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Abstract
During mitosis, kinetochores couple chromosomes to the dynamic tips of spindle microtubules.
These attachments convert chemical energy stored in the microtubule lattice into mechanical
energy, generating force to move chromosomes. In addition to mediating robust microtubule
attachments, kinetochores also integrate and respond to regulatory signals that ensure the accuracy
of chromosome segregation during each cell division. Signals for corrective detachment act
specifically on kinetochore-microtubule attachments that fail to generate normal levels of tension,
although it is unclear how tension is sensed and how the attachments are released. In this review,
we discuss the mechanisms by which kinetochore-microtubule attachments generate force during
chromosome biorientation, and the pathways of maturation and regulation that lead to the
formation of correct attachments.
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Force generation by kinetochore-microtubule attachments
Kinetochores couple chromosomes to the dynamic tips of spindle microtubules, forming
attachments that exhibit a striking combination of strength and plasticity. These attachments
are mobile and robust under tension, but can also rapidly destabilize in response to
regulatory signals that selectively cue the release of incorrect attachments. Thirty years ago,
Nicklas directly measured the magnitude of forces that can be exerted by a mitotic spindle
by pulling on anaphase chromosomes with a glass microneedle [1]. Since his iconic
experiment, the field has focused on understanding how kinetochore-microtubule
attachments generate tension during chromosome biorientation and segregation. More
recently, the identification of functional units in the kinetochore (typically multi-protein
complexes) has enabled production of these components in recombinant form for
biochemical and biophysical interrogation [2].

Due to the prevailing interest in force generation by kinetochores, the first in vitro
biophysical studies were performed on components that directly bind microtubules. The
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budding yeast Dam1 complex alone can form stable attachments to microtubule ends, even
against physiologically relevant tensile loads [3, 4]. The ability to form load-bearing
attachments to microtubule tips was found to be a property also of the conserved Ndc80
complex [5]. Although these components appear individually sufficient to reconstitute
kinetochore-microtubule coupling, a surprising result arose from the recent purification of
kinetochore-derived particles from budding yeast. These particles bind microtubules with
much greater strength as compared to the Ndc80 and Dam1 complexes individually or in
combination [6, 7]. This finding suggests that structural components of the kinetochore (e.g.,
the Mis12/Mtw1 and Ctf19 complexes) indirectly enhance the strength of microtubule
attachments. Structural complexes could strengthen microtubule interactions by organizing
or oligomerizing components at the microtubule attachment interface, and/or by inducing
allosteric changes in these components to drive robust microtubule coupling. Determining if
and how each kinetochore component contributes to microtubule binding requires
systematic reconstitution of the kinetochore in vitro. Through this approach, a minimal
particle can be built to match the microtubule-binding capability of whole kinetochores, and
provide a means to probe the molecular basis for the remarkable stability of these
attachments during mitosis.

Mechanisms of error correction
Kinetochore-microtubule attachments that are too stable can be detrimental. For example,
improper connections can be made during initial kinetochore capture by the mitotic spindle,
resulting in chromosome misalignment. Thus, the accuracy of chromosome segregation
during each cell division depends on a mechanism for the targeted release of aberrant
attachments [8–10]. It is widely accepted that this mechanism relies upon the stabilization of
kinetochore-microtubule attachments in a tension-dependent manner [11]. Less clear is
whether this stabilizing effect is direct, or indirectly mediated by other factors that sense and
respond to kinetochore tension.

Direct tension-dependent stabilization is exemplified in the “catch bond” behavior of cell-
cell adhesion molecules, for which bond lifetimes become longer with increasing applied
tension. In vitro, purified kinetochore-derived particles exhibit a biphasic response in
attachment lifetime with increasing applied force, indicating a catch bond-like behavior [6].
This phenomenon can be explained by a two-state binding model, in which applied force
biases attachments to the stronger of two binding modes. Consistent with this model,
kinetochore-derived particles bind more strongly to assembling microtubule tips as
compared to disassembling tips, and applied force strongly biases microtubule tips to the
assembly state [6]. The notion that error correction relies upon such a simple and self-
contained mechanism is elegant and attractive. However, kinetochores do not readily detach
during anaphase, when they are coupled to disassembling microtubules under relatively low
levels of tension [12]. Additionally, the rates of microtubule assembly and disassembly are
much different in vivo as compared to in vitro, owing to the presence of microtubule-
associated proteins that regulate microtubule dynamics in cells [13]. If microtubule dynamic
rates determine the relative stability of attachments to assembling and disassembling tips, it
is unclear if the two-state binding model will apply under in vivo circumstances. Finally,
normal error correction in cells requires phospho-regulation by the Aurora B kinase.
Altogether, these observations suggest that direct tension-dependent stabilization is only one
part of the mechanism upon which cells rely to correct aberrant kinetochore-microtubule
attachments.

The conserved Aurora B kinase localizes to the inner centromere (the chromatin on which
the kinetochore assembles) and phosphorylates diverse targets at kinetochores that fail to
generate normal levels of tension [14–17]. These targets include core kinetochore
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components, such as the Ndc80, Dam1, KNL1/Spc105, and Mis12/Mtw1 complexes, as well
as microtubule-associated proteins, like the microtubule-depolymerizing motor, MCAK [8].
It is thought that Aurora B phosphorylation destabilizes kinetochore-microtubule linkages,
driving their release for another attempt at proper attachment [18–21]. Tension could
indirectly affect the stability of kinetochore-microtubule attachments by altering the
localization of Aurora B relative to its substrates at the microtubule attachment interface.

One possibility is that Aurora B activity forms a gradient centered at the inner centromere,
and envelops kinetochores that generate low tension. When tension across a sister
kinetochore pair (“inter-kinetochore tension”) increases, the microtubule-binding
components would be displaced from the Aurora B activity zone, allowing their
dephosphorylation. Using a FRET-based sensor for Aurora B activity, it was found that
inner centromere components show constitutive Aurora B phosphorylation [22]. By contrast,
components at the kinetochore-microtubule interface are only phosphorylated when inter-
kinetochore tension is low. Retargeting Aurora B to the kinetochore alters the distribution of
Aurora B activity, such that kinetochore targets show constitutive phosphorylation. These
findings are consistent with the spatial separation model, but how tension might displace
Aurora B from its kinetochore targets remains unclear.

Spatial separation is proposed to occur through tension-dependent structural deformations in
kinetochores. Inter-kinetochore tension correlates with the distance between sister
kinetochores (“inter-kinetochore stretching”) due to elasticity in the centromeric chromatin
connecting them. It has been proposed that high inter-kinetochore tension could also result
in the elongation of compliant components within each sister kinetochore (“intra-
kinetochore stretching”). Therefore, a simple hypothesis is that inter-kinetochore tension
causes spatial separation through intra-kinetochore stretching. In Drosophila S2 cells, the
distance from the inner centromere to the Ndc80 complex at the microtubule attachment site
is ~65 nm for unattached kinetochores; during biorientation, this distance increases to ~100
nm [23]. Importantly, a reporter epitope for Aurora B activity showed an inverse correlation
between intra-kinetochore stretch and kinetochore phosphorylation by Aurora B. However,
intra-kinetochore stretching is not correlated with inter-kinetochore stretching [23, 24].
Thus, if spatial separation of Aurora B from the microtubule-binding components is required
for attachment stabilization, it does not appear to depend on inter-kinetochore tension.

An alternative possibility is that error correction instead relies upon tension-dependent
redistribution of Aurora B. In this model, Aurora B could be actively recruited to
kinetochores that generate low levels of intra-kinetochore stretch. For example, Aurora B
could be recruited to the kinetochore via the microtubule-binding activity of its binding
partners in the chromosomal passenger complex, and/or by kinetochore-localized Bub1 [25–
27].

Although the tension-sensing mechanism has yet to be elucidated, several lines of evidence
suggest that Aurora B phosphorylation drives destabilization of kinetochore-microtubule
attachments. In yeast cells, activity of the Aurora B kinase, Ipl1, generates unattached
kinetochores in response to defective kinetochore tension [20]. In vitro, phosphorylation of
the Dam1 complex by Ipl1 directly weakens the Dam1-microtubule interaction [28].
Phosphorylation of Dam1 complex also blocks its interaction with the Ndc80 complex,
through which the Dam1 complex enables processive Ndc80-based coupling to microtubule
tips [7]. This two-pronged effect could strongly disrupt the microtubule-binding interface of
a target kinetochore to drive corrective detachment. Importantly, no clear homolog of the
Dam1 complex has been found outside of fungal organisms, though recent evidence
suggests phosphorylation-mediated disruption of interactions between kinetochore
components at the microtubule interface is a conserved effect of Aurora B activity [29, 30].
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In vitro assays suggest that phosphorylation-dependent weakening of microtubule binding
affinity is also conserved, and is targeted primarily to the Ndc80 complex in C. elegans and
humans [31, 32]. In marsupial PtK1 cells, mutations that mimic phosphorylation at target
sites in Ndc80 result in unattached kinetochores [33].

The regulation of kinetochore-microtubule attachments in higher eukaryotes is further
complicated because each kinetochore associates with a bundle of dynamic microtubules,
rather than a single microtubule as in budding yeast. First, a kinetochore with multiple
microtubule attachment sites can bind microtubules emanating from both spindle poles,
forming a “merotelic” attachment (Figure 1B). Importantly, merotelic kinetochore pairs can
generate normal levels of tension, and they do not activate the spindle assembly checkpoint
[34–36]. Thus, merotelic attachments can cause lagging chromosomes during anaphase,
which sometimes result in chromosome missegregation [34, 36]. Correction mechanisms act
to minimize the abundance of these errors, as merotelic attachments are prevalent early in
mitosis, but are normally shed as cells progress to anaphase [37, 38]. Pharmacological
inhibition of Aurora B increases the number of merotelic attachments, suggesting that
merotelic resolution depends at least in part on Aurora B activity [35]. Furthermore, Aurora
B is enriched at the site of merotelic attachments, where it recruits and regulates MCAK
[39]. However, it is unclear how these attachments are subsequently released, without
disrupting correct attachments on the same kinetochore. Further experiments are required to
determine how MCAK contributes to error correction at merotelic kinetochores, and if other
factors are similarly regulated by Aurora B to drive targeted release at these sites.

An additional complexity in higher eukaryotes is that Aurora B activity also appears to
control the mobility of kineotchores on the mitotic spindle, possibly by tuning the ability of
kinetochores to modulate the tip dynamics of attached microtubules. When Aurora B
phosphorylation of Ndc80 is blocked by alanine mutation, hyperstable kinetochore-
microtubule attachments are observed [40, 41]. The metaphase oscillatory movements of
phospho-blocked kinetochores are severely attenuated compared to those of wild-type
kinetochores. In human cells, activation of Aurora B promotes the movement of syntelic
kinetochore pairs (Figure 1C) to the spindle pole, driven by the disassembly of the attached
microtubules [42]. At the pole, error correction occurs by a completely uncharacterized
mechanism. First, it is unclear if Aurora B activity simply drives poleward movement of
these kinetochores, or if it is additionally required to trigger attachment release at the pole.
Second, the attachment intermediates that occur during error correction are unknown. One
possibility is that these kinetochores become completely detached from the spindle, and
must start the initial capture and biorientation process anew (see the following section).
Alternatively, release might occur at only one of the sister kinetochores to form a mono-
oriented attachment. The relative kinetics of microtubule capture and detachment could
dictate which pathway predominates in this correction mechanism. Ultimately, investigation
using biophysical assays will be necessary to determine if Aurora B has a key role in
controlling microtubule tip dynamics at kinetochores, in addition to regulating microtubule
attachment strength. We propose that both effects, which could be tuned independently,
combine to facilitate the resolution of erroneous attachments in higher eukaryotes. The
evidence for an important correction mechanism that resides in or near the spindle pole also
warrants further inquiry in order to compile a complete picture of error correction.

Kinetochore assembly and attachment maturation
While the field has largely focused on understanding the events surrounding metaphase
(force generation and error correction, see above), comparatively little is known about the
initial stages of kinetochore assembly and microtubule attachment. Kinetochores assemble
on centromeric DNA, which in most organisms is epigenetically specified by the presence of
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nucleosomes containing the histone H3 variant, CENP-A [2]. Together with a variety of
other proteins that remain stably associated with the centromere, CENP-A forms the core
scaffolding site for hierarchical assembly of the rest of the kinetochore. However, the order
and kinetics of events in kinetochore assembly are still unknown. This question could be
readily addressed using a recently published method for building kinetochores on
reconstituted CENP-A chromatin in cell-free extracts [43]. Combined with targeted
synthetic dye labeling techniques [44], this system would allow direct visualization of
kinetochore assembly at the single-molecule level with high temporal resolution.

Whole assembled kinetochores are competent for initial capture by the mitotic spindle
through a lateral or “side-on” microtubule attachment, and subsequently undergo poleward
transport [45–47]. The early and late stages of attachment, in which kinetochores are
captured and eventually bioriented, respectively, are widely conserved among eukaryotes.
However, the intermediary events, during which kinetochores transition from lateral to end-
on microtubule binding modes, are poorly understood. Following poleward transport,
kinetochores congress to the spindle equator. Congression could increase the probability that
monotelic kinetochores (Figure 1D) will form bioriented attachments. Congression is
facilitated by the presence of bundled microtubules that penetrate into the spindle midzone
[48]. The unattached kinetochore of a monotelic pair can glide along these microtubules
through lateral interactions mediated by the plus-end directed motor, CENP-E. This process
might also function as an important means by which kinetochores become bioriented after
aberrant attachments are released at or near the spindle pole. Such a mechanism could be
particularly expedient if error correction proceeds through a monotelic attachment.
However, it is unclear how side-on CENP-E attachments are handed off to form end-on,
Ndc80-based attachments during biorientation.

In fact, it is not even known why bioriented kinetochores generally associate with
microtubule tips. The kinetochores of budding yeast cells carrying an S221F mutation in
Dam1 (also known as Dam1-765) are uncoupled from microtubule ends [49]. The only clear
phenotype of DAM1-765 cells is loss of microtubule length regulation in the spindle.
Microtubule-associated proteins (Bik1/CLIP-170, Stu2/XMAP215, Cin8/kinesin-5, and
Kip3/kinesin-8) remain properly localized on microtubules in these cells, suggesting that
normal microtubule length regulation requires kinetochore attachment to microtubule ends
[50]. Despite the microtubule length regulation defect, these cells grow at a normal rate and
the checkpoint is fully satisfied, indicating that stable end-on attachment is dispensable in
yeast. In fact, the DAM1-765 mutation alleviates the lethality and chromosome
missegregation conferred at semi-restrictive temperatures by the temperature-sensitive
ipl1-321 allele, suggesting that the lateral microtubule attachments made by Dam1-765
kinetochores are less error-prone, or more easily corrected [50]. Dam1-765 kinetochores
also recruit more Bub1 than wild-type kinetochores. This result supports the possibility that
kinetochore-localized Bub1 promotes Aurora B activity (see above), as any residual activity
at semi-restrictive temperature is more efficiently targeted to the kinetochore. Thus,
although much is known about the behavior of bioriented kinetochores, additional study is
necessary to determine what factors target kinetochores to microtubule ends, and to assess
the advantage (if any) afforded by achieving end-on attachment.

Conclusions
Kinetochores play a central role in the life of a cell by providing for timely and accurate
segregation of the genetic material during each cell division. Proper chromosome
segregation relies upon the ability of kinetochores to form stable attachments to the dynamic
tips of microtubules, and on the activity of error correction mechanisms that monitor
attachment fidelity. Disrupting either of these functions almost universally causes

Umbreit and Davis Page 5

Exp Cell Res. Author manuscript; available in PMC 2013 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



catastrophic failure that results in cell death. Past decades have shed light on the basic
principles of kinetochore-microtubule coupling and force generation. Presently, these
activities are being reconstituted in vitro from purified kinetochore components. These
studies should elucidate how each component contributes to the ability of the whole
kinetochore to form a processive, load-bearing microtubule attachment. Another outstanding
question is how these attachments are tuned and modulated to promote error correction. In
vitro biophysical assays allow precise manipulation and quantitative assessment of the
effects of phosphorylation at target sites that are important for regulation in vivo. These
measurements are necessary to tease apart complex effects that act concertedly and
inextricably within the context of a living cell. Finally, there are still many mysteries
surrounding the steps of kinetochore assembly and maturation, through which bioriented,
end-on microtubule attachments are formed. Here, single-molecule techniques can provide
invaluable insights into the kinetics and order of events that govern each of these processes,
which often occur too quickly for visualization and manipulation in vivo. Thus, the key
questions outlined here still stand between us and a clear understanding of the intricacies of
the kinetochore, a structure as fundamental and ancient as it is robust and dynamic.
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Figure 1.
Types of kinetochore attachment to the mitotic spindle. Chromosomes are shown in blue,
with associated kinetochores in green. Spindle poles are shown as red ovals, from which
microtubules emanate outwards, shown as red lines. (A) At metaphase, kinetochores
normally form amphitelic attachments on the spindle. In this orientation, one kinetochore
attaches to microtubules emanating from one spindle pole, and its sister kinetochore attaches
exclusively to microtubules from the opposite spindle pole. Amphitelic sister kinetochores
are bioriented and under tension, and do not activate the spindle assembly checkpoint. (B) A
merotelic attachment occurs when a single kinetochore of a sister pair attaches to
microtubules emanating from both spindle poles. Although incorrect, these attachments can
generate normal levels of tension and do not activate the spindle checkpoint. (C) Syntelic
attachments are a form of erroneous linkage in which both kinetochores of a sister pair
attach to microtubules emanating from the same spindle pole. Syntelic kinetochores are not
under tension and activate the spindle checkpoint. (D) Monotelic attachment describes the
case in which one kinetochore attaches to microtubules emanating from one spindle pole,
while its sister kinetochore remains unattached. Monotelic kinetochores are not under
tension, and the presence of an unattached kinetochore activates the spindle checkpoint. This
type of attachment is typically observed early in mitosis, during initial capture of
kinetochores by the mitotic spindle.
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