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Abstract

The human spindle and kinetochore associated (Ska) complex is required for proper mitotic
progression. Extensive studies have demonstrated its important functions in both stable
kinetochore-microtubule interactions and spindle checkpoint silencing. We suggest a model to
explain how various Ska functions might be fulfilled by distinct pools of Ska at kinetochores. The
Ndc80-loop pool of Ska is recruited by the Ndc80 loop, or together with some of its flanking
sequences, and the recruitment is also dependent on Cdk1-mediated Ska3 phosphorylation. This
pool seems to play a more important role in silencing the spindle checkpoint than stabilizing
kinetochore-microtubule interactions. In contrast, the Ndc80-N-terminus pool of Ska is recruited
by the N-terminal domains of Ndc80 and appears to be more important for stabilizing kinetochore-
microtubule interactions. Here, we review and discuss the evidence that supports this model and
suggest further experiments to test the functioning mechanisms of the Ska complex.
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1. Introduction

Aneuploidy, usually arising from chromosome missegregation during mitosis, is known to
drive the development of many diseases, including cancer under some contexts.[X] One of the
major causes of chromosome missegregation is improper kinetochore-microtubule (KT-MT)
interactions.[?] Therefore, a better understanding of the molecular mechanisms controlling
proper kinetochore-microtubule interactions will help decipher the causes of aneuploidy and
tumorigenesis and also benefit for developing the more efficacious anti-cancer therapy.

The kinetochore, a large protein complex that is established on the centromere region of
each chromatid, is responsible for microtubule attachments. At early mitosis, the kinetochore
is initially captured by the lattice of spindle microtubules (side-on attachments).[3] These
initial kinetochore-microtubule attachments are stochastic, unstable, and error-prone. They
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must be converted to more stable end-on attachments—Kkinetochores captured by the ends of
spindle microtubules—to ensure proper chromosome segregation. In this process, a
surveillance system, the spindle checkpoint, is activated to prevent premature mitotic exit,
thus allowing cells to establish proper kinetochore-microtubule attachments before sister
chromatid segregation.[4] Once all sister chromatids achieve end-on attachments by
microtubules emanating from the opposite spindle poles, the spindle checkpoint will be
silenced and sister chromatids will segregate from each other to generate two daughter cells
with the equal number of chromosomes.[4] The KMN (Knl1, the Mis12, and Ndc80
complexes) network at outer kinetochores constitutes the microtubule-binding sites and is
essential for kinetochore-microtubule attachments, but it on its own is not sufficient to
establish and/or maintain stable end-on kinetochore-microtubule attachments that support
the final chromosome segregation.[>-71 As well required are other factors, among which is
the Ska complex, which comprises three subunits, Skal, 2 and 3, and localizes at both
kinetochores and microtubules (Figure 1).I8] Its functional ortholog in yeast is the Dam1
complex although they share no similarity in amino-acid sequences.[8] Extensive studies
have revealed at least two major functions of this complete Ska complex in chromosome
segregation during mitosis—establishment and/or maintenance of stable kinetochore-
microtubule interactions (end-on) and spindle checkpoint silencing.[®-15] Here, we review
the recent evidence that sheds light on the molecular mechanisms underlying these Ska
functions. Based on the available evidence, we also propose a model to explain how the Ska
complex functions to promote stable end-on kinetochore-microtubule interactions and
spindle checkpoint silencing.

2. What Structurally Determines Ska Localization at Microtubules?

The crystal structure work showed that N-terminal domains of Skal and Ska3, and Ska2
form trimers of coiled coils, two copies of which assemble into a W-shaped structure with
the C-terminal domains of Skal and Ska3 protruding from each end.[16] These two C-
terminal domains might mediate Ska association with kinetochores and microtubules (Figure
1). In vitro microtubule pelleting assays demonstrated that the C-terminal domains of Skal
and Ska3 directly bind microtubules.[*6:17] Truncation of either or both of these two C-
terminal domains significantly compromised chromosome alignment in cells.[16:17] Thus,
the Ska-microtubule interactions are essential for proper functions of the Ska complex. The
crystal structure of the Skal C-terminal domain demonstrated that it forms into a winged-
helix-like structure, which usually mediates interactions with DNA or proteins.[18] Further
Mutagenesis analysis identified that Skal interacts with microtubules in a multipartite mode.
The crystal structure of the Ska3 C-terminal domain has not been determined. How this
domain helps Ska bind to microtubules is not quite understood. Recent biochemical studies
suggested that the C-terminal domain of Ska3 may regulate the microtubule-binding
capability of the Ska complex by directly interacting with tubulin monomers and/or
indirectly by interacting with tubulin contacting regions of Skal.[17] Taken all together, the
two C-terminal domains of Skal and Ska3 collaboratively bind microtubules to mediate the
Ska-microtubule interactions, which is essential for Ska functions.

The microtubule localization of the Ska complex is also regulated by other microtubule-
binding proteins. siRNA-mediated knockdown of EB1, an important microtubule plus-end
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tracking proteins (+TIPs), significantly reduced the localizations of Ska3 at both
microtubules and kinetochores.[2%] It was proposed that EB1 stimulates Skal recruitment
onto microtubules by forming a complex with Skal and by imparting stabilization onto MT,
but it is also possible that the spindle structure defects caused by EB1 knockdown might
contribute to the decreased Ska localization at spindle microtubules. Regardless, as a
microtubule-binding factor, the Ska complex may collaborate with other microtubule-
binding proteins to regulate spindle microtubule functions and chromosome segregation.

3. How is Ska Targeted to Kinetochores?

The Ska complex localizes at kinetochores during mitosis, and the kinetochore localization
depends on the Ndc80 complex.[12:14.15.20.21] However, how it recruits the Ska complex to
the kinetochore is not quite understood. In yeast, it has been shown that the Dam1 and
Ndc80 complexes directly bind to each other.[22] Recently, we found that the C-terminal
domain of Ska3 mediates the direct Ska-Ndc80 binding and Ska recruitment to the
kinetochore.[23] Interestingly, the Ska-Ndc80 binding is dependent on the Cdk1
phosphorylation of Thr358 and Thr360 in the C-terminal domain of Ska3. The non-
phosphorylatable Ska3 mutants remained their association with spindle microtubules
although they were poorly targeted to kinetochores, suggesting that Cdk1-mediated Ska3
phosphorylation at Thr358 and Thr350 is dispensable for Ska microtubule localization.
Thus, these separation-of-function mutants are important and useful for dissecting the
distinct functions of the Ska complex in cells.

Our results further demonstrated that the Ndc80 loop, together with some of its flanking
sequences, is required for its direct binding to the C-terminal domain of Ska3.[23] These
biochemical data are congruent with the finding that the Ndc80 loop is required for Ska
kinetochore localization in cells.[22:23] Thus, in addition to conferring Ndc80 structural
flexibility, the Ndc80 loop may also provide a platform to directly recruit regulatory factors
important for proper chromosome segregation.[24-271 Although the crystal structures of
modified versions of Ndc80 complexes (Bonsai and dwarf) and the core Ska complexes have
been solved,[16:28.29] 3 |arge portion of these two complexes, including the interacting
domains, are unfortunately not included in the solved structures. Therefore, it is still unclear
how the Ska and Ndc80 complexes interact with one another at the atomic level and how
these two complexes are organized in three dimensions. In spite of these findings, Ska
kinetochore recruitment seems more complicated because of two recent studies suggesting
that the Ndc80 N-terminus also plays a role in recruiting Ska to kinetochores.[30:31] Janczyk
et al. isolated an Ndc80 tail mutant that retained a robust microtubule-binding capacity, but
was deficient in clustering along microtubule protofilaments.[3%! As a result, this mutant
recruited less Ska to the kinetochore. They proposed that clusters of Ndc80 proteins recruit
Ska complexes to kinetochores. In the other study, Work from the Desai group found the
SKA-1 localization at kinetochores in C. Eleganwas dependent on the NDC-80 CH domain
Toe docking to the microtubule lattice.[32] These observations suggest that the Ndc80 tail
and/or CH domain are also important for recruiting the Ska complex to kinetochores. How
do the Ndc80 tail and/or CH domain recruit Ska to kinetochores? We suggest that the Ndc80
tail and/or CH domain might directly bind to either or both of the C-termini of Skal and
Ska3. However, such interaction has not been reported yet, suggesting that this interaction
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might be too dynamic in cells to be detected by in vitro assays. Alternatively, such
interaction might require a microtubule binding-dependent structural change of Ndc80 as
suggested by Desai.[31] Taken together, both the Ndc80 loop and N-terminus can recruit the
Ska complex to kinetochores. More recently, it has been proposed that kinetochore-
associated phosphatases also function to promote Ska kinetochore accumulation in a positive
feedback cycle.[32]

How are these Ndc80-Ska interactions coordinated with cell cycle progression? Evidence
suggests that Aurora B plays an important role (Figure 1). At prophase/prometaphase when
kinetochores are poorly attached and tensionless, the Ska complex and the Ndc80 complex
are spatially close to Aurora B and thereby readily phosphorylated.[3334] The Aurora B
phosphorylation of the Ska complex inhibits its binding to the Ndc80 loop and reduces its
accumulation at kinetochores.[20] At the same time, the Aurora B phosphorylation on Ndc80
N-terminus might also inhibit its interaction with Ska,[3%] thereby further preventing Ska
kinetochore recruitment as well. Thus, both types of Ska kinetochore recruitments are
negatively regulated by Aurora B at early mitosis. Once kinetochores are bioriented and
tension is established at metaphase, the Ska and Ndc80 complexes are dephosphorylated,
leading to a full Ska accumulation at kinetochores. In addition, it is worth mentioning that
the Ska complex retains at kinetochores through early anaphase until late anaphase, during
which, Cdk1/Cyclin B1 activity has significantly decreased.[1213] |n such scenario, the
Ndc80 N-terminus might be the major factor that retains Ska at anaphase kinetochores.

4. Ska Promotes End-on Kinetochore Attachments

Kinetochores are initially captured by the lattice of spindle microtubules (side-on).[3 The
side-on attachments are unstable and must be converted to more stable end-on attachments,
during which kinetochores are captured by the dynamic ends of microtubules, to sustain
sister chromatid segregation. Conversion of side-on to end-on attachments will help promote
proper chromosome alignment at cell equators, a process called chromosome congression.
Extensive studies have revealed the important roles of the Ska complex in promoting end-on
kinetochore attachments and chromosome alignment, thereby facilitating chromosome
congression. Knockdown of Ska subunits seemed to have little effects on the initial
kinetochore attachments by microtubules, but significantly decreased the number of the
kinetochores with stable end-on attachments.[23] As a result, the stability of kinetochore-
fibers is significantly decreased and chromosome alignment is delayed.[X%] These findings
suggest that the Ska complex is important for establishing and/or maintaining end-on
kinetochore-microtubule attachments. Recently, detailed analysis of kinetochore attachments
using live imaging demonstrated that the Ska complex functions to prevent force-dependent
detachment of kinetochores from microtubules in the process of chromosome congression,
which helps to stabilize the end-on kinetochore attachments and promote proper
chromosome alignment.[3¢]

How does the Ska complex promote end-on kinetochore attachments at the molecular level?
Spindle microtubule ends undergo dynamic assembly and disassembly. Disassembly usually
results in the peeling away of individual microtubule protofilaments, which assume curved
structures. The peeling protofilaments can also generate force.[37] The Ska complex has been
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demonstrated to bind to both straight and curved microtubule structures in vitro, whereas the
Ndc80 complex binds preferentially to straight ones.[14.18:38] Such biochemical property of
the Ska complex might allow it to harness the force generated by the peeling protofilaments
to track on the depolymerizing microtubules. This microtubule end-tracking capacity has
recently been demonstrated to require diverse tubulin-interacting surfaces of Skal.[3]
Interestingly, it has also been shown that the Ska complex confers this microtubule end-
tracking capacity to the Ndc80 complex in vitro.[38] This might help establish and stabilize
end-on kinetochore-microtubule interactions in cells. In addition, the Ska and Ndc80
complexes can synergistically bind to microtubules. This synergy might further strengthen
kinetochore-microtubule interactions. In yeast, the Dam1 complex has also been shown to be
able to track on depolymerizing microtubule ends.[40-42] Thus, the Dam1 and Ska
complexes have similar functions in kinetochore-microtubule attachments although they
share no similarity in amino-acid sequences.[43]

5. Ska Promotes Spindle Checkpoint Silencing

Some studies demonstrated that inhibition of the Ska complex using RNA interference
technology did not prevent proper chromosome alignment although it still slightly delayed
this process;[9:10.13] instead, these cells were arrested at metaphase, followed by sister
chromatid cohesion fatigue.[1913] The spindle checkpoint kinase Bub1 has been detected at
kinetochores in these metaphase-arrested cells, suggesting that the Ska complex might
function to promote the silencing of the spindle checkpoint.[1%] In contrast to these
observations, other studies demonstrated that knockdown of the Ska complex resulted in
severe chromosome alignment defects, which arrested cells at prometaphase by activating
the spindle checkpoint.[12.14.15] The discrepancy may be explained by distinct SiIRNA-
mediated Ska knock-down efficiency as co-depletion of two Ska subunits exhibited more
severe chromosome alignment defects.[5] Therefore, to better dissect these distinct Ska
functions, isolation of separation-of-function Ska mutants is needed. We recently identified
such mutants (Cdk1-phosphorylation-defient) that largely support chromosome alignment,
but fail to promote anaphase onset, strongly suggesting that the Ska complex might function
to promote spindle checkpoint silencing.[23] Interestingly, these mutants failed to localize to
kinetochores, but still retained their association with spindle microtubules. Thus, the major
pool of kinetochore Ska may be more important for promoting anaphase onset, probably
through silencing the spindle checkpoint, than for promoting chromosome alignment. This
notion is further supported by functional analysis on the Ska3 mutant that mimics the
constitutive Mps1 phosphorylation.[44] This mutant localized properly to kinetochores, but
failed to promote chromosome alignment. This defect has been attributed to the altered
behavior of its association with microtubules. Taken all these findings together, it is likely
that distinct pools of the Ska complex fulfill its various functions in cells (Figure 2).

How does the Ska complex promote spindle checkpoint silencing? A recent study shed light
by showing that the Ska complex targets PP1 to the kinetochore.[4%] It found that the very C-
terminal domain of Skal that binds microtubules also directly interacts with PP1. Truncation
of the Skal C-terminus resulted in significant delay in both chromosome alignment and
anaphase onset. Fusion of the PP1-binding motif of Knl1 rescued both the defects. Thus, it is
likely that the Ska complex targets PP1 to kinetochores to promote spindle checkpoint
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silencing. In addition to recruiting PP1, the Ska complex might also target APC/C to
chromosomes to help checkpoint silencing.[46]

In budding yeast, the Dam1 complex, the functional ortholog of human Ska, has been
demonstrated by Wang et al. to prevent premature silencing of the spindle checkpoint.[47]
This function of the Dam1 complex is fulfilled through Aurora B-phosphorylation of Dam1,
but how this phosphorylation regulates the spindle checkpoint function is unknown. The
human Ska complex has also been shown to be an Aurora B substrate.[20] The
phosphorylation appears to negatively regulate the Ska-Ndc80 interactions, thus preventing
Ska accumulation at kinetochores, which might also prevent premature silencing of the
spindle checkpoint. In addition to be regulated by Aurora B, the Ska complex has also been
shown to regulate Aurora B activity.[48] This type of mutual regulation might fine-tune
kinetochore-microtubule interactions and the spindle checkpoint function to promote proper
chromosome segregation.

6. “Distinct Pools” of Ska Might Specify Its Various Functions

Based on the accumulated evidence, we propose a model to explain how the Ska complex
functions to promote stable end-on kinetochore attachments and spindle checkpoint
silencing. We suggest that distinct pools of Ska might exist at kinetochores to fulfill these
two functions—the Ndc80 loop pool promoting spindle checkpoint silencing and the Ndc80
N-terminus pool promoting stable end-on kinetochore-microtubule interactions (Figure 2).
In prophase/prometaphase when kinetochores are poorly attached by microtubules, the
kinetochore-localized spindle checkpoint kinase Mps1 phosphorylates the MELT domains in
Knl1 to recruit downstream effectors, thus activating the spindle checkpoint (Figure 3).
[49-51] At this stage, High Aurora B phosphorylation prevents Ska accumulation at
kinetochores (Figure 2). At metaphase, kinetochores are properly attached by microtubules
and the kinetochore-microtubule interactions are stabilized by the Ska complex recruited by
the Ndc80 N-terminus. Microtubule attachments to kinetochores also displace Mps1 from
kinetochores to initiate spindle checkpoint silencing®2:53] (Figure 3). At the same time,
phospho (p)-MELT domains in Knll are dephosphorylated by both the Ndc80-loop-based
Ska-PP1 and the Knl1-based PP1.

Considering the fact that kinetochore-microtubule interactions and the spindle checkpoint
are closely intertwined in functions, the question is raised regarding why distinct Ska pools
at kinetochores are needed to fulfill these intertwined functions. At early mitosis, Mps1
activates the spindle checkpoint by phosphorylating the MELT domains of Knl1.[49-51] At
metaphase-anaphase transition, these kinase phosphorylations must be removed to silence
the spindle checkpoint. It has been suggested that the very N-terminus of Knll can serve as a
platform to recruit PP1 to reverse these phosphorylations.[>4 Because there are many copies
of MELT domains distributed along Knl1 in a wide range of amino-acid sequences (150-
1200 in human),[®] it is unclear whether the pool of Knl1-based PP1—which localizes at
outer kinetochores—could be sufficient for dephosphorylating all the phosphorylated MELT
motifs, especially the ones that locate to the more inner side of kinetochores. Therefore, we
speculate that the Ska-based PP1 pool recruited by the Ndc80 loop might provide the extra
dephosphorylating strength, together with the Knl1-based pool, to more efficiently silence
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the spindle checkpoint. In addition, it is also worth mentioning that these two pools of Ska
are not isolated from one another and they might dynamically communicate to coordinate
kinetochore-microtubule attachments with the spindle checkpoint.

Although the evidence strongly suggests that distinct pools of Ska complexes might exist at
kinetochores to fulfill distinct functions, it is still possible that the Ndc80 loop and N-
terminus collaborate to recruit and maintain one major Ska pool at kinetochores (Figure 2).
If this was the case, the C-terminal domains of Skal and Ska3 protruding from one end of
the coiled coils might bind the Ndc80 loop and the ones protruding from the other end might
bind microtubules or Ndc80 N-terminus. In future, to isolate more separation-of-function
Ska mutants and characterize their cellular and biochemical functions would be a way to
distinguish these distinct models.

7. Conclusion and Outlook

How are kinetochores attached to the dynamic ends of microtubules? In the last decade,
great progress has been made to address this fascinating question using a combination of
diverse interdisciplinary techniques. The Ska complex, as a central regulator to this process,
has been extensively studied. It is evident that Ska has at least two major functions—
promoting end-on kinetochore attachments and spindle checkpoint silencing. Based on the
recent evidence, we suggest that distinct Ska pools might be responsible for these functions.
In future, further experiments are needed to confirm the existence of distinct pools.
Structural determination of how Ska interacts with the Ndc80 complex will be an effective
way, but it might be technically challenging. Alternatively, a combination of biochemical
analysis of the Ska-Ndc80 interactions using recombinant complexes and functional analysis
of these interactions in cells will be a more feasible way. In vitro biochemical evidence
suggests that the unique property of the Ska complex—tracking with the depolymerizing
microtubule ends—might be responsible for its function in end-on kinetochore-microtubule
interactions, but whether this is the case in cells is unclear because these in vitro systems
used in the studies lack regulators or in vivo post-translational modifications in cells.
Therefore, better systems are needed. In the light of work from the Biggins’s lab,[®¢] it will
be tempting to isolate kinetochores from human cells and use them to study how Ska helps
stabilizing kinetochore-microtubule interactions. How does Ska promote spindle checkpoint
silencing? The current model is that Ska targets PP1 to kinetochores to help inactivate the
spindle checkpoint by reversing checkpoint kinase phosphorylations.[43] Mps1-
phosphoryalted Knl1 within the MELT domains may be one of such Ska3-bound PP1
substrates.[49-511 |n future, it will be important to identify more of these substrates in order
to fully understand how the spindle checkpoint is silenced.
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Figurel.

Mapping and regulation of the Ndc80-Ska interactions (A). Schematic drawing of the
domains of Ska subunits and Ndc80. The solid line with arrows shows the verified
interactions. The dashed lines with arrows show the speculative interactions. The Ska-Ndc80
interactions, including both the verified and speculative ones, are subject to Aurora B
regulation in a cell cycle-dependent manner. At prophase/prometaphase, the Ska complex
and the Ndc80 complex are spatially close to Aurora B and thereby readily phosphorylated.
Aurora B phosphorylations of Ska and Ndc80 might inhibit the Ndc80-Ska interactions, thus
preventing Ska kinetochore accumulation. At metaphase, the Ska and Ndc80 complexes are
dephosphorylated, leading to a full Ska accumulation at kinetochores. B) Summary of the

functions of Ska domains.
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Figure2.
Speculative models of various Ska functions mediated by “One-pool” or “two-pools” of Ska.

In “Two-pools” model, the Ndc80-loop pool of Ska is recruited by the Ndc80 loop, or
together with some of its flanking sequences, and the recruitment is also dependent on
Cdk1-mediated Ska3 phosphorylation. This pool seems to play a more important role in
silencing the spindle checkpoint than stabilizing kinetochore-microtubule interactions. In
contrast, the Ndc80-N-terminus pool of Ska is recruited by the N-terminal domains of
Ndc80 and appears to be more important for stabilizing kinetochore-microtubule
interactions. In “One-pool” model, the Ndc80 loop and N-terminus collaborate to recruit and
maintain one major Ska pool at kinetochores. This pool might be responsible for both
stabilizing kinetochore-microtubule interactions and silencing the spindle checkpoint.
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Figure 3.
Stabilizing kinetochore-microtubule interactions and silencing the spindle checkpoint by the

Ska complex. In prophase/prometaphase when kinetochores are poorly attached by
microtubules, the kinetochore-localized Mps1 phosphorylates the MELT domains in Knl1 to
recruit downstream effectors, thus activating the spindle checkpoint. At metaphase,
microtubule attachments to kinetochores displace Mps1 from kinetochores and the
kinetochore-microtubule attachments are stabilized by the Ska complex recruited by the
Ndc80 N-terminus. At the same time, multiple copies of phospho (p)-MELT domains
distributed along a wide range of amino-acid sequences in Knl1 are dephosphorylated by
both the Ndc80-loop pool of Ska-PP1 and the Knl1l-based PP1. The Ndc80-loop pool might
provide extra dephosphorylating strength to more efficiently remove the phosphorylation
from the phospho-MELT domains.
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