowheads). In
these longitudinal sections, Ndc10p appears to be at-
tached to both short and long pole-to-pole microtubules.
In addition, Ndc10p appears to be associated with
microtubule walls as well as with microtubule ends.
Finally we examined long, anaphase spindles. An elon-
gated spindle is schematized in Fig. 3A. The insert shows
a half spindle ranging from the spindle pole body (spb) to
the neck region (nr), as displayed in Fig. 3B, C. In
accordance with light microscopic observations (Goh and
Kilmartin 1993; Zeng et al. 1999; Goshima and Yanagida
2000), we found gold labeling close to the spindle pole
bodies as well as along microtubules of anaphase

spindles. Such a staining pattern was also observed in
telophase-arrested cdc15-2 cells (data not shown). From
these data we conclude that gold is distributed throughout
the length of the spindle microtubules.

Ndc10p is distributed homogenously
in metaphase-arrested spindles

To investigate the distribution of Ndc10p in short
spindles, we labeled spindles arrested at metaphase by
shut off of Cdc20p expression, which results in extremely
synchronous mitotic arrest (Lim et al. 1998). After
shifting the cells from galactose- to dextrose-containing
growth medium, cells synchronously arrest with spindles
of about 2.5 mm in length. For immunofluorescence light
microscopy, we labeled Ndc10p in cycling and arrested
GALCDC20 cells (Fig. 4A). In control cultures growing
in galactose, we found Ndc10p associated with micro-
tubules of short and elongated spindles (white arrow-
heads), thus confirming the results obtained for wild-type
spindles. After cell cycle arrest, we found intensive
Ndc10p signal at the mitotic spindle. The spindle
structure of an arrested GALCDC20 cell as seen by
electron microscopy is shown in Fig. 4B. The spindle has
started to move into the bud region of the nucleus (black
arrowheads). In this micrograph, both spindle pole bodies
can be identified. We describe the spindle pole body most
distant from the neck region as the daughter (d) and the
spindle pole body closest to the neck region as the mother
(m) (Pereira et al. 2001). We analyzed the distribution of

Fig. 2A–D Ultrastructural localization of Ndc10p in forming and
short wild-type spindles. A, B Two serial sections of a forming
spindle. The spindle pole bodies are marked by open circles, and
the “direction” of the two half spindles is indicated by arrowheads.
Labeling of Ndc10p was found on microtubules originating from

both spindle poles. C, D Two serial, longitudinal sections of a short
spindle. Ndc10p (arrowheads) is distributed in the spindle and
appears to be associated with both short and long, pole-to-pole
microtubules. Association of Ndc10p with the spindle pole bodies
was not observed. Bar represents 200 nm in B, D
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Ndc10p labels in longitudinal sections of arrested
GALCDC20 cells (Fig. 4C) and plotted the number of
labels against the position in the spindle (Fig. 4D). The
antigen is distributed homogenously in the arrested
GALCDC20 spindle. As a control, we also mapped the
position of a g-tubulin-like protein in the arrested spindle
(Spang et al. 1996). An electron micrograph shows
labeling of Tub4p at the daughter spindle pole body (Fig.
4E, arrow). Therefore, as for cycling cells, Ndc10p is
homogeneously distributed along the spindle micro-
tubules.

Ndc10p is laterally and terminally associated
with microtubules

One main issue in this work was to determine whether
Ndc10p is associated with the plus ends of spindle
microtubules as expected for a conventional kinetochore
location (Rieder and Alexander 1990; Skibbens et al.
1993). In mitotic spindles, Ndc10p appears to be associ-
ated with short as well as long interdigitating (i.e. pole-to-
pole) microtubules. In addition, we found that Ndc10p
appears to be attached to microtubules throughout their
length in anaphase spindles. These observations suggest
lateral as well as terminal association of Ndc10p with
microtubules. An association with minus ends, however,
is difficult to judge by viewing longitudinal thin sections
through a spindle. Microtubule ends may be “hidden” in
the thin section or artificially “created” during thin
sectioning. To analyze the spatial relationship between
microtubule plus ends and gold label more precisely, we
used serial cross sections of labeled spindles to generate
three-dimensional models (Fig. 5). We reconstructed four
mitotic spindles of wild-type cells, ranging in length from
0.6–1.2 mm and therefore collected before the onset of
anaphase. A three-dimensional model (stereo view) of a
spindle of 1.2 mm length (cell no. 1) is shown in Fig. 5A,
B. Microtubules originating from opposite spindle pole
bodies are displayed in red and green. Microtubules that
are continuous between the spindle pole bodies are shown
in blue. Microtubule plus ends are marked with blue dots,
and immunolabeling of Ndc10p is shown by yellow dots.
Ndc10p labeling found at microtubule plus ends is
marked by pink dots. Confirming our results shown in
Fig. 1, we found that Ndc10p is associated with the
spindle microtubules as well as spread throughout the
nucleus. Because gold labels were found almost exclu-
sively in the nucleus (see above), we interpret this
dispersed signal to reflect endogenous, unbound Ndc10p.

Fig. 3A–C Localization of Ndc10p in longitudinal sections of
wild-type, anaphase spindles. A Diagram of an elongated spindle.
The box marks one half of the spindle from the spindle pole body
(spb) to the neck region (nr) of the duplicated cell as displayed in B
and C. In cells committed to anaphase, Ndc10p can be found along
the length of the microtubules and is not localized predominantly in
a region of the spindle close to the spindle pole body. Bar
represents 250 nm in B, C

421



The distributions of microtubule plus ends, gold labels,
and plus ends with associated gold are shown in Fig. 5C.
A three-dimensional model of a spindle of a total length
of 0.6 mm (cell no. 2) is shown in Fig. 5D, E. The
distributions of microtubule plus ends, gold labels and

gold at microtubule plus ends are given in Fig. 5F. In both
models, gold labeling was found associated with micro-
tubule walls as well as with microtubule plus ends.
Interestingly, labeling of Ndc10p appears to be more
concentrated toward the poles. Quantitative analysis of all

Fig. 4A–F Distribution of Ndc10p in the mitotic spindle of
GALCDC20 cells. A Immunofluorescence images of a cycling
(cylc.) and an arrested (arr.) culture. In cycling cultures, Ndc10p is
associated with microtubules of short as well as long, anaphase
spindles (white arrowheads). Arrested GALCDC20 cells reveal
relatively short spindles with an intense Ndc10p signal. B Structure
of an arrested mitotic spindle, as seen by electron microscopy. Two
spindle pole bodies can be distinguished: the "mother" (m) and the
"daughter" spindle pole body (d). The mother spindle pole body is

found close to the neck region (arrowheads) of the dividing yeast
cell. C Immunolocalization of Ndc10p in the arrested spindle. D
Quantitative analysis of the distribution of Ndc10p in the mitotic
spindle. The antigen was found to be homogenously distributed. E
As a control, the distribution of Tub4p (arrow) was mapped. F
This protein was found almost exclusively close to the sites of
microtubule attachment (Spang et al.1996). Bar represents 250 nm
in A, C, E, 500 nm in B
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three-dimensional models is given in Fig. 6A. The total
number of microtubules appears to be constant in all four
models. However, the total number of gold particles
detected is variable owing to the difference in spindle
length and the on-section labeling technique (i.e., the
inability to detect antigens hidden in the section). The
percentage of microtubule plus ends with gold labels is
given in Fig. 6B. Between 5% and 25% of microtubule
plus ends were found associated with gold labels. We also
looked at the gold label distributed within the spindle
(Fig. 6C). For each gold particle detected, we determined

the relative position on individual microtubules. Analyz-
ing the serial section data of cell no. 1, we found roughly
50% of Ndc10p attached to microtubule walls and 50% of
the signal attached to microtubule plus ends at metaphase.
As a result, serial section reconstruction confirmed the
analysis of short and long wild-type spindles in longitu-
dinal sections. Both methods revealed that Ndc10p
associates with microtubules laterally as well as termi-
nally.

Fig. 5A–F Visualization of
Ndc10p in three-dimensional
models of wild-type mitotic
spindles. A, B Stereopair of a
serial section reconstruction
(cell 1). Microtubules originat-
ing from the opposite spindle
pole bodies are displayed in red
and green. Interdigitating mi-
crotubules are shown in blue.
Microtubule plus ends are
marked with blue dots, immu-
nolabeling of Ndc10p is shown
by yellow dots, and association
of plus ends with gold is indi-
cated by pink dots. Total length
of the spindle is 1.2 �m. C
Distribution of microtubule plus
ends, gold labels, and plus ends
with gold labels. D, E Three-
dimensional model of a spindle
of total length 0.6 �m (cell 2).
F Distribution of microtubule
plus ends, gold labels, and gold
labels at microtubule plus ends.
These data suggest lateral as
well as terminal association of
Ndc10p with microtubules.
Some labeling is also found
spread within the nucleus (i.e.
not bound to microtubules), re-
flecting endogenous Ndc10p.
Bar represents 100 nm in C, F
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Another kinetochore protein, Ndc80p,
is also distributed along spindle microtubules

In order to determine whether the pattern of immunola-
beling obtained was unique to Ndc10p, we decided to

localize another kinetochore-asosciated protein in the
budding yeast nucleus. We choose Ndc80p because this
protein is not a component of the CBF3 complex. Ndc80p
does not bind centromeric DNA, but it is in a complex
that is thought to function at the “ periphery” of
centromeres close to the microtubules (Wigge et al.
1998; Wigge and Kilmartin 2001). In addition, kineto-
chore binding of Ndc80p is dependent on Ndc10p (Janke
et al. 2001). Using a previously described antibody
against Ndc80p (Wigge et al. 1998), we performed
immunofluorescence on wild-type cells. Immunolabeling
of tubulin and Ndc80p is shown in Fig. 7A, B, respec-
tively. The signal is stronger at the poles but nevertheless
present as a faint bar along the spindle. This labeling
pattern is quite similar to the staining pattern obtained for
Ndc10p. To confirm this result, we applied immunoelec-
tron microscopy: Fig. 7C shows labeling of a wild-type
metaphase spindle. Again, the pattern obtained matches
that of spindle protein distribution with gold label
homogeneously distributed throughout the length of the
spindle. Thus, apart from its kinetochore function,
Ndc80p is non-centromerically distributed in the mitotic
spindle. This supports the idea that at least a subset of
kinetochore-associated proteins is dispersed throughout
the mitotic spindle.

Discussion

The purpose of this study was to analyze the distribution
of the kinetochore protein Ndc10p in the S. cerevisiae
nucleus by immunoelectron microscopy. We have pre-
sented evidence that this kinetochore component displays
a non-centromeric localization pattern in the mitotic
spindle. Three-dimensional analysis showed that Ndc10p
was associated with spindle microtubules terminally as
well as laterally. Here, we discuss the problems involved
in labeling kinetochores in budding yeast, the labeling
pattern of Ndc10p relative to other kinetochore compo-
nents, and finally the possible functions of this non-
centromeric distribution.

Strategies to localize kinetochores in S. cerevisiae

Although a number of genetic, biochemical, and in vitro
assays have been used to investigate kinetochore function in
S. cerevisiae, little is known about the precise localization
of kinetochores during mitosis. This lack of information is
mainly due to the fact that chromosomes are not visible
even in electron micrographs of dividing budding yeast
cells (Peterson and Ris 1976; Winey et al. 1995). Therefore,
to localize kinetochores in budding yeast it is necessary to
use an indirect method (i.e., immunoelectron microscopy).
In principle, this method allows the distribution of specific
kinetochore components in the spindle apparatus to be
analyzed. Both pre-embedding and post-embedding label-
ing can be used for immunoelectron microscopy. In pre-
embedding labeling, the efficiency of immunodetection is

Fig. 6A–C Quantitative analysis of the serial section reconstruc-
tions. Four three-dimensional models were analyzed quantitatively.
A Total numbers of ends, gold labels, and microtubule ends with
gold labels. The models show heterogeneity in the number of
colloidal gold particles detected in short spindles. B Percentage of
microtubule plus ends associated with gold labels. Between 5% and
25% of the labeling was found at microtubule termini. C Estimation
of the percentage of gold in the spindle associated with microtubule
plus ends (cell 1). For each gold particle, the relative position on
individual microtubules was determined. The distribution plot
shows that 50% of the signal is associated with microtubule walls
and 50% with microtubule plus ends
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usually quite high, because the antigens are relatively
accessible by primary antibodies. A caveat is that structural
preservation in pre-embedding labeling is not optimal
because microtubules may partially depolymerize during
chemical fixation. Because we wanted to determine
whether kinetochore components associate with micro-
tubules terminally or laterally, we considered that this
method was limited due to the structural artefacts that it
might generate. With post-embedding labeling, optimal
structural preservation can be achieved by using fast
freezing technology. Therefore, we applied high pressure
freezing in combination with freeze substitution (McDonald
and M�ller-Reichert 2002). This combination of methods
has been shown to cryoimmobilize dynamic structures like
spindle microtubules within milliseconds and to retain the
antigenicity of target proteins (Winey et al. 1995; Zeng et
al. 1999). A disadvantage of this method is that the
efficiency of labeling is lower than with pre-embedding
labeling. Only antigens exposed on the surface of the plastic
sections are accessible for immunolocalization, hence
antigens present in low copy numbers are extremely hard
to detect. As an example, we tried to localize GFP-tagged
Mtw1p and Cse4p on thin sections. However, due to the
low copy number we were not able to obtain a reproducible
staining pattern. Because the architecture of the spindle is
preserved well by high pressure freezing, we decided to
model labeled spindle microtubules by serial-section
reconstruction. Using such a combination of cryotech-
niques, immunocytochemistry and computer modeling, we
were able to generate, for the first time, three-dimensional
models of the distribution of a kinetochore component in S.
cerevisiae.

Localization patterns of kinetochore components

Biochemistry, bandshift analysis and chromatin-depen-
dent immunoprecipitation have conclusively demonstra-
ted that Ndc10p is a centromere-associated protein (Goh

and Kilmartin 1993; Sorger et al. 1994; Sassoon et al.
1999). Is this localization pattern found by electron
microscopy? “Authentic” kinetochore proteins are ex-
pected to be positioned away from the spindle pole bodies
in metaphase, but clustered near the spindle pole bodies in
anaphase or telophase (Guacci et al. 1994). In contrast to
these expectations, we detected Ndc10p throughout the
length of microtubules in metaphase spindles as well as
fully elongated anaphase spindles by immunoelectron
microscopy (Figs. 2, 3, 4). Interestingly, when the
distributions of Mtw1p and Ndc10p in the mitotic spindle
were compared by light microscopy, a difference in the
localization patterns was observed. In contrast to Ndc10p-
GFP, no additional localization of Mtw1p-CFP was
revealed along the spindle in anaphase (Goshima and
Yanagida 2000). This indicated that the kinetochore
component Ndc10p, unlike other kinetochore compo-
nents, might be associated with spindle microtubules in a
centromere-independent manner. Interestingly, we
showed that such a staining pattern along microtubules
in anaphase is not unique to Ndc10p. We obtained similar
results for Ndc80p, a protein involved in the formation of
the three-dimensional structure of the kinetochore com-
plex. Our results are in agreement with published
observations obtained by light microscopy (Wigge et
al.1998).

We have shown that Ndc10p is bound to microtubules
that originate from the old as well as from the new spindle
pole body, shortly before the early mitotic spindle
assembles (Fig. 2). Spindle pole bodies duplicate during
S-phase when sister kinetochores are thought to attach to
microtubule arrays from both poles. It is thought that the
Ipl1p/Sli15p complex promotes the turnover of this
connection (Tanaka et al. 2002). Our data may provide
a visualization of this “preparation” for bipolar attachment
that takes place very early on in the cell cycle. Moreover,
in short spindles, the localization of kinetochore antigens
indicates that a fraction of Ndc10p is localized to
microtubule ends, presumably reflecting “true” kineto-

Fig. 7A–C Localization of the kinetochore protein Ndc80p. A
Immunofluorescence image showing tubulin in wild-type cells. B
Immunolabeling of Ndc80p. C Immunogold labeling of Ndc80p in
a wild-type metaphase spindle (spb spindle pole body). With both

light and electron microscopy, the whole length of the mitotic
spindles is decorated with Ndc80p. Bar represents 5 mm in A,
100 nm in C
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chore labeling, as well as labeling to microtubule walls
(Fig. 5). A similar situation also prevails with fully
expanded anaphase spindles (Fig. 3), consistent with the
observations by light microscopy (Goh and Kilmartin
1993; Zeng et al. 1999; Goshima and Yanagida 2000).
Quantification of Ndc10p labels in reconstructions of
short mitotic spindles showed that about 50% of the gold
was associated with the tips of kinetochore microtubules
while another 50% was laterally bound to the walls of the
spindle microtubules (Fig. 6). Because tension has to be
exerted by microtubules attached to opposite spindle pole,
one would expect a centromere protein like Ndc10p to be
localized to microtubule plus ends as shown in fission
yeast by electron microscopy (Ding et al. 1993). In
mammalian cells, kinetochores attach to microtubule
walls first and then typically take up a position at the
microtubule plus ends (Rieder and Alexander 1990;
Skibbens et al. 1993). Such initial lateral binding could
possibly contribute to the localization pattern described in
S-phase, but not to the staining pattern described in
anaphase. In S. cerevisiae we do not know the relationship
between centromere localization and microtubule plus
ends. Possibly, localization of Ndc10p and other kineto-
chore components throughout the length of the spindle
apparatus could represent the distribution of chromo-
somes over the spindle. A metaphase plate has not been
described in S. cerevisiae (Winey et al. 1995), rather,
chromosomes move back and forth on the spindle
(Straight et al. 1997). It is important to note that a
number of chromosome and centromere proteins in
mammalian cells are left behind at the spindle midzone
at anaphase, a phenomenon with largely unknown func-
tion (Cooke et al. 1987; Pankov et al. 1990; Andreassen et
al. 1991; Yen et al. 1992). Similarly in S. cerevisiae,
Slk19p is localized both at centromeres and at the
anaphase midzone (Zeng et al. 1999). We cannot exclude
the possibility that localization at the midzone in late
anaphase represents the movement of proteins from
kinetochores to the spindle midzone.

Possible functions of non-centromeric distributions
of kinetochore components

What is the function of a non-centromeric distribution of a
kinetochore component? We suggest that some kinetochore
proteins might also be required for aspects of spindle
structure. As an example, Dam1p, a component of the
Duo1p/Dam1p complex, has been described as the first
non-motor microtubule-associated protein involved in me-
diating kinetochore-spindle attachments (Cheeseman et al.
2001b). Although not required for the assembly of bipolar
spindles, Dam1p is required to maintain metaphase and
anaphase spindle integrity. Electron microscopy of dam1
mutants has revealed a variety of diverse structural defects
including splayed, bent and broken spindles. In this context,
it is interesting to note that ndc10-1 cells do not sense the
spindle checkpoint represented by the Mad1/Mad2 pathway
(Tavormina and Burke 1998; Sassoon et al. 1999). Most of

these kinetochore studies rely on loss-of-function mutants
in these proteins and have not demonstrated that localiza-
tion of these proteins to kinetochores is required for their
checkpoint function. Non-kinetochore dependent distribu-
tions of these proteins could possibly be involved in
signaling correct spindle assembly. It is also possible that
this centromere-independent labeling reflects some kind of
turnover (i.e., a movement of Ndc10p along spindle
microtubules from the spindle pole body to the microtubule
plus end). The localization pattern described in this study
would then correspond to attachment sites for kinetochore
proteins on spindle microtubules. Alternatively, Ndc10p
may well be expressed at levels higher than those restricted
to fully functional kinetochores alone (hence the back-
ground we always see within the nucleus). In such a case, a
pool of excess protein, possibly in an immature state, would
be distributed over the whole spindle with a spindle-protein
pattern as shown here. However, further studies and more
advanced labeling techniques are still required to enable
complete understanding of kinetochore turnover in budding
yeast.
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