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Abstract
Dynamic microtubules are essential for the process of mitosis. Thus, elucidating when, where, and
how microtubule dynamics are regulated is key to understanding this process. One important class
of proteins that directly regulates microtubule dynamics is the Kinesin-13 family. Kinesin-13 proteins
induce depolymerization uniquely from both ends of the microtubule. This activity coincides with
their cellular localization and with their ability to regulate microtubule dynamics to control spindle
assembly and kinetochore-microtubule attachments. In this review, we highlight recent findings that
dissect the important actions of Kinesin-13 family members and summarize important studies on the
regulation of their activity by phosphorylation and by protein-protein interactions.
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1. Introduction
Dynamic microtubules are critical to multiple aspects of cellular function. Most notable is the
dramatic rearrangement of the microtubule cytoskeleton as the cell breaks down its interphase
microtubule array to assemble the mitotic spindle. Dynamic microtubules are also important
for the movements of the chromosomes on the spindle and the accurate partitioning of the DNA
to the two daughter cells. The emerging picture is that multiple proteins act in space and time
to orchestrate this symphony of cellular events. The Kinesin-13 family members provide
excellent examples of the diverse mechanisms that are utilized to regulate microtubule
dynamics. Most cells contain multiple members of the Kinesin-13 family that control
individual facets of spindle microtubule dynamics. Their activities are regulated by distinct
targeting to regions of the spindle, by regulatory phosphorylation events, and by interactions
with different binding partners. While work is still in its early stages, these studies demonstrate
the complexities of the cytoskeletal architecture and highlight the diverse approaches that are
needed to tackle the question of how microtubule dynamics are spatially and temporally
regulated during mitotic progression.
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1.1 Establishment of Microtubule Dynamics within the Spindle
Microtubules are inherently dynamic polymers that exhibit a behavior known as dynamic
instability [1], in which microtubules co-exist in states of growth and shrinkage and
interconvert randomly between these two states. The proper regulation of dynamic instability
is critical for spindle assembly as there is a dramatic increase in microtubule turnover as cells
enter mitosis [2–4] that is correlated with an increase in catastrophe frequency and a decrease
in rescue frequency in cells [5]. Microtubules are organized within the spindle with their less
dynamic minus-ends at the centrosome and their more dynamic plus-ends extending toward
the spindle equator. Within the spindle, there are several classes of microtubules that are defined
both by their organization and by their dynamic properties. All classes of microtubules within
the spindle exhibit dynamic instability, but both K-fibers and spindle microtubules exhibit an
additional behavior called poleward microtubule flux in which tubulin subunits are
continuously added at the plus-ends of microtubules and translocated toward the spindle pole
where they are removed from the minus-ends [6–8]. Poleward flux may be critical for
chromosome segregation [9–11]; however, some recent studies suggest that flux may also
contribute to the fidelity of chromosome segregation [12,13]. These studies highlight the
complexities of regulating microtubule dynamics that must occur to ensure proper spindle
function.

1.2 Regulators of Microtubule Dynamics
Many microtubule regulatory proteins, including both microtubule stabilizing and
destabilizing proteins, control microtubule dynamics to achieve proper spindle assembly and
chromosome segregation. A lot of interest over the past decade has focused on the activities
of the Kinesin-13 family of microtubule destabilizing motors, which play diverse roles in
spindle assembly, spindle dynamics, proper chromosome attachment, and accurate
chromosome segregation. In this review, we will focus on recent studies that provide insight
into how Kinesin-13 family members regulate distinct aspects of microtubule dynamics, as
well as how their activities may be temporally and spatially controlled within the spindle.

2. The Kinesin-13 Family of Molecular Motors
The kinesin superfamily members are molecular motors that couple ATP hydrolysis to force
production. It was originally thought that all kinesins translocated unidirectionally along the
microtubule lattice; however, the observation that the Kinesin-13 family members strictly
depolymerize microtubules from both microtubule ends challenged this idea [14]. Since then,
it has become clear that other kinesin family members also regulate microtubule dynamics, but
appear to do so from only one microtubule end [15–18]. Together these studies highlight the
fact that small changes in the conserved kinesin catalytic domain can cause dramatic structural
changes in the microtubule polymer that lead to alterations in microtubule dynamics.

2.1 Structure and Function of Kinesin-13 Family Members
Kinesin-13 family members have been classified phylogenetically in multiple studies [19–
22]. In human and in mouse there are four Kinesin-13 members, including Kif2A, Kif2B, Kif2C
(MCAK), and Kif24. In contrast, there are no Kinesin-13 family members in either
Saccharoymces cerevisiae or in S. pombe, although these organisms do have members of the
Kinesin-8 and Kinesin-14 families of microtubule depolymerases. Invertebrate species have
variable numbers of Kinesin-13 members, and the most well studied of these include Klp10A,
Klp59C, and Klp59D in Drosophila. It should be noted that there is no functional data regarding
the role of Kif24 in any system, so our discussion is generalized to the other members of the
Kinesin-13 family and may not reflect eventual studies on Kif24.
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Kinesin-13 proteins are microtubule depolymerizing enzymes that bind to the end of the
microtubule, induce a conformational change at the microtubule end that leads to a microtubule
catastrophe [14]. Kinesin-13s are microtubule-end stimulated ATPases [23] that can use one-
dimensional diffusion along the lattice to reach the microtubule end [24]. Structurally, a
consistent feature of the Kinesin-13 family members is that they have an N-terminal globular
domain, followed by a positively charged neck, a centrally located catalytic core, and a C-
terminal dimerization domain [25]. The N-terminal domain affects the subcellular localization
of multiple members of this family [26–28]. The positively charged neck is required for
microtubule depolymerization activity [29], and contains a major regulatory site for modulating
this activity [30–32]. The catalytic domain contains the conserved ATP and microtubule
binding domains found in all kinesins, but several unique structural features, particularly in
loop two and helix four, may help explain how Kinesin-13s can induce or stabilize a curved
conformation of the tubulin protofilaments [33–35]. The C-terminal domain is required for
dimerization [36,37], which contributes to the efficiency of microtubule depolymerization.

3. Kinesin-13 Function in Mitosis
While the originally identified member of the Kinesin-13 family was neuronal Kif2 (now called
Kif2A) [38,39], which plays an important role in neurite outgrowth and collateral branch
expression in mouse neurons [40,41], a large body of research has focused on the diverse
functions of Kinesin-13s during mitosis. We will focus most of our discussion on studies
involving the vertebrate members of this family; however, we will point out studies in
Drosophila that provide significant insight into our understanding of the important roles of
these proteins in mitosis.

3.1 The Subcellular Distribution of Kinesin-13s during Mitosis
The first mitotic Kinesin-13 described was MCAK (aka Kif2C), which localizes to the spindle
poles, centromeres and kinetochores, the plus-tips of microtubules, and the cytoplasm [42,
43] (Fig. 1A). Kif2A is found mainly associated with the spindle poles [44–46]; however, it is
also associated with centromeres [46,47]. The localization of Kif2B is less clearly established
due to its very low expression level in most cell types examined [48]; however over-expressed
GFP-Kif2B localizes to kinetochores and spindle poles as well. The diverse localizations
highlight the potential for Kinesin-13s to act in multiple processes in spindle assembly.
Furthermore, the overlapping localization suggests that they may either functionally substitute
for each other at a specific spindle locale or that each Kinesin-13 may actually play distinct
roles during each phase of mitosis, and thus their activities are likely precisely regulated.

3.2 Kinesin-13s are Required for Spindle Assembly
It is well established that Kinesin-13s are required for spindle assembly (Fig. 1B), but the exact
processes that they affect vary between systems. Multiple members of the Kinesin-13 family
are important in spindle bipolarity [11,45,49–51]. Depletion of MCAK from Xenopus egg
extracts results in a high percentage of monopolar spindles [49]; whereas inhibition or RNAi
of MCAK in mammalian cells only causes a slight increase in monopolar spindles [52–56].
These findings imply that MCAK may be more critical for bipolarity in embryonic versus
somatic cells. In contrast to MCAK inhibition, knockdown of Kif2A in somatic cells causes a
dramatic increase in monopolar spindles [45,51], providing strong evidence for this Kinesin-13
in establishing bipolar spindles.

It is well established that microtubule-based sliding plays a major role in centrosome separation
and establishing spindle bipolarity. However, the finding that Kif2A inhibition causes
monopolar spindles suggests that an imbalance in microtubule dynamics can also lead to
defects in centrosome separation. Treatment of Kif2A RNAi cells with low doses of nocodazole
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that inhibit microtubule polymerization or co-depletion with the microtubule depolymerase
MCAK restoring spindle bipolarity [45] is consistent this idea. In addition, kinetochore-based
pushing forces contribute to centrosome separation [57]. The observation that co-depletion of
Kif2A and Nuf2, a component of the microtubule-kinetochore linker complex, rescues spindle
bipolarity [45] supports the idea that the kinetochore-based pushing forces are balanced by
minus-end microtubule dynamics. A recent study showing that Kif2B knockdown affects the
kinetics of centrosome separation [48] is indicative that multiple Kinesin-13 family members
may contribute to spindle bipolarity through different pathways. To elucidate the pathways
that contribute to spindle bipolarity and the underlying mechanisms will require quantitative
analysis of mitotic progression and careful analysis of microtubule dynamics after
manipulation of Kinesin-13 activity.

3.2 Kinesin-13s Regulate Spindle Microtubule Dynamics
It is clear that Kinesin-13s contribute to proper regulation of spindle microtubule dynamics as
their inhibition results in alteration of microtubule polymer levels in nearly every model system
examined [11,45,49,50,52,53,55,58]; however, the particular subclasses of microtubules that
are affected vary depending on the cell type and the particular Kinesin-13 examined (Fig. 1B).
For example, RNAi of Klp10A disrupts spindle microtubule turnover specifically near
microtubule minus-ends [59], which is likely most critical to regulate poleward microtubule
flux. MCAK inhibition on the other hand causes a reduction in K-fiber microtubule turnover,
with no effect on spindle microtubules [60,61]. This effect is temporally regulated during
mitotic progression as MCAK controls K-fiber dynamics during metaphase, whereas Kif2B
contributes to K-fiber turnover during prometaphase [62]. Intriguingly the proper regulation
of K-fiber dynamics and chromosome segregation may be critical for genomic stability [62],
highlighting the importance of maintaining precise K-fiber microtubule dynamics.

Kinesin-13s may also regulate K-fiber dynamics through their role in controlling poleward
microtubule flux. Inhibition of Klp10A suppresses poleward flux at microtubule minus-ends
[11,59], which is important in anaphase A-mediated chromosome segregation. Similarly,
Kif2A is proposed to regulate microtubule flux in vertebrate cells and extracts [12,44]; although
this function remains controversial as others have found no effect on poleward microtubule
flux upon Kif2A inhibition [46,47].

The incredibly complex effects of Kinesin-13s on spindle assembly and regulation of
microtubule dynamics evokes the idea that perturbing the dynamics of one class of
microtubules may indirectly alter the dynamics of another class. The observation that treatment
of cells with low levels of paclitaxel does not cause the same alterations in spindle organization
and microtubule dynamics as MCAK inhibition [60] suggests that overall suppression of
microtubule dynamics is distinct from perturbation of an individual microtubule dynamics
regulator. Alternatively, the different Kinesin-13s may simply be functionally redundant. The
observation that Kif2A addback does not rescue spindle assembly in MCAK depleted
Xenopus egg extracts argues against this idea [46]. Together, these studies illustrate that the
activities of each of these Kinesin-13s are likely finely controlled in different areas at different
times to insure proper spindle assembly and chromosome segregation.

3.3 Kinesin-13s Regulate Kinetochore-Microtubule Attachments
It has become increasingly clear that Kinesin-13s play a major role in regulating proper
kinetochore-microtubule attachments (Fig. 1B). It was initially observed that inhibition of
centromeric MCAK leads to lagging chromosomes at anaphase [27], which was later shown
to be due to defects in chromosome congression as a result of improperly attached
chromosomes [28,63]. However knockdown of MCAK results in only a few lagging
chromosomes per cell [27,56,64], whereas knockdown of MCAK and Kif2A together causes
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a higher percentage of cells with more lagging chromosomes [12]. In contrast, Kif2B
knockdown causes a dramatic increase in improperly attached chromosomes leading to
defective chromosome segregation [62]. This suggests that Kif2B plays a more critical role in
the regulation of kinetochore-microtubule attachments than MCAK. It is not clear whether
these defects are due solely to the role of these kinesins in regulating K-fiber turnover dynamics
or in poleward microtubule flux, which is postulated to enhance the fidelity of chromosome
segregation [12,13]. Another interesting idea is that kinetochore-associated MCAK may
regulate the attachment status not solely by releasing the attachment, but rather just by
loosening the end states of microtubules embedded in the kinetochore to alter microtubule
binding affinity [61]. Together these studies support the idea that Kinesin-13s are indeed
important in regulating kinetochore-microtubule attachments and highlight the complexity of
mechanisms utilized to monitor these attachments. Important and interesting mechanistic
questions for the future are to understand whether the Kinesin-13s actually correct or prevent
improper attachments as well as to understand how they sense and respond to attachment
defects.

3.4 Kinesin-13s and Chromosome Segregation
Since their initial discovery as proteins that can regulate microtubule dynamics, it has long
been suspected that Kinesin-13s may be responsible for the kinetochore-mediated microtubule
depolymerization activity during anaphase A chromosome segregation. The observation that
inhibition of centromeric MCAK gives rise to anaphase segregation defects provided support
for this idea [27]; however, the absence of defects in the rates of anaphase A chromosome to
pole movement after MCAK inhibition suggested that the anaphase A defects were more likely
a consequence of earlier prometaphase defects [63]. In contrast to vertebrates, work from
Drosophila embryos clearly shows that Klp10A and Klp59C account for the majority of
chromosome to pole movement during anaphase A [11]. The observation that a Kif2A/MCAK
double knockdown increases chromosome segregation defects supports the idea that Kif2A
microtubule depolymerization at spindle poles may contribute to anaphase A movements
[12]. To date, no kinetochore-associated microtubule depolymerases that contribute directly
to anaphase A have been identified in vertebrates, leaving open the question of what molecules
actually regulate the kinetochore-mediated microtubule depolymerization that occurs in
vertebrate cells.

Very few studies have examined the roles of Kinesin-13 proteins in anaphase B. In
Drosophila, suppression of minus-end depolymerization may actually drive spindle elongation
in anaphase B [59,65]. In support of this idea, both Klp10A and Kif2A localize to poles and
inhibition causes a diminishment of poleward flux, with a concomitant increase in spindle
length [11,44,66]. In contrast, spindle length after MCAK inhibition is actually slightly shorter
than controls [60,63], which may result from changes in plus-end dynamics at kinetochores
[67]. Overall, these results highlight the idea that Kinesin-13s may also be important for
anaphase B microtubule dynamics; however, this analysis will require that we find ways to
temporally inhibit Kinesin-13 activity so that any defects in anaphase can be dissected from
any early defects that occurred during spindle assembly.

4. Regulation of Kinesin-13 Activity
The complexity of actions that are carried out by members of the Kinesin-13 family and their
overlapping localizations suggests that their activities must be precisely regulated. In addition,
their spatial localization needs to be precisely controlled so that they are at the right place at
the right time during mitosis. Kinesin-13 activities and localizations are regulated via
phosphorylation by a number of important mitotic kinases and through interaction with a
number of important regulatory proteins.
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4.1 Phosphorylation Controls Kinesin-13 Activity and Localization
A major advance in our understanding of Kinesin-13 activity came from the observation that
Aurora B phosphorylation inhibits the microtubule depolymerization activity of MCAK [30–
32]. Aurora B phosphorylates MCAK at multiple sites throughout the N-terminal domain and
the neck [30–32,68], but it was shown that S196 is the critical site for regulating this activity
[31] (Fig. 2A). S196 is within the neck domain of MCAK, so it is interesting to speculate that
phosphorylation at this site will introduce a negative charge into the normally positively
charged neck that is important for controlling microtubule depolymerization activity [29]. It
is important to note that while phosphorylation at this site is inhibitory; it does not completely
abolish activity. One idea is that phosphorylation at this site may act more like a rheostat to
fine-tune microtubule depolymerization activity. It is also possible that the ability of MCAK
to be phosphorylated at this site is regulated by its accessibility to the kinase, which may be
controlled by interactions between the N- and C-terminal domains [69] or by the binding of
other regulatory molecules to MCAK [70,71].

S196 and the surrounding residues are highly conserved in most members of the Kinesin-13
family (Fig. 2B), suggesting that other members of the family may also be regulated by
phosphorylation at this site. Indeed, Kif2A microtubule depolymerization activity is modulated
by Aurora B phosphorylation at the S196 equivalent site [70]. However, this site is not
conserved in vertebrate Kif24, which may not be important in mitosis, nor is it conserved in
Drosophila Klp59C. Interestingly, in Klp59C the serine is an aspartate residue, which may
mimic the phosphorylated status. Because Klp59C is an active microtubule depolymerase
[11], this supports the idea that phosphorylation at this site does not abolish microtubule
depolymerization activity, but rather moderates activity.

Phosphorylation of MCAK by distinct kinases does not necessarily result in inhibition of
activity. For example, while Aurora A kinase suppresses the microtubule depolymerization
activities of both MCAK [72] and Kif2A [73,74], Plk1 actually stimulates Kif2A
depolymerization activity [73] (Fig. 2A). These stimulating Plk1 phosphorylation site(s) are
unknown, and their identification will be important for us to understand the mechanisms by
which distinct kinases coordinate Kinesin-13 activities.

In addition to regulating the microtubule depolymerization activity, a major role of
phosphorylation is to control subcellular targeting of these kinesin family members (Fig. 2A).
Inhibition of Aurora B kinase prevents MCAK targeting to centromeres [30,31,68,75] at least
in part by altering MCAK turnover at centromeres [30]. MCAK displays a differential
localization between inner centromeres and kinetochores from prometaphase to metaphase
depending on the microtubule attachment or congression status of the chromosome [30,61,
63]. This spatial and temporal localization is regulated by phosphorylation, suggesting that
MCAK may have two distinct binding sites [30,61]. The exact mechanism for this temporal
and spatial display is currently unknown, but likely involves phosphorylation promoting inner
centromere binding and dephosphorylation promoting kinetochore binding. In Xenopus
extracts, MCAK targeting to centromeres/kinetochores is regulated by a combination of sites,
wherein phosphorylation at S110 and dephosphorylation at T95 promotes association [68].
This complex regulatory network of interactions may help explain why mutation of all putative
Aurora B phosphorylation sites to alanine did not abolish MCAK targeting to centromeres
[30,32], and supports the idea that perhaps T95 phosphorylation regulates the differential
association of MCAK with kinetochores and centromeres during bi-orientation and
congression.

The T95 site is conserved within MCAK proteins from different species, but is also conserved
in Kif2A, despite the variable association of Kif2A with centromeres (Fig. 2B). Interestingly,
T95 is not conserved in Kif2B, nor is it a predicted Aurora B phosphorylation site [76]. The
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idea that dephosphorylation of T95 promotes kinetochore association in MCAK is consistent
with the idea that the absence of a phosphorylation site in Kif2B could similarly promote
kinetochore association. By analogy, the inability of Kif2B to be phosphorylated in this region
would also prevent inner centromere localization. Together these studies support the idea that
Kif2B functions more distally on the outer kinetochore and MCAK functions more proximally
toward the inner centromere, but additional studies are clearly needed to test this hypothesis.
In addition, S110 is not highly conserved outside of Xenopus, making it difficult to understand
exactly how this could be the primary site that promotes centromere association.

Phosphorylation of MCAK and Kif2A by Aurora A also regulates its association with spindle
poles [72,73,77]. MCAK association is promoted at least in part by phosphorylation of S719
[72], a site that is highly conserved in MCAK and Kif2A, but is physically absent in Kif2B
(Fig. 2B). However, it is unclear whether this Aurora A regulated mechanism of localization
is conserved because Aurora A inhibition actually increases the localization of Kif2A to spindle
poles [73]. In contrast, Plk1 acts antagonistically to Aurora A because inhibition of Plk1
decreases the amount of Kif2A associated with spindle poles [73]. The localization of Kif2A
to spindle poles is also regulated by DDA3, which increases its targeting efficiency [78].
Whether this interaction is modulated by phosphorylation or if DDA3 is upstream or
downstream of Plk1 is unknown.

Together these studies show that there is a complex hierarchy of phosphorylation events that
control both Kinesin-13 localization and microtubule depolymerization activity. It will be
essential to address when and where each phosphorylation event occurs as well as to elucidate
the mechanisms by which individual kinases modulate activity and localization. This analysis
is likely going to be complicated, as it will require careful depletion/addback experiments in
egg extracts or knockdown/rescue approaches in cells so that protein levels can be precisely
controlled. Given the observation that association with additional proteins also modulates
Kinesin-13 function, simple reconstitution approaches may not clearly elucidate the full
complexities of the in vivo regulatory mechanisms.

4.2 Kinesin-13 Targeting is Regulated through Binding Partners
The complex localization of Kinesin-13 family members suggests that one mechanism to
regulate function would be to associate with different binding partners. A large number of
binding partners have been identified for Kinesin-13 family members, but with a few notable
exceptions, the consequences of these interactions have not been clearly elucidated.

The first regulatory binding partner discovered for a Kinesin-13 was ICIS, which stimulates
the microtubule depolymerization activity of MCAK [71]. ICIS localizes to the inner
centromere, and its targeting is MCAK-dependent. ICIS may provide a link between MCAK
and the Aurora B chromosomal passenger complex because the C-terminus of ICIS interacts
with MCAK, whereas the N-terminus of ICIS interacts with parts of the chromosomal
passenger complex [70,71]. Surprisingly, ICIS function is not limited to the regulation of
MCAK as ICIS and Aurora B also regulate Kif2A [70]. ICIS can stimulate both Kif2A and
MCAK microtubule depolymerization activity, but only after they are first phosphorylated at
S132 and S196 respectively, which are inhibitory for depolymerization activity. These results
suggest that ICIS and Aurora B act antagonistically to modulate microtubule depolymerization
activity, and provide yet another mechanism to fine-tune Kinesin-13 activity.

MCAK association with numerous microtubule plus-end binding proteins (+ TIPs) and its
ability to track with growing MICROTUBULE ends may also affect its function. MCAK
associates with APC in Xenopus extracts [79], wherein APC is a large protein that plays
important roles in spindle orientation, microtubule organization, and genomic instability [80,
81]. Both MCAK and APC bind kinetochores in Xenopus egg extracts [79,82], and the

Ems-McClung and Walczak Page 7

Semin Cell Dev Biol. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



association between MCAK and APC is mediated by the N-terminal domain of MCAK and
the C-terminus of APC [79]. APC and MCAK also interact individually at microtubule plus-
ends through an interaction with EB1 [83–86], suggesting a mechanism for APC and MCAK
association. The association of Kinesin-13s with EB1 is highly conserved, as both
Drosophila Klp10A and Klp59C are both +TIPs [87]. The binding of EB1 to MCAK and
Klp10A is direct [83,87], and in MCAK is mediated at least in part through an N-terminal
microtubule tip localization signal SxIP [88] (Fig. 2B). Recent studies identified the EB1
binding protein TIP150 as another protein that may modulate the interaction between MCAK,
EB1, and microtubules [89]. TIP150 is thought to serve as a linker between EB1 and MCAK
because TIP150 enhances MCAK association with EB1 [89], suggesting that the precise
interaction between all of these components needs to be carefully examined. One interesting
note is that TIP150 shares limited sequence homology to the C-terminal domain of ICIS, raising
the question of whether TIP150 also regulates MCAK depolymerization activity.

The ability of Kinesin-13s to plus-tip track on growing microtubules appears to be limited to
MCAK, as neither Kif2A or Kif2B possess tip-tracking ability [42,48], which is likely due to
the absence of the EB1 microtubule tip localization signal [88] (Fig. 2B). This ability to tip-
track by association with EB1 [83,89] is also regulated by phosphorylation [42,88,89] at least
in part due to the S92 (T95 equivalent) site [42]. It will therefore be important to address how
the phosphorylation status of MCAK regulates its association with EB1 and TIP150, and most
crucially to elucidate the importance of MCAK tip-tracking in its many diverse functional
roles.

5. Conclusions and Future Directions
It is clear that Kinesin-13 family members play diverse and important roles during mitosis.
What is most notable is the diversity of processes that are affected and the complex regulation
that occurs. Perhaps this is not surprising given the complex nature of microtubule dynamics
within the spindle. While significant progress has been made, it is clear that we have a long
way to go before fully understanding this Kinesin family. It will be essential to decipher when
and where each Kinesin-13 is found and whether it is active or inactive at that site. It is important
to keep in mind that guilt by association may not be accurate here. For example, a particular
Kinesin-13 can be localized at a distinct spindle area and yet be phosphorylated at an inhibitory
site, implying that its activity is suppressed. Testing this idea will rely on the development of
novel biosensors that can detect active and inactive forms of each Kinesin-13. In addition, we
require more sophisticated means to measure microtubule dynamics within the spindle so that
we can understand how specific subpopulations of microtubules are perturbed upon Kinesin-13
inhibition. Temporal inhibition of Kinesin-13 function would provide a tremendous
opportunity to dissect the roles of Kinesin-13s at individual stages of mitosis. Finally, we need
to understand how the Kinesin-13 proteins are phosphorylated and how interactions with other
regulatory proteins are controlled so that we can elucidate the molecular mechanisms by which
these proteins carry out their many actions.
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Abbreviations

APC adenomatous polyposis coli

ATP adenosine tri-phosphate
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DDA3 identified by differential display and is activated by p53

EB1 end-binding protein 1

GFP green fluorescent protein

ICIS inner centromere Kin-I stimulator

Kif kinesin family member (2A, 2B, and 2C)

Klp kinesin-like protein (10A, 59C, and 59D)

K-fiber kinetochore fiber

MCAK mitotic centromere-associated kinesin

Nuf2 Ndc80 kinetochore complex component

Plk1 polo-like kinase 1

RNAi ribonucleic acid interference

S serine

SxIP microtubule tip localization signal (serine, any amino acid, isoleucine, proline)

+TIP microtubule plus-end tracking protein

TIP150 +TIP of 150 kilodaltons

T threonine
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Fig. 1.
Localization and function of Kinesin-13s in mitosis. (A) The vertebrate Kinesin-13s have
overlapping localizations at spindle poles and kinetochores/centromeres. MCAK is also found
in the cytoplasm and at the plus-ends of microtubules. Kif2A localizations are shown in green,
Kif2B in teal, and MCAK in red. Microtubules are shown in gray and chromosomes are shown
in blue. (B) Summary of vertebrate Kinesin-13 function during mitosis. Spindle structures and
Kinesin-13 models are colored as in (A) with kinetochores depicted in pink. Models of the
Kinesin-13s are shown at their predominant site(s) of function in prophase, metaphase, and
anaphase.
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Fig. 2.
Kinesin-13 localization and function is regulated by conserved phosphorylation sites. (A)
Schematic of secondary amino acid structure of Kinesin-13s and summary of Aurora B, Aurora
A, and Plk1 phosphorylation effects. NT, N-terminal domain; and CT, C-terminal domain.
Only the Xenopus MCAK phosphorylation sites are depicted for clarity. Green arrows depict
promotion and red lines depict inhibition of localization or activity. (B) The T95, S196, and
S719 MCAK phosphorylation sites are highly conserved in Kif2A, whereas only the S196 site
is conserved in Kif2B. For HsKif2A, S157 is equivalent to S132 as reported in Knowlton, et
al. [70]. Phosphorylation sites are colored red, and the surrounding conserved residues are
colored blue for the T95 site, green for the S196 site, and orange for the S719 site. The SxIP
microtubule tip localization signal is boxed, and is only conserved in MCAK. Hs, human; Xl,
frog (Xenopus laevis); and Cg, Chinese hamster. Genbank accession numbers used for
alignment: HsKif2B, NM032559; HsKif2A, NM004520; XlKif2A, BC057698; HsMCAK,
NM006845; CgMCAK, U11790; and XlMCAK, BC044976.
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