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Abstract

Kinetochores are the elaborate protein assemblies that attach chromosomes to spindle
microtubules in mitosis and meiosis. The kinetochores of point-centromere yeast appear to
represent an elementary module, which repeats a number of times in kinetochores assembled on
regional centromeres. Structural analyses of the discrete protein subcomplexes that make up the
budding-yeast kinetochore have begun to reveal principles of kinetochore architecture and to
uncover molecular mechanisms underlying functions such as transmission of tension and
establishment and maintenance of bipolar attachment. The centromeric DNA is probably wrapped
into a compact organization, not only by a conserved, centromeric nucleosome, but also by
interactions among various other DNA-bound kinetochore components. The rod-like,
heterotetrameric Ndc80 complex, roughly 600 A long, appears to extend from the DNA-proximal
assembly to the plus end of a microtubule, to which one end of the complex is known to bind.
Ongoing structural studies will clarify the roles of a number of other well-defined complexes.

Kinetochores are DNA—protein complexes that assemble on chromosomes, generally at a
single location, and direct equal partitioning of replicated DNA into daughter cells in mitosis
and meiosis. They do so by performing three key functions: (1) connecting chromosomes to
microtubules (MTs) of the spindle; (2) transmitting forces that move paired sister
chromosomes back and forth along the spindle, establishing and maintaining bipolar MT
attachments; and (3) originating the spindle checkpoint signals that prevent cells from
progressing into anaphase until all chromatid pairs have achieved bipolarity (Cheeseman and
Desai 2008; Santaguida and Musacchio 2009).

Centromeres—the chromosomal assembly sites for kinetochores—uvary in length from the
“point centromeres” of budding yeast (~125 bp in Saccharomyces cerevisiae) to the large,
“regional centromeres” of mammalian cells (several million base pairs). The former attach
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to a single MT; the latter, to as many as several dozen. Conservation of sequences in many
of the kinetochore proteins, and conservation of structures in the several subcomplexes
studied to date nonetheless imply that fundamental architectural features of all kinetochores
are similar (Meraldi et al. 2006; Fukagawa and De Wulf 2009). Moreover, the copy number
of conserved proteins does not scale with the length of centromeric DNA but more closely
with the number of MT attachments (Joglekar et al. 2008). That is, a large centromere
appears to comprise a set of MT attachment structures (kinetochore modules), each of which
is likely to resemble a kinetochore built on a point centromere. These modules appear to
cluster into a single large complex on the surface of the extensively coiled, centromeric
heterochromatin (McEwen and Dong 2010).

Even the kinetochores of point-centromere yeasts turn out to have a remarkably large
complement of components (Fukagawa and De Wulf 2009). Roughly 70 distinct proteins
can be designated as “kinetochore-associated.” Most of these proteins are present in multiple
copies, and many are probably added or removed at different stages in kinetochore
assembly. Developing a structural description is somewhat simplified by a clear
organizational hierarchy (Fig. 1) (De Wulf et al. 2003; Fukagawa and De Wulf 2009). Many
of the critical proteins are components of stable subassemblies, even in the absence of DNA
or other kinetochore proteins. Roughly a dozen of these subassemblies have been identified,
each having between two and 10 unique subunits. Structural analyses of the molecular
architecture of kinetochores can thus focus initially on a description of these subcomplexes
(each a relatively elaborate molecular entity) and move up the hierarchy stepwise toward
their longer-range organization. We outline here the status of this project at the time of
writing the present paper (July 2010).

THE CENTROMERIC PLATFORM

The budding yeast point centromere has three conserved centromere-determining elements,
designated CDEI, II, and 111 (Fig. 2A), each of which binds different protein complexes
(Fitzgerald-Hayes et al. 1982). CDEI binds a “borrowed” bHLHZ (basic-region/helix—loop—
helix/leucine-zipper) transcription factor, Cbf1, which recognizes an 8-bp sequence similar
to the consensus for this class of DNA-binding proteins (Mellor et al. 1991). CDEII
incorporates the “specialized nucleosome” found in all kinetochores, in which a centromere-
specific, H3-like histone (Cse4p in budding yeast; CENP-A or CenH3 in higher eukaryotes)
replaces H3 (Meluh et al. 1998). The amount and identity of the remaining histones in the
specialized nucleosome core remain, at this writing, matters of debate. CDEII is generally
AT-rich, but its nucleotide sequence is less important for function than its length: CDEII is
~80 bp long in nearly all point-centromere yeast for which genome sequences are known,
and just twice that length in two of them (Kluyveromyces lactis and Aphis gossypii) (Meraldi
et al. 2006). Lengths shorter than ~75 bp are incompatible with centromere function. Thus,
the specialized nucleosome wraps only 80 bp rather than the ~150 bp coiled on a canonical
nucleosome, suggesting that CDEIl may coil only once around the specialized nucleosome
rather than twice. Finally, CDEIII binds a four-component complex known as CBF3, which
contains a dimer of Cep3p, a dimer of Ndc10p, and a Skp1p:Ctf13p heterodimer (Lechner
and Carbon 1991; Doheny et al. 1993; Russell et al. 1999). DNA contacts of the CBF3
components have been mapped by cross-linking and DNA modification methods (Fig. 2A)
(Espelin et al. 1997). Results from high-resolution chromatin immunoprecipitation (ChIP)
from yeast cells are consistent with the locations determined by chemical modification of in
vitro—reconstituted complexes (Cohen et al. 2008). They also show that Mif2p (the yeast
ortholog of higher-eukaryotic CENP-C) binds over CBF3, probably to the 3’ side of the
Ndc10p site.

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2012 April 5.
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The Cep3p homodimer appears to be the principal contributor to sequence-specific
positioning, as neither Ndc10p nor Mif2p exhibits strong sequence preferences beyond a
requirement (in the absence of other factors) for relatively AT-rich regions (Espelin et al.
1997, 2003). Cep3p has an amino-terminal “Zn cluster,” similar to the DNA-binding module
of Gal4p, connected to a large, block-like dimerization domain (Bellizzi et al. 2007). The
latter resembles a set of five helical zigzags (e.g., HEAT repeats) wound together. One Zn
cluster domain evidently recognizes a conserved CCG element at about position 20 in
CDElIII; there is no corresponding element on the opposite side of the approximate twofold
symmetry axis defined by the pattern of protection and cross-linking, although there is a
conserved G:C base pair (Espelin et al. 1997). The consequences of this asymmetry for
(Cep3p), DNA binding are not yet clear.

The Skplp component of the Skplp:Ctf13p heterodimer is not an exclusively kinetochore-
dedicated protein; it is the F-box-binding subunit that is a component of the SCF3 ubiquitin
ligase complex (Russell et al. 1999). Ctf13p has an F-box sequence at its amino-terminus,
and examination of the sequence shows that a set of leucine-rich repeats (LRRs) makes up
the bulk of the molecule. It may therefore be related to Skp2, an SCF3 ubiquitin ligase
component, which has a similar organization and for which a yeast homolog has not been
designated (Schulman et al. 2000). In addition to the LRR domain, there is a carboxy-
terminal extension, which in the Skp1-Skp2 crystal structure folds across the LRR concavity
and contacts proteins directed for ubiquitylation and degradation. Skplp:Ctf13p associates
tightly with (Cep3p), into a stable and self-contained complex we have called the “CBF3
core.” Unlike its role as part of ubiquitin ligases, Skplp activates the CBF3 core rather than
directing its degradation (Kaplan et al. 1997).

Ndc10p from S. cerevisiae is a dimeric, 100-kDa protein (Russell et al. 1999). It has a
relatively high affinity for DNA, but binding is promiscuous and nonspecific. For example,
in the absence of other factors, it can bind CDEII as well as CDEIII (Espelin et al. 2003).
When coupled with the CBF3 core, however, it has CDEIII as its defined location, as
detected initially by DNase | footprinting (Espelin et al. 1997). Limited proteolytic cleavage
of Ndc10p yields three distinct fragments: a large, amino-terminal fragment bearing the
DNA-binding activity, a central fragment that appears to mediate dimer formation, and a
carboxy-terminal fragment of unknown function (K Simons, unpubl.). High-resolution ChIP
analysis shows a distribution with a nearly bimodal character—a peak corresponding
roughly to what one would expect from the DNase | protection pattern and a potential
upstream contact (Cohen et al. 2008). Because the specialized nucleosome wraps the CDEII
DNA into a coil, it is reasonable to suppose that CDEIIIl and CDEI will be spatially
contiguous, consistent with genetic data showing interactions between CDEI and CDEIII
and between the factors that bind them (Meluh and Koshland 1995). An additional Ndc10p
contact—for example, just upstream of Cbflp—could be part of a generally compact
structure (Fig. 2B).

CBF3 is required for deposition of the Cse4p nucleosome. There is good evidence that the
assembly factor, Scm3p, is the bridge between Ndc10p and Cse4p (Fig. 2C) (Camahort et al.
2007; Mizuguchi et al. 2007). Because Scm3p is a relatively small protein, its role as a
connector between CBF3 and the specialized nucleosome suggests that the centromere and
its associated proteins form a tightly organized assembly. Mif2p also participates: It binds
the centromere and recruits “middle-layer” components, including COMA (Fig. 1). We
propose that this compact assembly is the platform on which the rest of the kinetochore is
constructed.
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MT ATTACHMENT: REGULATED AND PROCESSIVE

The central element in the connection between MTs and the centromeric platform is the
Ndc80 complex, the most conserved of the kinetochore subassemblies, essential for MT
attachment in all organisms examined. It is a 550 A-long heterotetrameric rod, with an a-
helical, coiled-coil shaft and globular ends (Fig. 3) (Wei et al. 2005). Two heterodimers,
Ndc80p:Nuf2p and Spc24p:Spc25p, join end-to-end to form the full rod. The connection
preserves amino-to-carboxyl polarity. That is, the globular domains of Ndc80p and Nuf2p
are at the amino termini of their respective chains; the globular domains of Spc24p and
Spc25p, at the carboxyl termini (Fig. 3A,B). The globular “heads” of both Ndc80p and
Nuf2p are calponin homology (CH) domains, a roughly 100-residue module found in
proteins that bind MTs or actin (Fig. 3C) (Wei et al. 2007; Ciferri et al. 2008). The two CH
domains are staggered along the axis of the complex, suggesting that they might form a
composite MT-binding interface (Fig. 3C). A short, two-headed heterodimer composed of
the amino-terminal parts of Ndc80p and Nuf2p binds MTs (Wei et al. 2007), as does the
complete Ndc80 complex from Caenorhabditis elegans (Cheeseman et al. 2006). In Ndc80,
~100 residues precede the CH domain, and reasonably tight binding to MTs requires this
region, as well as the CH and the residues following it that associate with the Nuf2p head
(Wei et al. 2007; Guimaraes et al. 2008).

The amino-terminal arm of Ndc80p, which precedes the CH domain in the polypeptide
chain, is present in Ndc80p orthologs, but it varies in length and in amino-acid sequence.
One conserved feature appears to be the presence of phosphorylation sites for the Ipl1/
Aurora B kinase (DelLuca et al. 2006). Aurora B is thought to cause detachment of
chromosomes from MTs (Biggins et al. 1999; Pinsky et al. 2006). In mammalian cells,
altering the Aurora B sites in the Ndc80 amino-terminal arm to prevent their
phosphorylation appears to cause enhanced association (DeLuca et al. 2006). This
observation is consistent with our inference from the CH-domain homology, that Ndc80p
attachment at MTs is a conserved, critical part of the kinetochore-MT interaction. It further
indicates that changing the equilibrium between MT attachment and detachment of Ndc80p
is an important mode of regulation and also a step in activating the spindle assembly
checkpoint response.

A kinetochore must remain attached to its MT through multiple rounds of local
polymerization and depolymerization—that is, it must follow local excursions of the MT
plus end. There are six to eight Ndc80 complexes per kinetochore in budding yeast, and
probably at least that number per MT in higher eukaryotes (Joglekar et al. 2006, 2008). The
observed K for the (unphosphorylated) Ndc80p:Nuf2p is ~5 pm (Wei et al. 2007). If
attachment of the complex to centromere-proximal components at the Spc24p:Spc25p end is
firm, then the effective concentration of the Ndc80p:Nuf2p head in the vicinity of an MT
end is between 10 and 100 mw (depending on assumptions regarding the volume within
which the unattached head can swing), and each head will spend most of its time attached.
The probability that all six to eight complexes will dissociate from the MT at once, causing
the chromosome to detach, is thus extremely low. The probability of dissociation of a given
Ndc80 complex is nonetheless appreciable, and the protofilament(s) to which it binds can
polymerize or depolymerize during the dissociation period. Rebinding of the Ndc80
complex can then occur at a new, longitudinally displaced, position along the MT. Such an
asynchronous dissociation/polymerization or depolymerization/reassociation will allow the
kinetochore to track the MT end, provided that the Ndc80p:Nuf2p part of the complex has
some flexibility—either an internal hinge or a flexible attachment at one end. Electron
microscopy has provided some evidence for an internal hinge, but its significance remains to
be determined (Wang et al. 2008). MT polymerases and rescue factors, such as Stulp and
Stu2p (Brouhard et al. 2008; Al-Bassam et al. 2010), which are present at kinetochore-
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attached MT plus ends, could in principle coordinate Ndc80-complex fluctuations and
tubulin polymerization.

When multiple MTs terminate at a single kinetochore, the mechanism just described may be
adequate to ensure nearly error-free processivity. When a kinetochore captures only one
MT, as in point-centromere yeasts, additional processivity factors may be necessary. A
candidate for such a role is the DASH/Dam1 complex, a heterodecamer that polymerizes
into an MT-encircling ring (Fig. 4) (Miranda et al. 2005; Westermann et al. 2005). The
rings, which contain ~20-25 heterodecamers (estimates by different methods vary slightly),
are ~500 A in diameter. They do not form in free solution; contacts with the MT lattice are
probably required for their integrity. These contacts are through flexibly extended “arms”
from one or more of the subunits; the arms probably interact electrostatically with the
negatively charged MT surface (Miranda et al. 2007; Wang et al. 2007). Pairwise clustering
of the rings by antibodies (against an affinity tag) showed originally that the rings could
slide along an MT (Miranda et al. 2005); other groups have observed translocation directly
by single-molecule methods (Westermann et al. 2006). Two recent reports provide evidence
that DASH/Dam1 is an Ndc80-complex processivity factor in vitro and that phosphorylation
by Ipl1p of one or more components of the DASH complex eliminates this functional
interaction (Lampert et al. 2010; Tien et al. 2010).

INTERMEDIATE CONNECTIONS

At the centromere-proximal end of the Ndc80 complex, the Spc24p:Spc25p globular domain
probably attaches to the MIND complex (a heterotetramer of Mtw1, Nsl1, Nnfl, and Dsnl
—known as the Mis12 complex in Schizosaccharomyces pombe and other eukaryotes) (De
Wulf et al. 2003; Obuse et al. 2004). The mammalian forms of the two heterotetramers
associate with each other and with a third protein (KNL-1; Spc105 in S. cerevisiae) to form
a “KMN (KNL-1/Mis12/Ndc80) supercomplex” (Cheeseman and Desai 2008). The MIND
complex is an ~250 A-long rod, with a relatively uniform diameter at the resolution of
negative-stain electron microscopy (Fig. 5). Its mass per unit length is substantially greater
than that of a coiled-coil; the predicted a-helix content would be consistent, for example,
with an array of helical zigzags. One adaptor-like function of the MIND complex may be to
mediate the transition between a single-copy centromeric platform and the six to eight
Ndc80 complexes that bind the MT.

In meiosis I, an additional protein complex termed “monopolin” cross-links and “co-orients”
sister kinetochores during the reductional division of meiosis | (Toth et al. 2000; Rabitsch et
al. 2003; Monje-Casas et al. 2007). The conserved core of this complex, composed of
Csmlp and Lrs4p, forms an elongated V-shaped complex with two dimers of Csm1p linked
by two copies of Lrs4p (Corbett et al. 2010). The tips of this V, spaced ~100 A apart, are
dimers of the Csm1 carboxy-terminal domain, which closely resemble the paired carboxy-
terminal domains of Spc24p and Spc25p (Fig. 6). Csmlp has a conserved, relatively
hydrophobic patch on its globular domain, which we have found binds two kinetochore
proteins: Dsnlp of the MIND complex, and Mif2p. Mutations in this patch disrupt binding
to both of these kinetochore proteins in vitro and cause severe chromosome mis-segregation
in vivo. Each (Csm1p)a(Lrs4p), complex has four such conserved surface patches, two
closely spaced and two substantially more distant. Thus, the complex could cross-link
MIND and Mif2p on a single kinetochore or, as seems more likely given its function in
directing sister kinetochores to a single pole, one or both partners on one sister kinetochore
to one or both partners on the other.

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2012 April 5.
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CONCLUSIONS

The relatively modest number of kinetochore-related molecular structures now in hand
suggests one or two basic architectural principles. A point-centromere kinetochore (and
probably each modular element of a regional-centromere kinetochore) connects a
centromeric platform to a single MT. In budding yeasts, the kinetochore is an asymmetric
assembly of 1-2 MDa, which, if it were a compact structure, would probably have outer
dimensions of ~150-200 A. A single MT is a 250 A—diameter cylinder, probably made
much larger by “fraying” of disassembling MT protofilaments and by the presence of plus-
end directed MT polymerases such as Stu2p. In addition, the bridge that kinetochores form
between the centromere and the MT must also be able to track growth and shrinkage of the
MT tip. A relatively open, adaptable connecting structure composed of rod-like elements,
joined by hinged links, appears to be a logical way to satisfy both the geometrical and
functional constraints. The Ndc80 complex is clearly one such rod-like connector; the
MIND complex and the rod-like Spc105 complex (Pagliuca et al. 2009) are probably others.
Finally, the subtle regulation of the Ndc80:MT interface by phosphorylation suggests that
control of kinetochore function can be achieved by modulating the affinity of interfaces
within and between kinetochore subcomplexes.
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Figure 1.

Hierarchical molecular organization of the S. cerevisiae kinetochore. Between the proteins
that assemble directly on centromeric DNA (bottom, conserved subsites CDEI [red], CDEII
[pink], and CDEIII [rose]) and those that interact with the spindle MT (top, in yellow) is a
“layer” of intermediate linker complexes. Defined protein complexes (CBF3, MIND, etc.)
are in colored boxes or ovals. The heterotetrameric Ndc80 complex is illustrated with an
explicit representation of its extended structure, to emphasize that it is the one linker known
to bind specifically to the MT. The numerals in parentheses after the name of each complex
are the current best estimates of the number of the respective complexes in one kinetochore
(Joglekar et al. 2006). The arrows indicate recruitment dependencies, as determined by
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genetic and imaging methods. Thus, the Birl, Spc105, MIND, and Ndc80 complexes all
require CBF3 for kinetochore localization, as does the Cse4p nucleosome. (The figure is
adapted from Pagliuca et al. 2009 and reprinted with express permission from the Public
Library of Science © 2009.)
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Figure 2.

Diagram of the budding yeast point centromere and its potential compaction by centromere-
binding factors. (A) Conserved elements CDEI (red), CDEII (beige), and CDEIII (rose) and
proteins known to bind them. The approximate lengths of these elements in S. cerevisiae are
8, 80, and 40 bp, respectively; CDEIIl in K. lactis is ~160 bp in length. There may be
contacts with flanking, pericentromeric DNA (gray). (B) Proposed condensation of the
centromere into a compact structure, established by interactions among the various binding
components. Scm3p interacts with Ndc10p and the Cse4p nucleosome core (double-headed
green arrow).
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Figure 3.

The Ndc80 complex. (A) Electron microscopy of rotary-shadowed, recombinant Ndc80
complexes. (Left) Field of molecules; (right) higher magnification of individual complexes
(Wei et al. 2005). Bar, 1000 A. (B) Diagram of molecular organization of the complex (Wei
et al. 2005). (C) Ribbon representations of the Ndc80p/Nuf2p and Spc24p/Spc25p globular
ends of the complex. The former is from the structure of the human homologs (Ciferri et al.
2008). The latter is from Wei et al. (2007). Colors as in B. The location of the amino-
terminal extension of Ndc80p (the human homolog is Hecl), an unstructured region with
Ipl1lp/Aurora B phosphorylation sites, is indicated by a dotted line and labeled “N.” (Arrow)
Likely surface for MT binding. Note that this surface is probably a composite of Ndc80p
and Nuf2p and that the amino-terminal extension of Ndc80p projects from it. (A and B,
Reprinted from Wei et al. 2005 with permission from the National Academy of Sciences ©
2005; C [top], modified from Ciferri et al. 2008 and reprinted with permission from Cell
Press © 2008; C [bottom], reprinted from Wei et al. [2007] with permission from Nature
Publishing Group © 2007.)
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Figure 4.

DASH/Dam1 complex: formation of rings on microtubules (MTSs). (A) Image of negatively
stained MT “decorated” with DASH at high concentration. (B) Image of negatively stained
MT decorated with DASH at lower concentration, followed by addition of gold-tagged
antibody (against the His tag on the DASH components). The antibody clusters the rings in
pairs; with no antibody added, the rings are randomly spaced (not shown). (C,D) Diagrams
showing flexible connections between a DASH ring and an MT. The connections can adapt
to different registers of the MT protofilaments. (A and B, Reprinted from Miranda et al.
2005 with permission from Nature Publishing Group © 2005; C and D, reprinted from
Miranda et al. 2007 with permission from American Society for Cell Biology © 2007.)
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Figure 5.

Structure of the Csm1p/Lrs4p subcomplex of yeast monopolin. (A) Molecular organization
of Csm1p. (B) Complex of Csm1p with Lrs4p. The amino-terminal 30 residues of Lrs4p
form a dimerizing, a-helical segment; the dimeric segment, in turn, binds two Csm1p
dimers, creating a VV-shaped heterohexamer. The remaining residues of Lrs4p are disordered.
(C) Superposition of the globular domains of Csm1p (blue) and Spc25p (magenta/gray). The
arrow points to a lateral surface with somewhat divergent structures on the two proteins, as
well as in Spc25p with respect to Spc24p (see Fig. 2C); this surface contains the
hydrophobic patch, conserved among Csm1p orthologs, that binds Dsnlp (a component of
the MIND complex) and Mif2p. (Figure from Corbett et al. 2010 and reprinted with
permission from Cell Press © 2010.)
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Figure 6.

Electron microscopy of negatively stained, recombinant MIND complex (heterotetramer)
from S. cerevisiae. Selected images from the field at the top are shown in the lower panels.
Bars, 1000 A. (Figure from Corbett et al. 2010 and reprinted with permission from Cell
Press ©2010.)
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