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The generation and survival of all organisms requires the precise par-
titioning of duplicated chromosomes to daughter cells. Defects in 
segregation lead to aneuploidy, the state in which entire chromosomes 
are gained or lost. Aneuploidy is a hallmark of tumor cells and has 
been postulated to be a major factor in the evolution of cancer, and it 
is also the leading cause of spontaneous miscarriages and hereditary 
birth defects1,2. It is therefore critical to understand the mechanisms 
that ensure accurate chromosome segregation and thus maintain 
genomic stability.

Chromosome segregation requires forces, generated by spindle  
microtubules, that are translated into chromosome movement 
through interactions with kinetochores, highly conserved structures 
assembled from distinct subcomplexes3–6. The simplest kinetochore 
is in budding yeast, where 38 core structural proteins assemble onto 
centromeric DNA to form a single microtubule-binding site (Fig. 1a)7. 
Because most subcomplexes are present in multiple copies, the sim-
plest kinetochore contains more than 250 core proteins as well as 
additional regulatory proteins. The majority of yeast kinetochore pro-
teins are conserved, and it is thought that, in multicellular eukary-
otes, kinetochores that bind to multiple microtubules may simply 
contain repeat units of the budding-yeast kinetochore3,8,9. The inner 
kinetochore contains subcomplexes that directly bind to centromeric 
DNA, whereas the outer kinetochore is composed of subcomplexes 
that mediate microtubule attachment. The major microtubule- 
binding activity of the kinetochore is mediated by KMN, an assembly 
of the KNL-1, Mis12 and Ndc80 subcomplexes, which attaches to 
microtubules cooperatively10. The yeast-specific Dam1 complex also 
exhibits microtubule-binding activity, and it has been proposed that 
the vertebrate Ska1 complex may be an ortholog of this11–14.

Although a number of models have been proposed15–21, the struc-
ture of the kinetochore and the mechanism by which it attaches 
to microtubules is still not clear. Elegant fluorescence-microscopy 
studies have shown that the overall positioning and stoichiometry 
of kinetochore components is highly conserved9,17,18,22, leading to 
a proposal for overall kinetochore architecture (Fig. 1a). However, 
it has been difficult to obtain higher-resolution information about 
complete kinetochores. The prevailing picture from EM studies on 
vertebrate cells reveals that the kinetochore is a three-tiered struc-
ture23–26. More recent studies have visualized an outer-kinetochore 
network connected to microtubules, supporting a model whereby 
multiple weak attachment sites mediate coupling activity21. In one 
study, peeling microtubule protofilaments could be seen attached to 
fibrils at the inner kinetochore, which led to the proposal that these 
fibrils could couple chromosome movement to microtubule depoly
merization20. The Dam1 complex forms rings around microtubules  
in vitro at high concentrations, supporting proposals that suggest 
rings as the major coupling mechanism27,28.

Visualization of the attachment state of kinetochores requires the 
isolation of large kinetochore assemblies that can be imaged at higher 
resolution. Although progress has been made in elucidating the struc-
ture of recombinant kinetochore subcomplexes, the subcomplexes 
have not yet been reconstituted into larger assemblies suitable for 
structural work. We previously developed an assay to purify native 
budding-yeast kinetochore particles that contain the majority of core 
structural components and, under force, can maintain attachments to 
microtubules29. Here we set out to analyze these assemblies by EM, in 
both the presence and absence of microtubules, to obtain information 
about their structure.
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Chromosomes must be accurately partitioned to daughter cells to prevent aneuploidy, a hallmark of many tumors and birth defects. 
Kinetochores are the macromolecular machines that segregate chromosomes by maintaining load-bearing attachments to the 
dynamic tips of microtubules. Here, we present the structure of isolated budding-yeast kinetochore particles, as visualized by EM and 
electron tomography of negatively stained preparations. The kinetochore appears as an ~126-nm particle containing a large central 
hub surrounded by multiple outer globular domains. In the presence of microtubules, some particles also have a ring that encircles 
the microtubule. Our data, showing that kinetochores bind to microtubules via multivalent attachments, lay the foundation to 
uncover the key mechanical and regulatory mechanisms by which kinetochores control chromosome segregation and cell division.
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RESULTS
Kinetochores contain a hub surrounded by globular domains
Native kinetochore particles were isolated by affinity capture of the 
kinetochore component Dsn1-Flag on beads and were eluted with a 
Flag peptide29. To avoid potential cell-cycle variability, kinetochores 
were purified from cells arrested in mitosis by the addition of the 
microtubule-depolymerizing drug benomyl. Eluates were negatively 
stained and imaged on an electron microscope. The largest struc-
tures visible on the grids were approximately 126 ± 13 nm in length, 

end to end (n = 88; Fig. 1b, arrows). Smaller particles (that may or 
may not represent kinetochore subcomplexes) were also visible in 
the background because of the low-stringency purification condi-
tions needed to maintain functional and intact kinetochores29,30 
(Fig. 1b). As a negative control, we purified Dsn1-Flag from ndc80-1 
mutant cells with abolished kinetochore function31. We previously 
found that these particles cannot bind to microtubules and lack most 
of the outer kinetochore, as assayed by silver-stained SDS-PAGE29. 
Consistent with this, large particles were not detected in these eluates, 

and we instead observed material of variable 
size and shape on the grids for the ndc80-1 
samples (Supplementary Fig. 1). Additional 
controls were prepared from cells lacking a 
Flag epitope–tagged protein or expressing 
the Alk1-Flag protein that does not associate 
with kinetochores. The large particles were 
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Figure 1  Kinetochore particles contain a central hub surrounded by a number of globular domains. (a) A model for the budding-yeast kinetochore 
shows that multiple copies of the Dam1, Ndc80, KNL-1 (Spc105) and Mis12 kinetochore subcomplexes mediate binding of the chromosome (blue) 
to the microtubule. The inner kinetochore contains one or more copies of the Cse4, COMA, CBF3 and Mif2 subcomplexes. (b) A field of kinetochore 
particles in microtubule-polymerization buffer was visualized by EM of negatively stained preparations. Five particles (arrows) and other small material 
are apparent. Note that two particles are touching. Scale bar, 200 nm. (c) Images of representative compact kinetochore particles in microtubule-
polymerization buffer with lower salt. The globular domains on a single particle in the top panel are numbered. Scale bar, 150 nm. (d) The particles are 
more extended in higher-salt buffer used for purification. Additional particles are presented in Supplementary Figure 1.
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Figure 2  Kinetochore particles bound to  
taxol-stabilized microtubules. (a) Representative 
images of fragments of kinetochore particles  
(56 nm long) bound to taxol-stabilized 
microtubules reveal a rod with a kink connected 
to a ring on one end and a globular domain 
on the opposite end. (b) Large kinetochore 
particles (126 nm long) bind to microtubules 
through globular domains and an additional 
extension rod (arrow) that emanates from one 
of the globular domains. (c) Large kinetochore 
particles bind to microtubules through multiple 
globular domains and contain an extension  
that connects to a ring. Scale bar, 200 nm. 
(d) Two selected images of kinetochores at the 
tip of taxol-stabilized microtubules. Globular 
domains extending 50 nm from the central hub 
bind to the microtubules and are connected to 
a distal ring 50 nm away. Scale bar, 200 nm. 
Cartoons at right schematize the key features  
of the images.
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missing from these controls, consistent with the initial identification 
of the large structures as kinetochore particles (data not shown).

The kinetochores contained a 37 ± 3–nm central hub (n = 72) sur-
rounded by a number of globular domains of variable shape and with 
an average diameter of 21 ± 2 nm (n = 97, Fig. 1b–d, Supplementary 
Fig. 1). We analyzed the appearance of the kinetochores in two dif-
ferent buffer conditions and found that they appear more compact 
when incubated in a lower-salt buffer compatible with microtubule 
polymerization (Fig. 1c). The majority of kinetochores (n = 54) con-
tained five globular domains, although particles with as many as seven 
globular domains (n = 7) were also seen (Fig. 1c,d, Supplementary 
Table 1). Particles visualized in buffer containing a higher salt concen-
tration appeared more extended and had a maximum of five globular 
domains radiating (Fig. 1d). These data suggest that the particles 
either lose structural integrity at high salt concentrations or are struc-
turally flexible and can undergo large conformational rearrangements. 
All of the measurements reported in the manuscript were therefore 
performed on particles that had been incubated in the lower-salt 
microtubule-polymerization buffer.

Kinetochore assemblies bound to microtubules
We next visualized the kinetochore particles bound to microtubules. 
When taxol-stabilized microtubules were incubated with Flag eluate,  
distinct assemblies became enriched on the microtubules (Fig. 2 and 
Supplementary Fig. 2). One observed assembly contained a rod-
shaped structure oriented parallel to the microtubule, with globular 
domains on one end and a ring-like structure oriented orthogonally 
to the microtubule at the opposite end (Fig. 2a and Supplementary 
Table 2). The average length of the complex from the ring-like  

structure to each globular domain was 56 ± 4 nm (n = 128). The ring-
like structure had an average outer diameter of 50 ± 3 nm (n = 99; 
Supplementary Table 2). There was a kink in the rod an average of  
25 ± 2 nm (n = 67) away from the ring (Fig. 2a, arrow), and the  
globular domains often appeared to contact the microtubule.

The other assemblies detected on microtubules contained the 126-nm  
structures bound to microtubules in either the absence (Fig. 2b) or 
presence (Fig. 2c) of the ring-like structure shown in Figure 2a. In both 
cases, at least two of the globular domains that radiated from the central 
hub appeared to contact the microtubule, suggesting that these domains 
contain microtubule-binding elements of the kinetochore. The contacts 
between the globular domains and the microtubules were more appar-
ent in the three-dimensional tomographic reconstructions (Fig. 3 and 
see below). In sharp contrast, the central hub never appeared to contact 
the microtubule directly. When the ring-like structure was missing, a 
rod structure that appeared similar to the rod in Figure 2a could be 
seen extending from the 126-nm particle (Fig. 2b, arrow). When a ring-
like structure was present, this rod touched it in a similar fashion as in 
the assemblies shown in Figure 2a. It is therefore most likely that the 
assemblies in Figure 2a result from a portion of the larger particle falling 
off the microtubule or else represent a subset of smaller microtubule- 
binding kinetochore assemblies present in the eluate.

We also observed a few kinetochores at microtubule tips (Fig. 2d). 
In these cases, binding was only observed in the presence of a ring-like 
structure (n = 8). The structure was similar to the lateral attachments 
shown in Figure 2c because they also contained a ring connected to 
a rod with a large globular domain. However, the particle appeared 
to extend an additional ~50 nm from the globular domains to the tip 
of the microtubule. This suggests that the linkage between globular 
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Figure 3  Three-dimensional structures of two types of kinetochore particles bound to a microtubule. (a,b) Projection images of the two types of 
kinetochore assemblies on taxol-stabilized microtubules selected for tomographic reconstruction. Representative slices through each particle are 
presented with the corresponding segmentation analysis in color underneath. Finally, three-dimensional reconstruction of this complex by electron 
tomography is presented on the right. All slices are arranged from left to right, traversing through the z axis from bottom to top, with the bottom defined 
at the grid surface (carbon layer). Both structures contain a ring-like structure (blue arrowheads) and multiple rods (white arrowheads). Scale bars,  
100 nm (all panels). Supplementary Movies 1 and 2 are presented in the online version of this paper and show the reconstructed 3D density.
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domains and the central hub is flexible, and globular domains can 
extend outward from the central hub, consistent with our observation 
that the particles may possess flexible elements (Fig. 1c,d).

Particles purified from mutants lack kinetochore structure
We next attempted to assign elements of the kinetochore to specific 
kinetochore subcomplexes. Repeated attempts at defining components 
by immunogold labeling and negative-stain EM have so far not been suc-
cessful (data not shown), so we used temperature-sensitive kinetochore- 
protein mutants to analyze the corresponding changes in appearance, 
as an alternative approach. In eluates from wild-type cells, 13% of the 
large particles (n = 410) bound to microtubules also contained a ring-
like structure; in contrast, although particles purified from dad1-1 
mutant cells that are defective in the Dam1 complex32 were visually 
indistinguishable from wild-type particles in the absence of micro-
tubules, they completely lacked ring-like structures when bound to 
microtubules (n = 175, Supplementary Table 3 and Supplementary 
Fig. 1). The lack of the ring-like structure in the dad1-1 mutant par-
ticles bound to microtubules is statistically significant (P = 0.001)  
and strongly suggests that the rings correspond to the Dam1 complex.  
Consistent with this, previous studies have determined that the Dam1 
complex is not required for lateral attachments to microtubules 
in vivo33 or for kinetochore particles to bind to microtubules in vitro29. 
Eluates from ndc80-1 mutant cells lacked all of the microtubule-binding  
complexes that were visualized with wild-type particles in Figure 2 
(Supplementary Fig. 1). Whereas wild-type eluates showed 0.68 parti-
cles per micrometer of microtubule (335 particles on a total of 493 µm  
observed), there were virtually none found for ndc80-1 cells (three 
particles on a total of 585 µm observed), a difference that is highly 
statistically significant (P < 0.0001) and consistent with the role of the 
outer kinetochore in making microtubule attachments.

Tomography reveals rings encircling the microtubule
We next used electron tomography and image processing to calculate 
the three-dimensional reconstruction of two particles representative 
of those shown (Fig. 2a,c, Fig. 3 and Supplementary Movies 1 and 2).  
Slices through these data identify at least two prominent features.  
First, a ring encircles the microtubule. Although it is not clear whether 
all the ring-like structures we observe by EM fully encircle the micro-
tubule, these particles at least contain complete rings around the 
microtubule (Fig. 3, blue arrowheads). Second, although only two 
rod-like structures were observed in projection (Fig. 3a,b), multiple 
rod-like structures were connected to the ring-like structure in the 
tomogram. Although the stain flattens the assemblies so volumes for 
each component cannot be calculated accurately, the rods appear to 
be relatively evenly spaced around the ring-like structure.

DISCUSSION
Here, we describe the structure of isolated kinetochore particles 
from budding yeast. The general architecture reveals a central hub  
surrounded by globular domains. When microtubules are present,  
at least one globular domain and an extension emanating from it make 
contact with the microtubule lattice. The extension is not seen in the 
absence of microtubules, which is consistent with a dynamic change 
in kinetochore structure in the presence of microtubules.

We propose the following model to describe the kinetochore particles 
we visualized by EM (Fig. 4). Recombinant Dam1 complex forms rings 
with an outer diameter of 50 nm27,28 around microtubules, similar to the 
ring-like structures we observe in the presence of microtubules. These 
ring-like structures were never seen on the particles in the absence 
of microtubules, consistent with the substoichiometric amounts of  

Dam1-complex proteins in our kinetochore preparations and the 
requirement for microtubules in loading Dam1 on kinetochores12,29. 
It is likely that there is either soluble or kinetochore-bound Dam1 that 
nucleates ring-like structures around microtubules at very low concen-
trations in the presence of other kinetochore components.

Given that Dam1 facilitates the function of the conserved Ndc80 
complex on microtubules34,35, we propose that the extended rod-
shaped structure connected to the ring is Ndc80. Consistent with this, 
the ends of the Ndc80 complex extend away from each other in the 
presence of microtubules in vivo18. The average length of the rod we 
observed is 56 nm, and the rod contains a kink, similar to what was 
observed for recombinant Ndc80 complex36,37. Although the kink 
we observed is in a different average position than for recombinant 
Ndc80 complexes, our measurements were made in the presence of 
microtubules in the context of larger assemblies. When the orienta-
tion in vivo of the Ndc80 complex relative to the Dam1 ring is taken 
into account17, the Nuf2-Ndc80 head of the Ndc80 complex would be 
positioned at the ring. At this time, the resolution is not high enough 
for us to determine whether the head is interior or exterior to the 
ring, although our tomographic reconstructions suggest that the latter  
may be true. Our data are consistent with the possibility that the 
Ndc80 CH domain, rather than the Ndc80 loop, interacts with Dam1 
(ref. 38). This orientation means that the large globular entities at the 
opposite end of the rods would contain the Spc24 and Spc25 proteins; 
however, additional proteins must also be present to account for the 
size of the globular domain. We therefore propose that components of 
the Mis12 and/or KNL-1 subcomplexes that are known to bind to the 
Ndc80 complex to form KMN10, which contains the core microtubule-
binding activity of the kinetochore, are located in these large globular 
domains. In this model, KMN would contain two microtubule-binding 
sites, one composed of the Ndc80-Nuf2 head that can be seen extend-
ing from a subset of the globular domains to touch the microtubule, 
and the other containing Spc24 and Spc25 bound to Mis12–KNL-1 
complexes. This model is consistent with the cooperative microtubule-
binding behavior of KMN10. Given that the central hub never appears 
to associate with the microtubule, we propose that the chromosomal 
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Figure 4  Schematic of the proposed model of kinetochore architecture. 
The central globular domain binds to the centromeric locus of the 
chromosome, and globular domains containing the KMN complex extend 
to attach to the microtubule. The Ndc80 subcomplex makes an additional 
extension to contact a distal ring composed of the Dam1 subcomplex.
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attachment site is mediated through this region. To date, we have 
not visualized nucleic acid in the particles by EM. At this time, it is 
not possible to estimate the stoichiometry of components within the 
particles, but we favor the possibility that each globular domain rep-
resents a single KMN complex. In the future, it will be important to 
identify the position of each kinetochore protein within the particles 
to determine the precise architecture of the structures.

In summary, we have visualized isolated kinetochore particles and 
found that they appear as 126-nm particles containing a central hub 
with multiple outer globular domains. Our images exhibit some similar-
ity to tomograms of laterally attached vertebrate kinetochores in vivo21. 
Because two or more of the globular domains bind to the microtubule, 
kinetochores appear to interact with microtubules via multivalent 
attachments that are flexible to move along microtubules, consistent 
with a biased diffusion mechanism39. We propose that when the parti-
cle is bound to a chromosome and the tip of a dynamic microtubule, a 
greater number of globular domains might bind to the microtubule to 
stabilize the interaction and maintain larger forces (Fig. 4). In this case, 
the distance from the central hub to the outer region of the kinetochore 
would be consistent with measurements of tip-attached kinetochores 
in vivo17,18. The filaments observed at the ends of kinetochore micro-
tubules in vivo20 could correspond to the rod-like structures we have 
observed along the microtubules or to connections between the globu-
lar domains and the central hub. Because yeast kinetochores bind to a 
single microtubule, a ring-based mechanism likely ensures processivity 
but is not required for direct attachment40. Together, these studies lay 
the foundation for future high-resolution structural and mechanistic 
studies aimed at understanding how the kinetochore ensures accurate 
chromosome segregation during cell division.

Methods
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Structure deposited to EMDB reference number 
EMD-2154 and EMD-2153.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Yeast strains, plasmids and microbial techniques. Media and genetic and 
microbial techniques were performed essentially as described41. Mitotic cultures 
were prepared with benomyl as described30. For temperature-sensitive mutants, 
cells were shifted to 37 °C for 3 h. Yeast strains and plasmids used in this study 
are listed in Supplementary Table 4. The 3× Flag epitope–tag strains were made 
using a PCR-based integration system and were confirmed by PCR42–44. The  
6× His–3× Flag epitope tagging of the endogenous DSN1 gene was performed 
with a PCR-based integration system using primers SB2434 and SB2435 and 
plasmid pSB1590 as a template29. All tagged strains we constructed are functional 
in vivo and do not cause any detectable growth defects or temperature sensitivity. 
Specific primer sequences are available upon request.

Isolation of kinetochore particles. Native kinetochore particles were isolated 
from budding yeast as described29. Briefly, 2 liters of yeast cells (SBY8253 or 
relevant strain) expressing Dsn1-Flag or Dsn1-His-Flag were arrested in mitosis 
with 60 µg/ml of the microtubule-depolymerizing drug benomyl for 3 h and 
harvested. Cells were lysed in Buffer H (25 mM HEPES, pH 8.0, 2 mM MgCl2, 
0.1 mM EDTA, 0.5 mM EGTA, 150 mM KCl, 15% glycerol and 0.1% NP-40) 
supplemented with protease and phosphatase inhibitors, and kinetochore par-
ticles were captured with anti-Flag antibodies and eluted with 40 µl of Buffer H 
containing 0.5 mg/ml Flag peptide. The eluted material was used directly for 
negative-stain EM studies as described below (note that this buffer resulted in 
less-compact structures, as shown in Fig. 1d). Alternatively, the eluate was pre-
pared for microtubule-binding experiments as described below (note that these 
kinetochores appeared more compact, as shown in Fig. 1c). All measurements in 
the paper were performed on particles that had been incubated for microtubule-
binding experiments.

EM and image processing. All samples were prepared for negative-stain EM 
as previously described45, with the following modifications. A 3-µl drop of Flag 
eluate was applied to a negatively charged carbon-coated copper grid (Gilder 
400 or 200 mesh) for 20 s and washed with a single drop of water, followed by 
two drops of freshly prepared 0.75% uranyl formate. Samples containing micro
tubules were treated similarly but were applied to positively charged copper grids. 
Specimens were screened on either a 100-kV transmission electron microscope 
(TEM) (Morgagni, FEI) or a 120 kV TEM (Spirit T12, FEI). Images were recorded 
using a Gatan slow-scan bottom-mount charge-coupled device (CCD) camera 
at a nominal magnification of 18,000× at the specimen level. Measurements 
were taken in either the Digital Micrograph suite (Gatan, v. 1.71.38) or  
ImageJ64 (v 1.43).

Electron tomography. Negatively stained samples prepared as above were coated 
with a second layer of carbon by evaporation, and gold-conjugated anti–mouse 
IgG (5–10 nm) (Sigma-Aldrich) were added as fiducial markers. Tilt series 
were collected using a Spirit T12 120 kV transmission electron microscope 

(FEI Company). Images were recorded using a Gatan slow-scan 4,000 × 4,000  
bottom-mount CCD with a pixel size of 4.3 Å at the sample level (52,000×).  
Tilt series were recorded from −70° to +70° with an increment of 2° at 2 µm 
defocus. Three-dimensional reconstructions were calculated using Amira  
(v 5.3.1)46 and IMOD (v. 4.1.9)47 software.

Microtubule-binding experiments. Taxol-stabilized microtubules were prepared 
freshly as described48. A 200-µl aliquot was centrifuged at 58,000 r.p.m. (Beckman 
TLA 100.1 rotor) at 37 °C for 10 min. The supernatant was decanted, and the 
pellet was used for microtubule-kinetochore binding experiments as follows. 
Two µl of Dsn1-Flag eluate was mixed with 7 µl of the microtubule pellet and 
incubated at RT for 10 min. The sample was then diluted with 200 µl warm 
BTAX (80 mM PIPES, pH 6.9, 1 mM MgCl2, 1 mM EGTA and 10 µM Taxol,  
37 °C). Grids for EM were prepared as described above. Note that excess tubulin 
dimers could be seen on the grids, owing to the microtubule polymerization 
buffer. Images were recorded on a CCD camera using either the 100-kV TEM or 
the 120-kV TEM at a nominal magnification range of 14,000×–36,000× at the 
specimen level. Measurements were taken either in the Digital Micrograph suite  
(Gatan, v 1.71.38) or ImageJ64 (v 1.43).

Quantification of microtubule binding. A total of 100 microtubules (for the 
dad1-1 mutant) or 200 microtubules (for wild type and ndc80-1), ranging in size 
from 0.5 to 9 microns, were assayed for the number of large particles bound in the 
presence or absence of a ring (Supplementary Table 3). Eluates from SBY9047 
or SBY7441 were used for all microtubule-binding experiments with wild-type 
kinetochore particles.
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