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Abstract
Successful mitosis depends on the stable, yet regulated attachment of chromosomes to spindle
microtubules. The kinetochore, a large macromolecular structure assembled at sites of centromeric
heterochromatin, is responsible for generating and regulating these essential attachments. Over the
last several years, concerted experimental efforts have brought the structural view of the
kinetochore-microtubule interface more clearly into focus. Here, we review important recent
advancements and discuss several unresolved questions regarding how kinetochores dynamically
bridge mitotic chromosomes to spindle microtubules.
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General concepts
Mitotic cells face the challenge of equally distributing their duplicated chromosomes into
two daughter cells. Anything other than equal distribution is unacceptable, since the
inheritance of too many or too few chromosomes is catastrophic for the progeny [1]. The
fidelity of this process relies on the specialized attachment between chromosomes and
spindle microtubules. Such attachment is mediated by a protein structure called the
kinetochore, built specifically atop sites of centromeric heterochromatin at the onset of each
mitotic cycle (Fig. 1). In humans, 12-30 microtubules eventually bind a single kinetochore
[2,3], and their coordinated plus-end dynamics are used to generate the forces required for
both chromosome movements and to silence the spindle assembly checkpoint, allowing for
mitotic exit.

A likely near-comprehensive kinetochore parts list, which includes over 100 individual
proteins, has emerged [4,5]. Together, these components build the linkages between mitotic
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chromosomes and spindle microtubules. The elucidation of the foundations of kinetochore
assembly on centromeric chromatin is rapidly progressing [6-11]. Here, we concentrate on
the opposite end of the kinetochore, where microtubule binding takes place (Fig. 1).
Combined biochemical, cell biological, and structural data support the idea that the
kinetochore-microtubule binding interface is primarily composed of a highly conserved
group of 10 kinetochore proteins referred to as the KMN “network”. The KMN network is
comprised of the KNL1 complex (KNL1-C, comprised of Knl1/Spc105/Blinkin/CASC5/
AF15q14 and Zwint-1), the MIS12 complex (MIS12-C, comprised of Mis12/Mtw1, Dsn1,
Nsl1, and Nnf1), and the NDC80 complex (NDC80-C, comprised of Ndc80/Hec1, Nuf2,
Spc24, and Spc25) [4,5] (Fig. 1).

Many aspects of kinetochore-microtubule attachment in early mitosis, in the phases that
precede bi-orientation at the metaphase plate, remain obscure [12,13]. The KMN network
might be dispensable for chromosome movement to the newly characterized “equatorial
belt”, which precedes bi-orientation [12-14]. Such movements are probably achieved
through association of kinetochores with the lateral surface of spindle microtubules. On the
other hand, the KMN network is crucially required for end-on kinetochore-microtubule
interactions. In vivo, depletion of any of the KMN protein components reduces the ability of
cells to form functional kinetochore-microtubule attachments, with the most severe defects
observed in cells depleted of NDC80-C components, suggesting that the NDC80-C is largely
responsible for directly generating the attachments [15,16].

Besides being required for bi-orientation, end-on attachment is generally believed to be
required for poleward kinetochore movement at anaphase upon microtubule
depolymerization [17]. In vitro force measurements with purified NDC80-C are consistent
with the hypothesis that this complex couples chromosome movement to depolymerizing
microtubules [18,19]. To be able to maintain a firm grip that is compatible with fluid
tracking on the microtubule lattice, kinetochores must regulate the strength of binding to
microtubules. Strong evidence has emerged that this is achieved via regulated
phosphorylation of kinetochore proteins [20,21]. Additionally, mechanical tension at the
kinetochore-microtubule interface might by itself directly contribute to the stabilization of
kinetochore microtubules [23], whose half-life is consequently longer than that of spindle
microtubules [22]. The ability of kinetochores to regulate the strength of their grip on
microtubules is probably at the basis of error correction, the phenomenon whereby
improperly connected microtubules are released so that the kinetochore can “reset” and try
again to form correct attachments [24,25]. Aurora B kinase, which has been unequivocally
implicated in error correction [26,27], phosphorylates several targets at the
kinetochoremicrotubule interface, most notably the NDC80-C [21,28].

The NDC80 complex, the primary link to microtubules
The NDC80-C is a dumb-bell shaped molecule ~60 nm long [29-31]. The C-terminal
globular domains of Spc24 and Spc25, at one end of the central shaft, are connected with the
centromere (Fig. 1). The N-terminal globular domains of Hec1 and Nuf2, at the opposite end
of the NDC80-C structure, form a tight arrangement that directly binds the microtubule
lattice. The two globular ends are connected by a long coiled-coil domain, with
contributions of alpha-helices from all 4 NDC80-C subunits. Within the rod-like region
linking Nuf2 and Hec1 there is a short interruption in the coiled-coil where a stretch of
amino acids within the Hec1 protein that are not associated with Nuf2 helices “loop out” to
recruit additional microtubule-binding proteins [32,33].

X-ray crystallographic studies of the Hec1 N-terminus alone [34] and of NDC80bonsai, an
engineered version of NDC80-C in which much of the internal coiled-coil domain was
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removed [30], revealed that the N-terminal regions of Hec1 and Nuf2 fold into calponin
homology (CH) domains. CH domains mediate direct microtubule binding in other
microtubule associated proteins, such as EB1. In EB1, a homodimeric protein, the CH
domains are connected by a partly flexible dimerization domain, which allows the formation
of an asymmetric dimeric assembly that involves extensive interactions between the CH
domains [35]. The two CH domains in the NDC80-C head also form a tight dimeric
assembly that is stabilized by a large hydrophobic interface, suggesting that they form an
inseparable dimeric pair in which the CH domains adopt a reciprocally well-defined
orientation (Fig 2).

NDC80-microtubule interaction: the main interface
Cryo-EM reconstructions of microtubules decorated with NDC80-C recently provided a
view of the NDC80-C-microtubule interface [36,37]. A crucial conclusion brought about by
these analyses is that the NDC80-C binds tubulin monomers at both the inter- and intra-
tubulin dimer interfaces. By fitting the high-resolution structures of the NDC80-Cbonsai

construct and of the α- and β-tubulin dimer in an 8.6-Å reconstruction, a microtubule
interaction domain within the Hec1 CH domain, named the “toe”, was identified (Figs. 2 and
3) [37]. The toe contains positively charged Hec1 residues previously shown to be important
for microtubule binding in vitro [30], including K123, K166, K146, and H176 (in helix αC,
in helix αF, in the αC-αE loop, and in the αF-αG loop, respectively) (Fig. 2B). Near the toe,
K89 (αA helix) and K115 (αB helix), which have also been implicated in microtubule
binding in vitro [30], appear to be positioned for a hypothetical interaction with the E-hooks,
the C-terminal tails of tubulin. The latter, however, are invisible in the 3D reconstructions
[36,37] (Fig. 3B).

Cells expressing the Hec1 CH domain charge reversal mutants K166D or K166E fail to
form stable kinetochore-microtubule attachments [38,39]. Additional mutants, such as K89E
and K115E, fail to sustain full tension but cause less prominent chromosome alignment
phenotypes [39]. S165, which neighbors the crucial residue for microtubule binding K166, is
a site of Hec1 phosphorylation by the Nek2A kinase [40-42]. At the interface with the
microtubule, this residue has the potential to play a critical role in the regulation of
kinetochore-microtubule attachment and in coordinating it with the spindle checkpoint.

The ‘toe’ recognizes a site between α- and β-tubulin monomers, a ‘toe-print’ present at both
intra- and inter-dimer interfaces. The toe-prints are highly negatively charged. At the intra-
dimer interface, K146 and K166 on the Hec1 monomer face E159 and E196 of β-tubulin,
located at the ends of the H4 and H5 helices, respectively [43] (Fig. 2B and 3B). H176 of
Hec1 faces hydrophilic residues at the end of the H12 helix of β-tubulin, including E431,
Q434, and Y435. And finally, K123 of Hec1 faces E414 and E415 in the H11-H12 loop of
α-tubulin. Similar interactions are formed at the inter-dimer interface, where E155, E196,
D431, and E434 of α-tubulin and D414 and E415 of β-tubulin are the likely functional
homologs of the above-mentioned residues at the intra-dimer interface. Thus, sequence
conservation between α- and β-tubulin at exposed residues of the toe-print likely explains
why Hec1 binding can occur equivalently at intra- and inter-dimer regions [37].

Binding of NDC80-C to microtubules was visualized upon decoration of the straight
filaments present in growing or stabilized microtubules. The interface between tubulin
monomers, however, is as a hinge point along a microtubule's protofilaments. For instance,
protofilaments undergo significant bending in the outward direction during disassembly of
microtubules. It was therefore predicted, and experimentally demonstrated, that such
conformational changes alter the accessibility of the toe-print to the NDC80-C [37]. Thus,
the toe-print might act as a conformational sensor that limits the binding of NDC80-C to
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straight filaments. The preference of NDC80-C for straight filaments might favor sliding in
the poleward direction on the lattice of depolymerizing microtubules. Furthermore, the
NDC80-C does not bind tubulin dimers in solution [30].

NDC80-microtubule interaction: secondary interfaces and binding
cooperativity

The interaction of residues in the Hec1 toe with the tubulin toe-print is essential for the
interaction of the NDC80-C with microtubules [30,38,39]. However, two additional portions
of the NDC80-C have also been implicated in an interaction with microtubules, the Nuf2
subunit and the disordered N-terminal region of Hec1 [21,30,44,45]. The precise function of
both these structural elements remains elusive despite the growing structural information.

The Hec1 N-terminal “tail” is a highly positively charged 80-residue segment preceding the
Hec1 CH domain. It was not included in either of the X-ray structures of Hec1 [30,34]. The
N-terminal tail is required for high affinity binding of NDC80-C to microtubules in vitro
[30,34] and for stable kinetochore-microtubule attachment in vivo [44-46]. However, its
precise role in microtubule binding remains controversial. In one model, this positively-
charged domain directly interfaces the negatively-charged microtubule lattice to contribute
to high affinity binding [21,44,45] (Fig. 4A’). In agreement with a direct role in microtubule
binding, the isolated Hec1 tail domain was reported to bind microtubules in vitro with
affinities similar to those of the entire N-terminal region of Hec1 or of Hec1/Nuf2 dimers
[44,47]. In an alternative model, further discussed below, the tail domain serves to
oligomerize adjacent NDC80-C to promote cooperative association along the microtubule
(Fig. 4A”). Such cooperative interactions are believed to be important for high affinity
binding of NDC80 complexes to microtubules in vitro [19,30,37,39,47].

Interestingly, the Nuf2 CH domain does not directly interface the microtubule lattice
[36,37]. Cells expressing Nuf2 CH domain mutants exhibit very mild phenotypes, contrarily
to mutations in Hec1 [38]. The mutants, however, have considerable effects on microtubule
binding in microtubule co-sedimentation experiments in vitro [30]. In such experiments, the
ratio of NDC80-C to microtubules is much more elevated than at kinetochores, where only a
handful of NDC80 complexes (7-9 complexes) per microtubule are available and sufficient
to build force-bearing attachments [48-50]. The implications of this important distinction are
currently incompletely understood, and it is possible that the observed role of Nuf2 in vitro
reflects the formation of low-affinity interactions that have little relevance at kinetochores
but significantly influence binding in vitro.

The advocated role of cooperativity in the binding of NDC80-C to microtubules needs to be
understood in this framework, as it was so far measured at relatively high ratios of NDC80-
C to microtubules [19,30,37,39,47]. It is less clear whether cooperativity plays a role at the
low NDC80-C to microtubule ratios present at kinetochores. What information do the
available structural data convey with regard to possible molecular mechanisms of
cooperativity at the NDC80-C-microtubule interface? By calculating the differences
between experimental density maps of NDC80Bonsai-decorated microtubules, which
contained the Hec1 tails, and maps calculated from the docked crystal structures, which
lacked the Hec1 tails, significant densities that ran longitudinally between adjacent NDC80
complexes were identified and attributed to the Hec1 tail [37]. Thus, the tail may not directly
interface the MT lattice, but oligomerize adjacent NDC80 complexes together (Fig. 4A”).

The NDC80 complexes form clusters along the microtubule, and it is predicted that in the
clustered arrangement, NDC80-C might stably bind microtubules and dynamically track
growing and shortening ends [37]. In vitro, clusters of wild-type NDC80 along the
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microtubule lattice were found to contain a wide distribution of individual complexes, with
cluster sizes of 4 or >10 being most probable [37]. In support of the model in Fig. 4A”, in
which the tail promotes clustering of NDC80 complexes, cluster size is somewhat
diminished when tail-less NDC80Bonsai complexes are tested [30,37].

Cluster size is also diminished when NDC80Bonsai complexes containing phospho-mimetic
Hec1 (NDC80bonsai-7D) are tested [30,37]. The Hec1 N-terminal domain is phosphorylated
both in vitro and in vivo by Aurora B kinase [21,30,47]. This kinase is known to regulate the
stability of kinetochore-microtubule attachments in mitosis by increasing kinetochore-
microtubule turnover [26,27,51,52]. Aurora B kinase-mediated Hec1 tail phosphorylation is
maximal in early mitosis [20]. Thus, Aurora B may control the ability of the tail domain to
oligomerize NDC80 complexes, so to progressively increase the affinity of complexes for
the microtubule lattice [37].

More complex binding models are also possible. Because the tail may extend up to 12 nm in
length if fully extended, it is conceivable that it could both directly contact the microtubule
lattice and facilitate oligomerization (Fig. 4A’ and 4A”), depending on precisely how
neighboring complexes are aligned along the microtubule lattice. It is therefore crucial to
determine if certain domains within the tail mediate direct binding to the microtubule lattice
and if others mediate complex oligomerization. Furthermore, since Aurora B kinase
phosphorylation sites are peppered throughout the length of the Hec1 tail, it will also be
important to determine which sites govern phospho-regulation of microtubule binding
affinity. Finally, it will also be important to determine the role of other kinases, most notably
Mps1 and Nek2A, in phosphoregulation of the function of the NDC80-C [41,42,53].

The arrangement of NDC80 complexes must facilitate dynamic kinetochore movements
The possibility that individual NDC80 complexes might become aligned in a linear array
along a single protofilament, i.e. longitudinally (Figs. 2-3), was an unanticipated revelation
of the high-resolution structural analysis of NDC80-C/microtubule complex [37]. In the
longitudinal stacking of NDC80 complexes, the N-terminal tail is predicted to establish low-
affinity contacts with Nuf2 [37], which may justify the role of this subunit in microtubule
binding, at least in vitro [30]. Besides its merits, the model also presents shortcomings. For
instance, super-resolution mapping of kinetochore components indicates that at metaphase,
the projection length of NDC80 complexes along the inter-kinetochore axis is constant, and
the measured lengths do not deviate from the average value by more than +/- 5 nm [54]. It is
difficult to reconcile this with a scenario in which the NDC80 complexes are differentially
positioned along a single protofilament to allow for such clusters to form, as this would
encompass a distance of 16 nm for an oligomer of 4 complexes.

To account for the invariant distribution of NDC80 positioning in the super-resolution study
[54] one would need to hypothesize that the NDC80 complexes may be clustered laterally
along adjacent protofilaments (Fig. 4B-B’). However, no contacts between NDC80
complexes in neighboring protofilaments are evident [37]. It is also possible that the
kinetochore itself organizes the KMN network components in a manner that does not require
explicit oligomerization of the microtubule-binding head of the NDC80-C (Fig. 4C). In this
model, the mere co-existence of multiple NDC80 complexes on a substrate such as the
kinetochore would cause the individual low-affinity individual contributions of each
complex to add up to create considerable binding affinity, as predicted by Hill's
implementation of the biased-diffusion model [55].
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Kinetochore-microtubule attachment does not rely on KMN alone
In summary, binding cooperativity has been advocated for its potential contributions to
NDC80-C binding to microtubules, but whether it plays a role at the kinetochore, and if so,
precisely trough which mechanism, is currently unclear. The picture is further complicated
by the consideration that the kinetochore is disseminated of additional microtubule-binding
activities. Within the KMN network itself, the N-terminal region of the Knl1 subunit has
been proposed to host a second microtubule-binding domain [28,56] (Fig. 1). Acting in
concert with the microtubule-binding domain in the NDC80-C, this region of Knl1 might
enhance the overall binding affinity of the KMN network for microtubules.

Furthermore, although the KMN network generates the primary contacts between
kinetochores and microtubules, it does not accomplish the task alone. In budding yeast, the
NDC80-C works in concert with the DAM1 complex to facilitate the formation of functional
kinetochoremicrotubule attachments in cells [57]. In vitro, DAM1 complexes can form rings
and oligomeric assemblages around or along the length of the microtubule lattice, both of
which can support the coupling of microtubule dynamics to force generation for cargo
movement [58]. NDC80 complexes directly associate with DAM1 complexes in vitro,
possibly through an involvement of the Ndc80 loop region [33]. Cooperation between the
two complexes appears to be essential in budding yeast for the formation of stable,
regulatable kinetochore-microtubule attachments (as shown schematically in Fig. 4D).

No clear homolog of the budding yeast DAM1 complex has been identified in vertebrates,
thus the DAM1/NDC80-C coupling mechanism is likely not conserved throughout
evolution. Vertebrate kinetochore components have been identified, however, that are
required for microtubule attachment in addition to the NDC80-C. Most notably, cultured
cells depleted of the trimeric SKA complex fail to form stable kinetochore-microtubule
attachments, although NDC80-C kinetochore localization is not perturbed [59-63].
Interestingly, the SKA complex can track depolymerizing microtubules in vitro and can
support the coupling of this movement to force generation for cargo movement, raising the
possibility that it is the functional homolog of the DAM1 complex [60]. It is therefore
important to address if the SKA complex interacts directly with subunits of the KMN
complex.

Conclusions and Perspectives
Upon microtubule binding, significant structural rearrangements occur within the
kinetochore. Electron microscopy reveals dramatic reorganization of fibers within the outer
domain that likely represent changes in the positions of the microtubule binding elements
within the kinetochore [64]. Super-resolution protein mapping experiments have also
demonstrated dramatic changes in the positioning of many proteins within the kinetochore
as it transitions from an unbound to microtubule-bound state [54,65-68]. Recent structural
studies using reconstituted protein components have moved us significantly closer to
understanding how these large-scale changes in the kinetochore are related to the physical
changes in individual protein complexes that allow for direct binding to the microtubule
lattice and for the coupling of microtubule dynamics to the generation of forces required for
chromosome movements [31,34,37,69-73].

Direct measures of changes in protein-protein interactions within the kinetochore will no
doubt further our understanding of the kinetochore-microtubule interface and of how it
dynamically changes throughout mitosis. The main limitation towards testing different
binding models in living cells is that we lack a comprehensive view of all the relevant
players in kinetochoremicrotubule attachment, and accurate maps of their interactions.
Under these conditions, developing strategies for selective interference of desired
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interactions is unfeasible. For instance, cooperative interactions among NDC80 complexes
might be important for microtubule binding, as explained above. But in the absence of a
complete census of the interactions of the NDC80-C and of its parts, our incomplete
understanding might significantly bias our interpretation of the effects of structural
perturbations. We envision that research in the kinetochore area will proceed through an
iterative combination of structural and biochemical analyses, in vivo reconstitution and
analysis of appropriately modified mutants, and modeling.
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Figure 1. Schematic view of kinetochores
A) During mitosis, sister chromatids are held together at centromeres by a cohesion complex
(dark blue circles). Kinetochores (orange) assemble on centrometic chromatin and create a
contact with microtubules (green). The plus (+) and minus (-) ends of microtubules are
indicated. B) A close-up of kinetochores showing some of its components required for end-
on microtubule binding. With the exception of the CENP-T/W complex (abbreviated as W
and T) and CENP-C (abbreviated as C), all subunits of the constitutive centromere
associated network (CCAN) have been omitted. CENP-T/W associates with histone H3-
containing nucleosomes (H3), whereas CENP-C associates with nucleosomes containing the
H3 variant CENP-A. The N-terminal region of CENP-T is an extended, largely disordered
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polypeptide chain that makes contacts with the 4-subunit Mis12 complex (MIS12-C) and
with NDC80-C [11]. The N-terminal region of CENP-C is probably also disordered and
makes contacts with MIS12-C [9,10]. The Knl1 complex (KNL1-C), which comprises Knl1
and Zwint-1 (Zwi), might contain a microtubule-binding site in the N-terminal region of
Knl1 [28,56]. The C-terminal region of Knl1 interacts directly with the MIS12-C [70]. The
NDC80-C is a tetramer. The Spc24 and Spc25 subunits interact with the MIS12-C, whereas
the Hec1/Ndc80 and Nuf2 subunits face the microtubule.
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Figure 2. The “toe” and the “toe-print”, part I
A) Cartoon showing the CH domains from a pair of NDC80-C bound to the α-tubulin/β-
tubulin dimer [37]. The model was created by fitting the high-resolution structures of the
NDC80Bonsai complex [30] and of the α-tubulin/β-tubulin dimer [43] in a cryo-EM 3D
reconstruction of NDC80Bonsai-decorated microtubules [37]. The lower NDC80-C contacts
microtubules at the intra-dimer interface. The upper NDC80-C docks at the inter-dimer
interface. Changes in the relative orientation at these interfaces might modify the binding
affinity for NDC80-C [37]. B) Close-up of the area boxed in A and showing residues in the
“toe” and “toe-print” discussed in the text. K146 and K166 from Hec1 form a tight pair that
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faces a negative patch on β-tubulin. The cartoon models were created with PyMol
(www.pymol.org) and assembled in Adobe Illustrator.
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Figure 3. The “toe” and the “toe-print”, part II
A) The view was rotated ~180° relative to the view in Fig. 2A. B) Close-up of the area
boxed in A. The C-terminal tail of β-tubulin was invisible in the cryo-EM reconstructions. A
hypothetical path for the C-terminal tail of tubulin (so-called E-hook) is shown as a dotted
green line. K89 and K115 of Hec1 are potentially positioned for an interaction with the E-
hook.
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Figure 4. Hypothetical binding mechanisms
A) The arrow indicates longitudinal interactions between two NDC80 complexes. Two
possible implementations of this configuration that incorporate binding cooperativity are
shown in panels A’ and A”. The model in A” recapitulates structural findings that the N-
terminal tail of Hec1 packs between two NDC80 complexes in the longitudinal direction
[37]. In A’, the interaction between NDC80 complexes does not involve the N-terminal tails,
which are rather engaged directly in microtubule binding. B) The arrow indicates lateral
interactions between two NDC80 complexes. B’) A possible implementation in which the C-
terminal tails form contacts with NDC80 complexes on laterally neighboring protofilaments.
There is no experimental evidence for this model. C) Embedding of individual NDC80
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complexes within kinetochores (details not shown, see Fig. 1) allows multiple NDC80
complexes to form interactions with microtubules without any additional contacts between
NDC80 complexes at the microtubule-binding interface. D) Molecular cross-linking of
NDC80 complexes, as it might be implemented by factors such as the Dam1 complex or the
SKA complex.
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