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Abstract

During mitosis, duplicated sister chromatids are properly aligned at the metaphase plate of the
mitotic spindle before being segregated into two daughter cells. This requires a complex process to
ensure proper interactions between chromosomes and spindle microtubules. The kinetochore, the
proteinaceous complex assembled at the centromere region on each chromosome, serves as the
microtubule attachment site and powers chromosome movement in mitosis. Numerous proteins/
protein complexes have been implicated in the connection between kinetochores and dynamic
microtubules. Recent studies have advanced our understanding on the nature of the interface
between kinetochores and microtubule plus ends in promoting and maintaining their stable
attachment. These efforts have demonstrated the importance of this process to ensure accurate
chromosome segregation, an issue which has great significance for understanding and controlling
abnormal chromosome segregation (aneuploidy) in human genetic diseases and in cancer
progression.

1. INTRODUCTION

For an accurate chromosome segregation during mitosis, each pair of sister chromatids
duplicated in S phase captures spindle microtubules (MTs) and aligns at the metaphase plate
of the mitotic spindle prior to anaphase onset. The kinetochore, the protein complex
assembled at the centromere of each mitotic chromosome, serves as the attachment site for
the spindle MTs. A combination of forces generated by kinetochores and microtubule
dynamics is thought to contribute to kinetochore-MT attachment and chromosome
movement in achieving metaphase chromosome alignment. Unattached kinetochores also
generate the mitotic checkpoint signal to inhibit premature anaphase onset until every
chromosome has been successfully attached to spindle MTs and aligned at the metaphase
plate. The mitotic checkpoint has been reviewed elsewhere (Cleveland et al., 2003;
Musacchio, 2011; Musacchio and Salmon, 2007). In the last decade, many proteins and
protein complexes have been identified and many models have been proposed for metaphase
chromosome alignment. This article will review the current state of the research and attempt
to summarize our current understanding of different mechanisms involved in this process.

2. INITIAL SPINDLE MICROTUBULE CAPTURE BY KINETOCHORE

2.1. Classic “Search-and-Capture” Model

Metazoan cells progress through cell division with “open mitosis”. After nuclear envelope
breakdown, centrosome-nucleated MTs undergo repeated growth and shrinkage in various
directions until they are captured and stabilized by kinetochores — “search and capture”
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(Kirschner and Mitchison, 1986) (Fig. 6.1A). In this random process, the capture is initiated
by lateral binding of a single MT with one of the sister kinetochores (Rieder and Alexander,
1990). Upon the MT capture, the sister chromatid pair exhibits a rapid poleward movement
that is believed to be mediated by the kinetochore-associated minus end-directed motor,
cytoplasmic dynein. The dynein-dependent poleward movement could be counted by the
kinetochore-associated plus-end directed motor, CENP-E. Chromosomes are left at the
spindle poles without CENP-E function (McEwen et al., 2001; Putkey et al., 2002). When
the other sister kinetochore captures MTs from the opposite pole, the bi-oriented sister
chromosome pair will then move toward the spindle equator. The “search-and-capture”
model remains attractive; however, mathematical modeling analysis has shown that this
mechanism alone is not efficient enough to allow the mitotic spindle to capture realistic
number of chromosomes within characteristic mitotic time-scales (Wollman et al., 2005).

2.2. “Self-Assembly” Model — a Ran-GTP Gradient-Dependent Process

MTs can be nucleated around chromosomes in mitotic cells (McKim and Hawley, 1995;
Schmit et al., 1994). Addition of DNA-coated beads in CSF-arrested Xenopus meiotic egg
extracts induces bi-polar mitotic structures in the absence of centrosomes and kinetochores
(Heald et al., 1996). This “self-assembly” mechanism (Fig. 6.1B), by which chromosome-
generated activities contribute to centrosome-independent MT nucleation, relies primarily
upon a RanGTP gradient around mitotic chromosomes (Carazo-Salas et al., 1999; Ohba et
al., 1999; Wilde and Zheng, 1999) that is established by the chromatin association with the
guanine nucleotide exchange factor (GEF) RCC1 (Li et al., 2003).

The relative levels of contribution from the “search-and-capture” and “self-assembly”
pathways vary in different systems. Compared to mammalian cells, Xenopus egg extracts
have a larger area around the metaphase plate covered by the RanGTP gradient (Kalab et al.,
2006). Abolishing the RanGTP gradient by adding excess RanGTP in egg extracts results in
a substantial decrease in chromosome-MT interactions and metaphase chromosome
misalignment (Caudron et al., 2005). In contrast, the consequences induced by perturbations
of the Ran pathway in mammalian cells are much less severe, in which the most prominent
phenotype is a metaphase delay (Kalab et al., 2006). In human cells undergoing mitosis with
unreplicated genomes (MUG) in which kinetochores are spatially separated from the bulk of
chromatin due to the minimal amount of centromeric DNA, mitotic spindles are robustly
formed outside of the RanGTP gradient peak induced by MUG chromatin, supporting the
predominance of the centrosome-kinetochore driven mechanism in mammalian cells
(O’Connell et al., 2009).

2.3. Kinetochore-Derived Microtubule Growth

Kinetochore-derived MT growth has been proposed to enhance the encounter of
kinetochores and spindle MTs (Fig. 6.1C). MTs have been observed to grow at or near
kinetochore regions and later incorporate into the mitotic spindle (Khodjakov et al., 2003).
The mechanism of MTs emerging directly from/around kinetochores is not completely
understood. The chromosomal passenger complex (CPC) at the centromere has been shown
to stimulate the pathway, possibly through Aurora B-mediated MT stabilization (Sampath et
al., 2004). Ran-GTP is also found to be required for kinetochore-mediated MT organization
(Tulu et al., 2006).

3. CONVERSION FROM LATERAL BINDING TO END-ON ATTACHMENT

By electron microscopy, MT ends appear to terminate at kinetochores, leading to the view
that kinetochores capture MTs by end-on binding instead of lateral binding. How the initial
lateral kinetochore-MT interaction is converted into an end-on attachment upon bi-
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orientation of the sister kinetochores remains an unresolved question in mitosis research.
Recent studies on cytoplasmic dynein and its kinetochore-targeting components have shed
some lights on this question.

The conversion of kinetochores from lateral binding to end-on MT attachment seems to
correlate with the reduced level of dynein associated with kinetochores (King et al., 2000),
though some dynein molecules continue to remain at kinetochores (Whyte et al., 2008).
Inhibition of cytoplasmic dynein function by antibody injection or expressing dynein tail
constructs without the motor domain impairs the end-on kinetochore-MT attachment to
produce mis-oriented sister kinetochores relative to the spindle equator (VVarma et al., 2008).
This unexpected role of cytoplasmic dynein, a minus-end motor protein, in contributing to
end-on attachment could be attributed to controlling the activity of the Rod/Zwilch/Zw10
(RZZ) complex at kinetochores (Gassmann et al., 2008). In Caenorhabditis elegans,
depletion of Spindly by RNAI prevents dynein/dynactin targeting to kinetochores without
perturbing RZZ kinetochore localization and reduces the formation of the load-bearing (end-
on) attachments. In contrast, RZZ inhibition, which abolishes both dynein/dynactin and
Spindly recruitment onto kinetochores, does not substantially affect end-on attachments.
Therefore, the RZZ complex can inhibit the formation of end-on attachments, and this
activity is controlled by the kinetochore dynein “cycle” involving dynein turnover through a
combination of recruitment mediated by Spindly (Griffis et al., 2007) and self-removal
(Whyte et al., 2008), along with the RZZ complex (Basto et al., 2004), upon the end-on
attachment.

Another model to explain the contribution of cytoplasmic dynein to end-on attachment is
pulling the bi-oriented sister kinetochore pairs to balance the pushing force from the plus-
end motor, CENP-E, resulting in end-on attachment as a metastable compromise (Mao et al.,
2010). This motor-mediated activity could facilitate the interactions of MT lattice at or close
to the plus ends with kinetochore-associated MT-binding proteins, such as the KMN
network (see below for details).

4. STABLE END-ON KINETOCHORE-MICROTUBULE ATTACHMENT

Upon bi-orientation and switching to the end-on attachment, the sister kinetochores maintain
stable interactions with dynamic MT plus-ends and power chromosome movement coupled
with MT polymerization and depolymerization. Many proteins and protein complexes,
including motors and non-motor MT binding proteins, are necessary for this stable
attachment, as well as the processive MT plus-end tracking.

4.1. Hill-Sleeve Model

In 1985, Terrell Hill proposed a sleeve model to describe the interaction between the
kinetochores and spindle MTs (Hill, 1985). The kinetochore-associated components
surround MTs near the plus-ends and create a rigid sleeve at the outer surface of MTs. With
many weak binding sites, the sleeve can slide along the polymerizing or depolymerizing
MTs and continuously associate with the dynamic plus ends (Fig. 6.2A).

The discovery of the formation of ring-like structures around MTs by the oligomeric Dam1/
DASH complex makes the Hill-Sleeve model more attractive (Miranda et al., 2005;
Westermann et al., 2005). In vitro studies with purified components show that the Dam1/
DASH complex containing 16 monomers can form a ring with an insider diameter of ~35
nm around the MT, which has a 25 nm outside diameter (Wang et al., 2007; Westermann et
al., 2005). The interaction is mediated by the C-termini of the Dam1/DASH that extends to
MT lattice (Westermann et al., 2005). The Dam1/DASH rings exhibit lateral mobility on
MTs (Westermann et al., 2005) and can track the curling ends of depolymerizing MTs
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(Wang et al., 2007). We should note here that the Dam1/DASH ring structure has not been
demonstrated in vivo.

Although it is well conserved in fungi, the Dam1/DASH complex is essential for survival
only in budding yeast, but not in fission yeast (Sanchez-Perez et al., 2005). Budding yeast
requires the Dam1/DASH complex for viability, probably because it has only one MT bound
to each kinetochore. In contrast, every kinetochore captures several MTs in fission yeast.
The Dam1/DASH complex is also essential in Candiaa albicans, another yeast with
kinetochores that only attach to a single MT (Joglekar et al., 2008). The need of Dam1/
DASH complex for growth can, however, be partially bypassed upon increasing the
expression level of CENP-A (a centromere specific histone H3 variant) to recruit more
kinetochore proteins to the centromere region and to increase the numbers of MTs bound to
each kinetochore (Burrack et al., 2011). In vertebrates, kinetochores are generally attached
to 20-30 MTs. Up to date, no homologs of the Dam1/DASH complex have been identified.

4.2. Biased-Diffusion Model

Recent studies have suggested that the conserved Ndc80 complex serves as the major MT-
binding site at the kinetochore for stabilizing the end-on MT attachment. This topic has been
reviewed in great detail elsewhere (Joglekar et al., 2010; Santaguida and Musacchio, 2009).
Structural analysis (Ciferri et al., 2008), in vitro single molecule assays (Powers et al.,
2009), and super resolution microscopy analysis in cells (Wan et al., 2009) all support a
biased-diffusion mechanism for force generation by Ndc80 molecules acting along the MT
axis (Fig. 6.2B).

The Ndc80 complex is composed of four subunits, comprising Ndc80 (Hecl), Nuf2, Spc24,
and Spc25. This complex has a rod-like structure with two globular ends: one binds to MTs
and the other anchors to the kinetochores (Ciferri et al., 2008; Wei et al., 2005). The flexible
hinged coiled coil (Wang et al., 2008) and the weak affinity to MTs (Cheeseman et al.,
2006) make the Ndc80 complex ideal for biased diffusion. By a subnanometer-resolution
cryo-electron microscopy, the Ndc80 complex has been shown to bind to MTs with a tubulin
monomer repeat recognizing a- and B-tubulin at both intra- and inter-tubulin dimmer
interfaces in a manner that is sensitive to tubulin conformation and to self-associate along
protofilaments (Alushin et al., 2010), arguing that Ndc80 could detect the curving
protofilaments at depolymerizing MT ends and, consequently, diffuse along shrinking MTs.

In vitro motility assays with purified components have also supported the biased-diffusion
model. By total internal reflection fluorescence (TIRF) microscopy, the Ndc80 complex at
single molecule level exhibits transient one-dimensional diffusion along the MT lattice
(Powers et al., 2009). On the other hand, the Ndc80-coated microbeads with 6-30
complexes, similar to what have been found per MT at kinetochores in vivo (Emanuele et
al., 2005; Joglekar et al., 2008), are able to track MT tips that permit assembly- and
disassembly-coupled movement (Powers et al., 2009). Furthermore, the yeast Dam1
complex can enhance the ability of the Ndc80 complex to form a load-bearing MT
attachment and mediate the continuous association of Ndc80 with dynamic MT plus ends in
vitro (Lampert et al., 2010).

The Ska (spindle and kinetochore associated) complex (Hanisch et al., 2006), composed of
three subunits (Skal, Ska2, and Ska3/Ramal), has also been shown to be important for the
end-on kinetochore-MT attachment. The kinetochore association of the Ska complex has
been shown to be dependent on the Ndc80 complex (Gaitanos et al., 2009), possibly through
a direct interaction (Chan et al., 2012; Zhang et al., 2012). Depletion of any of the Ska
subunits results in reduced stability of kinetochore-MT attachment (Gaitanos et al., 2009;
Raaijmakers et al., 2009; Welburn et al., 2009). The Ska complex-coated beads can bind and
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move along the MTs and track shortening (depolymerizing) MT plus ends (Welburn et al.,
2009). Although the Ska complex has been proposed to be the functional homolog to the
Daml complex in metazoans (Guimaraes and Deluca, 2009), electron microscopy studies
show no evidence for the ring-like structure of the Ska complex in vitro (Jeyaprakash et al.,
2012). In contrast, the Ska core complex shows a W-shape dimer of coiled coils with MT-
binding domains at both ends (Jeyaprakash et al., 2012), which is a symmetric structure
ideally suited for the diffusion properties on MTs (Cooper and Wordeman, 2009).

4.3. Fibril-Connector Model

Both the Hill-sleeve and the bias-diffusion models assume that the kinetochore attachment
sites are expected to localize at MT sides, but very close to MT plus ends. An alternative
model has been proposed that kinetochores bind to the luminal side of peeling
protofilaments through fibril-like attachments (Fig. 6.2C). This fibril-connector model is
based on the electron microscopy imaging of mitotic PtK1 cells (Mclntosh et al., 2008): the
protofilaments appear to be curved at the growing and shortening plus ends of MTs and
connected to the inner kinetochores by fibrils, which are not observed on non-kinetochore
MTs.

The molecular components of the fibrils remain unidentified. However, several kinetochore-
associated proteins are likely to be filamentous. CENP-E, the kinetochore-associated
kinesin-like motor protein, has a ~200 nm long and flexible coiled coil resembling the
longest fibrils that have been observed with electron microscopy (Kim et al., 2008). Rotary
shadowing EM of Ndc80 has revealed that this hetero-tetrameric complex is a ~57 nm-long
rod (Wei et al., 2005). By unidirectional shadowing and electron microscopy, XMAP212
appears as an elongate molecule of about 60 nm with some flexibility (Cassimeris et al.,
2001). However, all of these three proteins/protein complexes have been shown to bind to
MT lattice. Another possible candidate is CENP-F, a ~400 kD protein with a predicted
structure consisting of two long coil domains that flank a central flexible core. CENP-F
localizes at the outer kinetochore region and extends into the fibrous corona by immune-
electron microscopy (Rattner et al., 1993). By MT pellet assay, several in vitro translated
CENP-F fragments have been shown to bind to MTs (Feng et al., 2006).

4.4. Tracking the Ends: Contributions of Motors and Microtubule Plus-End Interacting

Proteins

The kinetochore-associated plus end motor CENP-E can stabilize the MT capture.
Antibodies against CENP-E, but not cytoplasmic dynein, can slow or stop chromosome
motion on disassembling MTs in vitro (Lombillo et al., 1995), arguing a role of CENP-E in
maintaining the attachments with depolymerizing MTs. In primary mouse fibroblasts
without CENP-E, most aligned kinetochores bound only half the normal number of MTs and
polar chromosomes have no obvious attached MTs (Putkey et al., 2002). Another mitotic
centromere-associated kinesin (MCAK) is an MT disassemblase (Desai et al., 1999;
Walczak et al., 1996; Wordeman and Mitchison, 1995). MCAK tracks MT tips by binding to
EB1 (Montenegro Gouveia et al., 2010) and regulates spindle MT length to promote
kinetochore-MT attachment (Domnitz et al., 2012).

Besides kinetochore associated components, a group of MT plus-end binding proteins have
also emerged to be involved in mediating the connections between kinetochores and
dynamic MT plus-ends. The members of the EB1 protein family can bind to plus ends of
cytoplasmic, spindle, and astral MTs (Berrueta et al., 1998; Mimori-Kiyosue et al., 2000;
Morrison et al., 1998) and track MT plus-ends in an in vitro reconstitution system by TIRF
microscopy (Bieling et al., 2007). EB1 has been shown to associate only with the trailing
kinetochore (in a sister kinetochore pair) where there is a net kinetochore MT growth
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(polymerization) (Tirnauer et al., 2002). EB1 knockdown mediated by siRNA in cells
(Draviam et al., 2006; Green et al., 2005) or immuno-depletion from cycled Xenopus egg
extracts (Zhang et al., 2007) produces bi-polar mitotic spindles with misaligned
chromosomes and/or kinetochore-MT attachment defects.

Most MT tip-binding proteins have the ability to physically associate with a number of other
tip-tracking proteins creating a complex web of interactions to integrate their activities at the
MT plus ends (Akhmanova and Steinmetz, 2008). EB1 could play a central role at the
interface of kinetochores and MT plus ends, since EB1 has been shown to interact with APC
(Berrueta et al., 1999; Honnappa et al., 2005; Su et al., 1995), CLIP170 (Blake-Hodek et al.,
2010; Dixit et al., 2009; Goodson et al., 2003), Claspl (Mimori-Kiyosue et al., 2005), p150
Glued (Askham et al., 2002; Hayashi et al., 2005), and XMAP215 (Kronja et al., 2009), all
of which have been shown to be essential for mitosis (Joglekar et al., 2010; Maiato et al.,
2004).

The interaction with growing MT plus ends is an intrinsic property of the tip-tracking
protein EB1 (Mimori-Kiyosue et al., 2000; Slep and Vale, 2007), but the mechanism and the
role of its stable association with the trailing sister kinetochore are not clear. In interphase
cells, the mDia formin proteins have been shown to serve as the scaffold for EB1 and APC
at cell cortex to stabilize MTs in promoting cell migration (Wen et al., 2004). The formin
mDia3 has been shown to localize at the kinetochores in an MT-independent manner and
knockdown of the formin mDia3 by siRNA results in chromosome misalignment
phenotypes in mammalian cells, reminiscent of the depletion of the Ndc80 and the Skal
complexes (Cheng et al., 2011; Yasuda et al., 2004). Using an mDia3 mutant that cannot
bind to EBL, it has been shown that the mDia3-EBL1 interaction is essential for mDia3’s role
in metaphase chromosome alignment (Cheng et al., 2011), indicating that this interaction
can be one of the connections between kinetochores and the plus ends of growing MTs
(Mao, 2011). Finally, the role of EB1 and APC in stabilizing kinetochore-MT attachment
could be regulated by two kinetochore-associated mitotic kinases, Bubl and BubR1 (Kaplan
etal., 2001; Zhang et al., 2007).

5. CHROMOSOME CONGRESSION AND OSCILLATION AT METAPHASE

PLATE

5.1. Classic Model of Congression and Oscillation

After capturing spindle MTs from opposite poles and becoming bi-orientated, sister
kinetochores undergo a series of regular oscillations toward the spindle equator, a process
called “congression”, and continue to oscillate at the metaphase plate (Skibbens et al., 1993).
It has been proposed that this kinetochore “directional instability” involves the pulling force
at the “leading” kinetochore and the pushing force at the “trailing” one and the tension
generated between sister kinetochores could control the switch (Skibbens et al., 1993). Later
analysis by video-light microscopy combined with a laser beam to sever the connection
between a pair of bi-oriented sister kinetochores have shown that the “leading” kinetochore
continued the motion whereas the “trailing” one stopped (Khodjakov and Rieder, 1996).
This result has indicated that the major force moving the chromosome pair is generated at
the sister kinetochore with depolymerizing MTs. The sister kinetochores alternatively “lead”
during oscillation and congression processes rather than a direct movement until the force is
balanced at the spindle equator (Hayden et al., 1990).

5.2. Congression Before Bi-orientation without End-on Attachment

By live-cell light microscopy and correlative electron microscopy, cells subjected to a
sequence of mitotic inhibitors to allow detailed analysis of congression movement have
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mono-oriented kinetochores congressing toward the metaphase plate via lateral attachments
with existing kinetochore MT fibers (Kapoor et al., 2006). Since CENP-E inhibition
produces polar chromosomes, it is argued that CENP-E, the processive plus end-directed
kinetochore motor (Kim et al., 2008; Yardimci et al., 2008), is responsible for the transport
of the mono-oriented chromosomes. However, the nature of the existence of the polar
chromosomes in CENP-E-depleted cells needs to be more carefully examined. CENP-E
depletion with SiRNA, as well as expressing a non-phosphorylatable BubR1 mutant at the
CENP-E-dependent BubR1 auto-phosphorylation site, results in a decrease of Aurora B-
mediated Ndc80 phosphorylation at unattached kinetochores (Guo et al., 2012).
Furthermore, expressing a phosphomimetic BubR1 mutant at the auto-phosphorylation site
substantially reduces the incidence of polar chromosomes in CENP-E-depleted cells (Guo et
al., 2012).

5.3. Regulation of Chromosome Congression and Oscillation

Besides MT depolymerization at the leading kinetochore being the main energy source for
chromosome oscillation (Khodjakov et al., 1996), how kinetochores coordinate oscillatory
movements with the attachment remains largely unknown. Kinetochores generally bind to
bundles of many MTs (up to 25-30 bundled MTs in mammalian cells), which contain both
polymerizing and depolymerizing MT plus ends (Mclintosh et al., 2008). Therefore, the
dynamics of these kinetochore-bound MT plus ends must be, at least, partially synchronized
for oscillation to occur (Civelekoglu-Scholey et al., 2006; Gardner and Odde, 2006). This is
probably achieved by a much slower tubulin turnover rate (Hyman and Mitchison, 1990;
Zhai et al., 1995), which could also facilitate the attachments. The molecular mechanism to
coordinate the dynamics of kinetochore-bound MT bundles is not clear. One of the attractive
candidates is the kinetochore-associated formin mDia3 (Mao, 2011). The mDia formin
proteins not only directly interact with the tip-tracking proteins EB1 and APC (Cheng et al.,
2011; Wen et al., 2004), but also reduce rates of both polymerization and depolymerization
of MTs (Bartolini et al., 2008).

There are several other proteins and protein complexes that have also been implicated in
affecting chromosome oscillatory movements. Inhibition of cytoplasmic dynein function at
the kinetochore (Varma et al., 2008) or depletion of Kif18A (Stumpff et al., 2008) produces
an increase in the magnitude of kinetochore oscillations along the major spindle axis. The
MT depolymerase Kifl8A and the minus-end motor cytoplasmic dynein could mechanically
influence MT depolymerization during kinetochore oscillations. Furthermore, the Kif18A
accumulates in a gradient manner on the kinetochore-attached MTs dependent on its motor
activity, and thus, possibly regulating the switch of the oscillatory direction (Stumpff et al.,
2008). On the other hand, depletion of the CENP-A nucleosome-associated and CENP-A
distal (NAC/CAD) complexes results in suppressed kinetochore oscillations (Amaro et al.,
2010). The loss of NAC/CAD complexes could affect the recruitment of other outer
kinetochore components that are important for regulating MT dynamics at the kinetochores
(Cheeseman et al., 2008). Alternatively, one of the components of the CENP-A NAC/CAD
complexes, CENP-Q, has been shown to make direct physical interactions with MTs in vitro
(Amaro et al., 2010); however, whether CENP-Q can directly influence MT dynamics
remains untested.

The polar ejection force at chromosome arms as a result of the interaction between
chromokinesins and spindle MTs could balance poleward kinetochore forces, and thus,
influence chromosome congression and oscillation. Drosophila Nod, the first identified
chromokinesin, is required for proper alignment and segregation of meiotic chromosomes
(Afshar et al., 1995; Zhang et al., 1990). Immunodepletion of the Xenopus homolog, Kid,
from egg extracts results in congression defects and metaphase chromosome misalignment
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(Antonio et al., 2000; Funabiki and Murray, 2000). Antibody-induced inhibition of Kid in
human cells blocks oscillations, but not congression (Levesque and Compton, 2001).

6. KINETOCHORE-MICROTUBULE ATTACHMENT ERROR CORRECTION

6.1. Attachment Error Correction Mechanisms Centered with Aurora B

The geometry of a pair of sister kinetochores favors proper bi-oriented kinetochore-MT
attachment, termed amphitelic, in which one sister kinetochore captures MT from one
spindle pole and the other one is attached to the opposite pole (Loncarek et al., 2007).
However, improper attachments, such as syntelic attachments (both sister kinetochores
attach to the same pole) and merotelic attachments (a single kinetochore captures MTs from
both spindle poles), frequently occur in early prometaphase, producing polar chromosomes
in metaphase (Hauf et al., 2003). Current studies clearly demonstrate that Aurora B is a
central component actively involved in the error correction process (Lampson and
Cheeseman, 2011; Walczak and Heald, 2008). Aurora B is a family member of serine/
threonine protein kinases (Kimura et al., 1997) and has the preferred phosphorylation
consensus sequence as [RK]X[TS][ILV] (Cheeseman et al., 2002). In budding yeast, Ipl1,
the yeast homolog of Aurora B, facilitates bi-orientation by promoting turnover of
kinetochore MTs until tension is generated when the sister kinetochores are attached to
opposite spindle poles (Tanaka et al., 2002). In vertebrates, inhibiting Aurora B kinase
activity with small molecules or depleting Aurora B with siRNA results in an increase of
numerous mono-oriented chromosomes with syntelic attachment (Ditchfield et al., 2003;
Hauf et al., 2003). Aurora B is enriched at merotelic attachment sites (Knowlton et al., 2006)
and promotes the turnover of kinetochore MTs to reduce segregation errors (Cimini et al.,
2006).

MCAK is the first substrate of the Aurora B kinase that has been argued to be involved in
attachment error correction. MCAK is enriched at merotelic attachments (Knowlton et al.,
2006). Depletion of the centromeric MCAK with a centromere dominant-negative protein in
mammalian cultured cells results in kinetochore-MT attachment defects, including merotelic
and syntelic attachments (Kline-Smith et al., 2004). These results would make MCAK an
attractive candidate to depolymerize improperly attached MTs upon Aurora B activation
were it not that Aurora B phosphorylation of MCAK actually inhibits its MT disassembly
activity (Andrews et al., 2004; Lan et al., 2004; Ohi et al., 2004).

Aurora B also phosphorylates a group of MT-associated proteins, including the Dam1
complex (Cheeseman et al., 2002), the KMN (KNL1-Mis12-Ndc80) network (Cheeseman et
al., 2006; DelLuca et al., 2006; Welburn et al., 2010), and the formin mDia3 (Cheng et al.,
2011). The Aurora B-mediated phosphorylation reduces the MT-binding activity of these
proteins (Cheeseman et al., 2006; Cheng et al., 2011; Welburn et al., 2010), which could
destabilize improperly attached kinetochore MTs. Furthermore, the Aurora B
phosphorylation can also inhibit the cooperation between the Ndc80 complex and either the
Dam1 complex (Lampert et al., 2010) or the Ska complex (Chan et al., 2012) to control
kinetochore-MT attachments.

6.2. Spatial Separation Model

One of the important unresolved questions for the error correction mechanism is how to
differentiate between proper and improper attachments. A “spatial separation” model has
suggested whether the attachment is stabilized or not depends on the physical distance
between the Aurora B kinase and its kinetochore-associated substrates (Lampson and
Cheeseman, 2011). Bi-oriented proper attachments exerting tension across the sister
kinetochores (Akiyoshi et al., 2010; Nicklas, 1997) can separate Aurora B, which localizes
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at the inner centromere, from its outer kinetochore substrates (Keating et al., 2009; Liu et al.,
2009). The dephosphorylated form of these Aurora B substrates is able to bind to MTs and
stabilize the correct attachments (Cheeseman et al., 2006; Cheng et al., 2011; DeLuca et al.,
2006; Welburn et al., 2009). Conversely, with improper attachments in which there is little
or no tension, the Aurora B kinase is physically close to and phosphorylates its substrates,
resulting in reduced MT binding affinity, which leads to MT destabilization (Fig. 6.3A).

This “spatial separation” model assumes that tension (inter-kinetochore stretch) can
physically separate the inner centromere-associated Aurora B from its substrates localized at
the outer kinetochore. However, a population of active Aurora B kinase has been shown to
be enriched at the outer kinetochore in both HeLa and PtK1 cells throughout mitosis
(DeLuca et al., 2011). Furthermore, in order to produce tension, the phosphorylated form of
these outer kinetochore components has to be reversed for the initial spindle MT capture in
the vicinity of Aurora B kinase (Fig. 6.3B).

6.3. “Sensor”-Dependent Regulation of Aurora B-mediated Phosphorylation

An alternative model to “spatial separation” is the regulation of intrinsic kinase activity of
Aurora B in response to spindle MT capture and/or subsequent tension generation. Aurora B
is a component of the CPC, which also includes INCENP, Borealin/Dasra, and Survivin
(Jeyaprakash et al., 2007). Within the complex, INCENP stimulates Aurora B kinase activity
(Bishop and Schumacher, 2002; Honda et al., 2003; Sessa et al., 2005) and directly binds to
MTs (Adams et al., 2001; Wheatley et al., 2001). Survivin can also stimulate Aurora B
kinase activity (Chen et al., 2003). In budding yeast, Birl and Sli15, the homologs of
Survivin and INCENP, act as tension sensors by linking centromere to MTs and activate
Ipl1 (Aurora B) in attachment error correction (Sandall et al., 2006). TD-60, an inner
centromere protein, has also been shown to be essential for Aurora B activation along with
MTs (Rosasco-Nitcher et al., 2008).

Another candidate that can regulate Aurora B-mediated phosphorylation in attachment error
correction is the kinetochore-associated mitotic kinase BubR1, along with its regulator, the
kinetochore-associated motor CENP-E. Kinetochores do not form stable attachment with
spindle MTs in BubR1-depleted human cells (Lampson and Kapoor, 2005) and Xenopus egg
extracts (Zhang et al., 2007). This attachment defect is in part attributed to an increase in
Aurora B kinase activity judging by the increased levels of Aurora B-mediated CENP-A
(Lampson and Kapoor, 2005) and Ndc80 phosphorylation (Guo et al., 2012). The kinase
activity of BubR1, as well as its auto-phosphorylation, is stimulated upon its interaction with
CENP-E (Guo et al., 2012; Mao et al., 2003; Weaver et al., 2003). Upon spindle MT capture
by CENP-E, the BubR1 kinase activity is silenced in a ternary complex of BubR1-CENP-E-
MTs (Mao et al., 2005) and BubR1 becomes non-phosphorylated at the auto-
phosphorylation site (Guo et al., 2012). The non-phosphorylated form of BubR1, which
normally resides on attached kinetochores, is able to reduce the levels of Aurora B-mediated
Ndc80 phosphorylation at kinetochores (Guo et al., 2012). Therefore, the capture of spindle
MTs by kinetochore-associated motor CENP-E results in a decrease of BubR1 kinase
activity and auto-phosphorylation and, therefore, reduced levels of Aurora B-mediated
phosphorylation at kinetochores. Along with a local increase of KNL- and CENP-E-bound
PP1 (Kim et al., 2010; Liu et al., 2010; Rosenberg et al., 2011), this first essential step will
reverse the Aurora B-dependent inactivation state of the core MT-binding proteins, such as
the KMN network, to initiate kinetochore-MT attachment (Fig. 6.3C). The subsequent
tension generated between the sister kinetochores pulls these kinetochore-associated
substrates further away from Aurora B at the inner centromere to enhance the stability of
kinetochore-MT connections (Fig. 6.3D).
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6.4. Kinetochore-Associated Protein Phosphatase Activity

Activity of kinases is usually restricted by protein phosphatases. PP1 is the likely
phosphatase for opposing the Aurora B kinase at kinetochores. Studies with a PP1 mutant
(glc7-10) of Saccharomyces cerevisiae have revealed that the phosphatase activity is
important for the MT binding activity of the kinetochore in vitro and in vivo (Sassoon et al.,
1999). The budding yeast PP1 is recruited to the kinetochore by the Finl protein (Akiyoshi
et al., 2009). In human cells, time-lapse imaging reveals that the fluorescently-labeled PP1y
protein localizes to kinetochores and exchanges rapidly with the diffuse cytoplasmic pool
(Trinkle-Mulcahy et al., 2003). Two kinetochore-associated proteins, KNL1 (Liu et al.,
2010) and CENP-E (Kim et al., 2010), have been shown to directly interact with PP1
through a conserved docking motif. KNL1-mediated kinetochore recruitment of PP1
opposes Aurora B kinase activity and is important for the formation of cold-stable
kinetochore-associated MT fibers (Liu et al., 2010). Injecting an antibody, which inhibits
PP1-mediated dephosphorylation of CENP-E, in human cells produces polar chromosomes
that cannot form stable MT attachment (Kim et al., 2010).

7. CONCLUSIONS

It is now clear that the process to ensure each pair of sister chromatids ending up at the
metaphase plate prior to chromosome segregation is much more complex than initially
imagined. Significant progress has been made in identifying active components in
stabilizing kinetochore-MT attachment and in powering chromosome movement to ensure
accurate chromosome segregation. There are many kinetochore-associated kinases;
however, mechanistically the role and the regulation for majority of them have yet to be
identified. More efforts are needed in the coming years to understand how forces generated
at the interface between kinetochores and MTs can control mitotic progression and mitotic
checkpoint signals.
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Figure6.1. Initial interaction between kinetochores and microtubules
(A) “Search-and-capture” model. Centrosome-nucleate microtubules undergo repeated
growth and shrinkage in various directions until they are captured and stabilized by
kinetochores. (B) A Ran-GTP gradient dependent “self-assembly” model. The chromatin
association of the guanine nucleotide exchange factor (GEF) RCC1 produces a Ran-GTP
gradient around mitotic chromosomes to simulate centrosome-independent microtubule
nucleation. (C) Kinetochore-derived microtubule growth. Microtubules grow at or near

kinetochore regions and later incorporate into the mitotic spindle. (For color version of this
figure, the reader is referred to the online version of this book.)
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Figure 6.2. The connection between kinetochores and microtubule plus ends

(A) The Hill-sleeve model suggests that kinetochores connect with microtubules near the
plus-ends through a rigid sleeve, such as the Dam1 complex (purple), at the outer surface of
micro-tubules. (B) The biased-diffusion model has been proposed in which the Ndc80
complex serves as the major microtubule binding sites at the kinetochore for stabilizing end-
on microtubule attachment. Ndc80 is able to detect the curving of protofilaments at
depolymerizing microtubule ends (or through its interaction with the Ska complex) and
diffuse along the lattice of shrinking microtubules. (C) The fibril-connector model proposes
that kinetochores bind to the luminal side of peeling protofilaments through fibril-like
attachments. (D) Microtubule attachment and plus-end tracking mediated by motor and
microtubule plus-end binding proteins. The plus-end motor CENP-E, a binding partner of a
kinetochore-associated kinase BubR1, captures spindle microtubules. The minus-end
directed motor cytoplasmic dynein pulls itself, as well as other kinetochore components
associated with it such as dynactin, out of the kinetochore and stream along the kinetochore
microtubules. Microtubule plus-end binding proteins (such as EB1 and APC) track
microtubule plus ends. The interaction between EB1/APC and the kinetochore-associated
formin mDia3 provides another connection between kinetochores and microtubule ends. The
stable accumulation of EB1 and APC on kinetochore microtubule ends can be influenced by
the mitotic kinases, e.g., BubR1 and Bubl. (For interpretation of the references to color in
this figure legend, the reader is referred to the online version of this book.)
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Microtubule capture by CENP-E Stable attached kinetochore with tension
Turn off BubR1 kinase and enable
dephosphorylation of Ndc80 and mDia3
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Figure 6.3. A model for establishing proper stable kinetochor e-microtubule attachment

(A and B) Mis-attached (A) or unattached (B) kinetochores have Aurora B-mediated
phosphorylation of the KMN network (represented by Ndc80 complex in the cartoon),
CENP-E, and the formin mDia3, which causes destabilization of improperly attached
kinetochore microtubules. (C) Upon spindle microtubule capture, CENP-E can turn off the
kinase activity and auto-phosphorylation of BubR1 and recruit PP1. Both activities are
essential to reduce Aurora B-mediated phosphorylation on kinetochore-associated
substrates. These coordinated events enable the Ndc80 and mDia3 to bind to microtubules.
(D) After converting into end-on attachment to produce tension, the inter kinetochore stretch
separates the inner centromeric Aurora B from outer kinetochore substrates, resulting in
stable kinetochore-microtubule attachment. (For color version of this figure, the reader is
referred to the online version of this book.)
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