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Abstract
The stereotypical function of kinesin superfamily motors is to transport cargo along microtubules.
However, some kinesins also shape the microtubule track by regulating microtubule assembly and
disassembly. Recent work has shown that the kinesin-8 family of motors are key regulators of
cellular microtubule length. The studied kinesin-8s are highly processive motors that walk towards
the microtubule plus-end. Once at plus-ends, they have complex effects on polymer dynamics:
kinesin-8s either destabilize or stabilize microtubules, depending on the context. This review will
focus on the mechanisms underlying kinesin-8-microtubule interactions and microtubule length
control. We will compare and contrast kinesin-8s with the other major microtubule-regulating
kinesins (kinesin-4 and kinesin-13), to survey the current understanding of the diverse ways that
kinesins control microtubule dynamics.
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INTRODUCTION
The microtubule cytoskeleton, built from dimers of α/β-tubulin, takes on an astonishingly
diverse range of forms and functions, and can transition between organizational states on a
timescale of minutes. A plethora of microtubule-interacting proteins are involved in spatial
and temporal control of microtubule dynamics. Some regulators interact with the
microtubule lattice, for example the stabilizing microtubule-associated protein (MAP) tau
[1] and the microtubule severing enzyme katanin [2]. Other regulators specifically control
the dynamic properties of the microtubule end, for example, so called microtubule plus-end
tracking proteins (+TIPs) of the EB and CLASP families [3,4]. Kinesin motors can interact
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with both microtubules surfaces: these motors walk along the lattice and in some cases also
influence the microtubule end, functioning as motile regulators for microtubule dynamics.

Why would cells use the motile kinesins to regulate microtubule dynamics? What unique
features do kinesins possess compared to other microtubule regulators? First, kinesins can
send themselves to the microtubule end, without necessarily requiring additional factors.
Second, because the motility of most kinesins is unidirectional, the effects of a specific
motor will be restricted to one end of microtubules. Third, motility, if processive, allows
kinesins to “pace out” the length of a microtubule, a capacity that may explain the length-
dependent effects of kinesin-8 family in maintaining microtubule length homeostasis (Box
1). The dual function of kinesins for motility and microtubule end dynamics regulation
raises interesting mechanistic questions: do kinesin motors interact with tubulin at the
microtubule end in the same or different manner than the interaction that occurs when they
walk along the lattice? Are walking and end dynamics regulation compatible or inherently
competitive? Here we will review how kinesin motors control microtubule dynamics,
focusing on recent progress in the kinesin-8 family, which are key regulators of cellular
microtubule length.

Box 1

Length-dependent regulation of microtubule dynamics by kinesin-8s

The capacity of kinesin-8 motors to regulate microtubule dynamics in a length-dependent
manner depends on two key features. First, kinesin-8 motors are highly processive, which
means that a significant portion of motors that land on the microtubule lattice will reach
the plus-end. The heightened processivities of Kip3 and Kif18A are conferred in part by
their C-terminal tail domains, which bind the microtubule lattice [20,21,60,61]. Because
long microtubules contain more motor-binding sites, they will accumulate greater
concentrations of kinesin-8 motors at their plus-ends. Second, kinesin-8 motors pause at
the plus-end and impact their dynamics. For Kip3, which destabilizes the plus-ends of
GMPCPP microtubules, these two properties enable the motor to depolymerize
microtubules in a length-dependent fashion [15,22]: the depolymerization rate of short
microtubules is slower than that for long microtubules.

Because GMPCPP-stabilized microtubules are considered to mimic the GTP-cap (Box 2)
of growing dynamic microtubules, the ability of Kip3 to depolymerize GMPCPP-
stabilized microtubules may correspond to an ability to remove the GTP-cap from
dynamic microtubules and promote catastrophe. Indeed, Kip3 enhances the catastrophe
rate in a length-dependent manner on reconstituted dynamic microtubules in vitro [63]
and on artificially induced long kinetochore microtubules in vivo [88]. It is worth noting
that the length-dependent effect is only obvious on long microtubules in these studies.
The effect is subtle on microtubules shorter than two microns, the length of most yeast
astral microtubules and kinetochore microtubules. Thus, for budding yeast Kip3, it is not
yet clear if length-dependent destabilization, as opposed to its general microtubule
destabilizing effect, is the dominant regulatory mechanism in vivo. In fission yeast, there
is good evidence that the kinesin-8s promote length-dependent catastrophe but there are
several factors that complicate the interpretation [89]. First, the fission yeast kinesin-8s
Klp5/6 do not have detectable depolymerase activity [33]. Second, the length dependent
catastrophes are observed for microtubule bundles rather than individual microtubules
[89]. Third, the speed of the fission yeast kinesin-8s on yeast microtubules is slower than
microtubule growth rates in cytoplasm [32], raising the possibility that additional factors
slowing down of microtubule growth at the cell tip could also influence these findings.
To date, length-dependent catastrophe has not been described in human cells, but this
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mechanism has been proposed to drive the medial positioning of chromosomes along the
spindle axis [31].

MOLECULAR ARCHITECTURE OF THE KINESIN-MICROTUBULE
INTERFACE

The kinesin superfamily of proteins share high sequence homology in their motor domains,
which contain an ATP-binding catalytic core and microtubule-interacting surfaces. The
motor domain forms an arrow-shaped structure that is built from a central β-sheet, flanked
on each side by three α-helices. The arrow base lies flat on the microtubule lattice, with its
tip pointed towards the plus-end. The phosphate-binding P-loop, switch-I, and switch-II
regions form the nucleotide binding and hydrolysis motifs. The switch-II cluster (helices α4
- loop L12 – helices α5) follows switch II (loop L11) and composes the major motor-
microtubule interaction surfaces. The switch-II cluster slides along the central β sheet in a
manner that is regulated by the nucleotide–binding state, coordinating nucleotide status and
microtubule binding affinity [5,6].

Features of microtubule-depolymerizing kinesins
Kinesin motors that directly regulate microtubule dynamics are indicated in Table 1. These
motors share the common motor domain fold of the walking kinesins, but also contain
unique structural elements. Kinesin-13, the first identified and best-understood microtubule
depolymerase, contains a family-specific, extended loop 2 (L2) within its motor domain. L2
forms a rigid finger-like structure with a conserved “KVD” peptide motif located at the tip
of the L2 finger. Structural modeling suggests that the kinesin-13 L2 binds the interdimer
interface of tubulin, stabilizing the peeled conformation of protofilaments typical of
depolymerizing microtubules. Consistent with this hypothesis, the KVD motif is critical for
the depolymerase activity of kinesin-13 [7,8]. Overall, the microtubule interaction surface of
the kinesin-13 motor domain has a convex conformation that appears to be more
complementary to the curved tubulin conformation at microtubule plus-ends than to the
straight tubulin conformation along the lattice [7,8]. That kinesin-13s stabilize the bent
conformation of tubulin was first suggested by its ability to induce the formation of tubulin
rings from Taxol-stabilized microtubules [9].

The ATPase cycle of kinesin-13s also appears to be tailored to their functions as
microtubule depolymerases. ADP-release, one of the rate-limiting steps in the ATP
hydrolysis cycle of kinesin-13s, appears to be maximally stimulated by microtubule ends in
comparison to the stimulation from microtubule lattice [10]. This contrasts with motile
kinesin-1 where ADP release is maximally stimulated by the lattice [11]. Therefore,
kinesin-13 only remains at the ADP-bound state along the lattice, unable to undergo ATP
hydrolysis cycles, step along the lattice, or make directional movement. Lacking motility,
kinesin-13s find microtubule ends either by one dimensional diffusion along the lattice [12],
or by binding to proteins at the microtubule end such as EB1 [13]. Thus kinesin-13s have
made an evolutionary trade-off: losing the capacity for directional motility in the process of
having acquired robust depolymerase activity.

The multifunctional kinesin-8s
However, motility and depolymerase activity are not inherently conflicting. Kinesin-8s are
the most processive motile kinesins known, yet at least some family members possess
depolymerase activity [14,15]. Although the molecular mechanism that enables the co-
existence of both activities remains unclear, kinesin-8s do share certain structural features
with both conventional motile kinesins and the kinesin-13s. Similar to other plus-end
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directed motile kinesins, kinesin-8s have an N-terminal motor domain, rather than the
internal motor domain found in kinesin-13s. However, like kinesin-13s, kinesin-8s contain
an extended loop L2 that appears to make an extra contact with α-tubulin at the minus end
along the motor-microtubule interface (Figure 1) [16]. The amino acid sequence and length
of this loop shares little similarity with L2 from kinesin-13s. Although it is possible that the
L2 sequences of kinesin-13s and kinesin-8s have structural similarity, this remains untested
because the L2 sequence of kinesin-8 is not visible in the crystal structure [16].

Because the motor domain of the human kinesin-8 Kif18A can induce the formation of
tubulin rings from Taxol-stabilized microtubules [16], it is appealing to speculate that
kinesin-8s, similar to kinesin-13s, destabilize microtubules by bending protofilament at plus-
ends. However, Kif18A induces rings significantly less efficiently than MCAK. Moreover,
as discussed below, there is also controversy over the biochemical properties of Kif18A:
different groups have suggested that it either weakly depolymerizes microtubules or lacks
depolymerase activity entirely. More structural information coupled with mutagenesis and
domain swaps may shed light on whether the specific sequences within Loop 2 or the overall
rigidity of its structure play a key role in determining the biochemical properties of
kinesin-8s.

Do kinesins interact differently with the microtubule lattice and the microtubule end?
Tubulin subunits on the microtubule end have exposed surfaces that are buried when tubulin
is incorporated into the microtubule lattice. The plus-end also differs from the lattice
because of its “cap” composed of GTP-liganded tubulin (Box 2). The microtubule plus-end
is therefore chemically and structurally different from the lattice and it is therefore possible
that kinesin motors could interact differently with microtubule plus-ends compared to the
lattice. Indeed, exciting recent work has demonstrated that a member of the EB-family of
non-motor microtubule plus-end binding proteins makes specific contacts on microtubules
that likely are important for sensing the nucleotide state of tubulin [17]. The idea that some
kinesins might also sense features of the microtubule end is supported by the fact that both
kinesin-13s and kinesin-8s can bind tubulin dimers. Binding to tubulin dimers is a common
feature shared by many microtubule plus end-tracking proteins (+TIPs), such as CLIP-170,
CLASP, and XMAP215 [18,19]. Furthermore, additional studies have also shown that
kinesin-8 motors pause at microtubule plus-ends for extended periods (~60–75 seconds) of
time both in vitro and at kinetochore-microtubule plus-ends. The mechanism underlying this
prolonged dwell time at plus-ends is uncharacterized, but is known to require the
microtubule-binding activity of its C-terminal tail domain [20,21]. Interestingly, paused
motors at microtubule plus-ends appear to be “bumped off” by incoming motors, leading to
the proposal of a novel mechanism of microtubule depolymerization mediated by
cooperative interactions among motors (Box 3) [22]. It was also recently reported that
individual Kip3 motors frequently step from one protofilament to the next during processive
walking [23]. This raises the question of whether Kip3 really pauses at plus-ends or it
actually steps from one protofilament to another. A more interesting question is whether
torsional force generated during inter-filament stepping could destabilize lateral interactions
between protofilaments at plus-ends and contribute to microtubule depolymerization.

Box 2

GTP-cap [86]

A “GTP-cap” model is believed to underlie microtubule dynamic instability. When a
microtubule grows, GTP-liganded tubulins are incorporated into the lattice. Once in the
lattice, GTP is hydrolyzed to GDP. Because of a time lag between tubulin incorporation
and GTP hydrolysis, the tip of growing microtubules is composed of GTP-liganded
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tubulin, which is called “GTP-cap” whereas the lattice of microtubules is composed of
GDP-liganded tubulin. GTP-tubulin was suggested to have a straight conformation in the
lattice, which stabilizes microtubules and favors growing. Once the GTP-cap is
physically removed or chemically removed by GTP hydrolysis, the GDP- tubulins are
exposed. GDP-bound tubulins adopt a bent conformation, which destabilizes microtubule
plus-ends and initiate shrinkage. The GTP-cap can be regained during the shrinkage
phase and this is accompanied by the regrowth of microtubules. The transition from
growing to shrinking is called catastrophe, while the transition from shrinking to growing
is called rescue. Catastrophe and rescue frequencies, together with growth and shrinkage
rates, are the four parameters commonly used to describe microtubule dynamics.

The GTP-cap was suggested to have sub-structures by recent studies. Microtubules were
found to have tapered ends, rather than blunt ends during the growth phase. This suggests
the length of GTP-cap is not uniform among the protofilaments [87]. Another study
suggested it takes multiple steps to trigger a catastrophe. Structural flaws could be
accumulated in the GTP-cap during the growth before a catastrophe is triggered [63].
These studies suggested a variety of mechanisms that microtubule regulators can adopt to
affect the assembly dynamics.

Box 3

“bump-off” model

Work from the Howard Laboratory showed the ~minute-long dwell time of Kip3
molecules at the microtubule plus-end is markedly decreased as the flux of motors
coming to the plus-end is increased. This has led to an attractive model where incoming
motors push other motors off the plus-end, triggering the removal of tubulin dimers from
the end [22]. Although appealing, there are important aspects of this model that remain to
be tested: the bump-off effect is well documented on chemically stabilized microtubules,
but has not been examined on dynamic microtubules. It is also difficult to completely
exclude the possibility that multiple motors alter the architecture of the microtubule plus-
end and thus diminish the dwell time for end-bound motors indirectly. Much also remains
to be learned about the nature of motor-motor interactions at the plus end: is the
interaction specific or a “slap in the back” from motors crowding towards the plus-end?
Would the force from the latter type of interaction be sufficient to dislodge a motor from
the plus-end?

HOW DOES KINESIN-8 CONTROL MICROTUBULE LENGTH?
The function and dynamic properties of many microtubule-dependent systems are defined
by the lengths of individual microtubules contained within them. During cell division, the
lengths of astral microtubules govern the probability that their plus-ends will be captured by
the cortex and thereby participate in spindle positioning. The lengths of kinetochore-fiber
microtubules on the other hand dictate the location of chromosomes in the mitotic spindle.
Cellular “rulers” that measure size and length are poorly characterized, generally, and the
mechanisms that sense and regulate microtubule length are no exception. Kinesin-8 motors
have emerged as important regulators of microtubule length and microtubule-dependent
cellular processes, particularly during mitosis. Table 2 summarizes kinesin-8s’ cellular
functions that have been characterized in various organisms. Many of these functions can be
attributed, or partially attributed, to their plus end-directed motility and plus end-specific
destabilizing activity [14,15,24,25]. Interestingly, a combination of these two activities led
to a novel length-dependent mechanism that was proposed to maintain the cellular
microtubule length homeostasis (Box 1) [15,22].
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Enhancing Kinesin-8 mediated length control by flipping between stabilizing and
destabilizing states

Kinesin-8s not only destabilize microtubules but also, in certain contexts, possess the ability
to stabilize them. The importance of the microtubule destabilizing activity of kinesin-8s is
underscored by the fact that loss of kinesin-8s generally leads to long cellular microtubules
[24,26–30]. However, time-lapse imaging of cellular microtubule dynamics revealed
unexpected complexity. Kip3 in budding yeast destabilizes growing astral microtubules by
promoting catastrophe, whereas it stabilizes shrinking astral microtubules by slowing
shrinkage and promoting rescue [14]. The stabilizing effect of Kip3 on shrinking
microtubules requires its microtubule and tubulin-binding tail domain [20]. These dual
effects on microtubule dynamics by kinesin-8s are not unique to the budding yeast motor,
because live cell imaging in human cells demonstrated that Kif18A also has stabilizing
effects on astral and kinetochore microtubules [25,31]. In this case, a capping mechanism
for Kif18A was proposed where Kif18A would dampen both microtubule growth and
shrinkage [25].

How are the opposing effects of kinesin-8s on microtubule dynamics integrated into a
coherent regulatory effect? A concentration-threshold model has been proposed to explain
the effects of Kip3 on cellular microtubule dynamics that may also be relevant to Kif18A
and other kinesin-8s (Figure 2) [20]. When microtubules grow, Kip3 lands on the lattice, and
walks towards the plus-end. Because the velocity of Kip3 is faster than the growth rate of
microtubules, and because of its high processivity [14,15], Kip3 accumulates at the plus-end
and promotes catastrophes. The large amount of Kip3 on growing microtubules enables
cooperative interactions that favor catastrophe. After catastrophe, the high concentration of
Kip3 at the plus-end is lost but a lower level of Kip3 reaches the end of the shrinking
microtubule because of the ongoing flux along the lattice. At lower concentrations of Kip3,
the stabilizing effects dominate, decreasing the shrinkage rate and promoting rescue. The
stabilization of short shrinking microtubules combined with the destabilization of long
growing microtubules is expected to synergize to narrow the length variation of
microtubules in cells. A similar model has been proposed to explain Kif18As’ role in
promoting metaphase chromosome congression [31].

DIVERSE MECHANISMS FOR KINESIN-MEDIATED MICROTUBULE
DYNAMICS REGULATION
Are all kinesin-8s microtubule depolymerases?

As discussed above, cells lacking kinesin-8s have long microtubules and yeast Kip3 directly
depolymerizes microtubules in vitro. However, whether a generalized mechanism can
explain how kinesin-8s cause microtubules to catastrophe is unclear. One study has reported
that human Kif18A can depolymerize GMPCPP-stabilized microtubules, albeit inefficiently
[24]. However, other studies have shown that Kif18A suppresses the growth of microtubule
plus-ends and promotes microtubule pausing in a concentration-dependent manner [21,25].
This activity is consistent with the ability of Kif18A to suppress kinetochore oscillations in
cells [31]. How might such a pausing activity lead to catastrophes in cells? In principle,
prolonged pausing of a microtubule plus-end would deplete GTP-tubulin from the GTP cap,
leading to a catastrophe. Notably, fission yeast Kinesin-8s Klp5/6 do not have a detectable
depolymerase activity [32,33]. Biochemical evidence of their ability to suppress microtubule
plus-end dynamics has not been reported.

What is the mechanistic basis for the differing activities of Kip3 and the other kinesin-8
family members? One possibility is that during the evolution, Kip3 acquired new functions
and new ways of interacting with the microtubule not present in the kinesin-8s in other
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organisms. Alternatively, Kip3 and other kinesin-8s could interact with microtubule ends in
essentially the same way, but with differences in affinity. Formin biochemistry is
particularly illustrative of this possibility. These molecules bind the barbed ends of actin
filaments where they promote filament elongation. Although it is now well-appreciated that
all formins remain attached to the barbed end while simultaneously promoting barbed end
assembly [34], the fission yeast formin Cdc12 initially appeared to be a barbed end capping
protein. This effect could be relieved, however, by the addition of profilin, a natural formin
binding partner. In the presence of profilin, the block of Cdc12 for the barbed end assembly
is released, triggering a regime where Cdc12 becomes a processive barbed end polymerase,
just like all other formins [35]. The mechanism for the profilin effect is not fully defined, but
is likely to be due in part to profilin increasing the off-rate of Cdc12 from the barbed end of
the actin filament (D. Kovar, personal communication). It will be interesting to determine
whether the differing biochemical properties of Kip3 and Kif18A represent qualitative or
quantitative differences in how they interact with microtubule ends and influence their
dynamics.

Another kinesin-mediated mechanism for microtubule length control
Kinesin-4 is another example of a processive plus-end-directed kinesin important for
microtubule length control. Kinesin-4 is recruited to anti-parallel overlapping microtubules
by the non-motor MAP PRC1. PRC1 is a member of the Ase1/Map65 family of proteins that
crosslink anti-parallel microtubules. In metazoans, both PRC1 and kinesin-4s are required to
maintain the anti-parallel arrays of microtubules in the anaphase spindle midzone [36]. A
mini-midzone has been reconstituted from dynamic microtubules, PRC1 and kinesin-4
(Xklp1 in Xenopus). Once recruited by PRC1, Xklp1 walks processively back and forth
between anti-parallel microtubules, giving the appearance of “patrolling” the zone of
microtubule overlap [37]. Xklp1 limits the length of the overlap zone by dampening both
microtubule growth and shrinkage in a manner similar to Kif18A. Unlike Kip3, Xklp1 has
little or no effect on the catastrophe frequency [38]. Xklp1 therefore stabilizes the overlap
between antiparallel microtubules, but prevents overgrowth of the overlap zone. The in vitro
results are consistent with the observation that human kinesin-4 Kif4 suppresses microtubule
growth [39] and restricts spindle midzone size in cells [40]. Together, these findings suggest
an appealing self-rectifying mechanism to control microtubule length in the mid-zone: when
microtubule overlap is reduced by midzone sliding motors, there is reduced kinesin-4 and
thus more microtubule growth, enabling regrowth to its normal size.

Although both kinesin-4s and kinesin-8s inhibit microtubule growth and promote
microtubule pausing [25,38,39], the underlying mechanism could be different. Kinesin-8
strongly accumulates on growing microtubule ends [14,21], whereas kinesin-4/Xklp1 evenly
decorates microtubules [38]. Cryoelectron microscopy experiments suggest that Xklp1
induces disruptions of the microtubule lattice and generates frayed microtubule ends. These
observations suggest Xklp1 could affect the dynamic properties of microtubule ends through
allosteric effects on the microtubule lattice [38]. In principle this would be quite different
from what is thought to be the end-specific regulation of microtubule dynamics by
kinesin-8s and kinesin-13s. However, Xklp1 shares the ability to bind to tubulin dimers with
kinesin-8 and kinesin-13s [38], suggesting a counterargument that kinesin-4s may in fact
interact with microtubule ends in a manner that is not wholly dissimilar to that of kinesin-8s.

A minus-end-directed motor that promotes plus-end depolymerization
Kar3, the budding yeast kinesin-14, is an interesting example of a minus-end-directed motor
that regulates plus-end dynamics. Kar3 crosslinks and promotes the shortening of
microtubule plus-ends during karyogamy, the process of nuclear fusion that occurs during
mating [41,42]. Unlike other kinesin-14s, which usually form homodimers, Kar3 forms
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heterodimers with non-catalytic partners, Cik1 or Vik1 [43]. In vitro, the Kar3-Cik1
heterodimer promotes microtubule depolymerization from the plus-end [44]. By comparison
with MCAK or Kip3, this depolymerizing activity is relatively weak, being revealed only in
the presence of a low concentration of Taxol. The biochemical properties of Kar3-Cik1
suggest a model where Cik1 anchors the heterodimer to the plus-end, where the Kar3 motor
could promote plus-end disassembly by generating a compressive force between tubulin
subunits at the plus-ends. Interestingly, it has recently been reported that catastrophe is
triggered when microtubules hit an artificial barrier coated with cytoplasmic dynein, another
microtubule minus-end-directed motor. Dynein pulls microtubule against the barrier, which
potentially causes plus-end deformation and triggers destabilization [45]. Thus, this type of
mechanism appears to be general.

OPTIMALITY IN THE EVOLUTION OF MOTORS THAT GOVERN CELLULAR
MICROTUBULE DYNAMICS

A minimum of 11 kinesin families were predicted to be present in the last common
eukaryotic ancestor. These include all the major microtubule-regulating kinesin families
discussed above: kinesin-4, -8, -13, and -14 [46]. During evolution, certain kinesins have
been lost or gained whereas the functional requirements for kinesins in microtubule
regulation seem to remain. For example, budding yeasts do not have kinesin-13, the most
robust microtubule depolymerases. Since simple eukaryotes such as Giardia encode
kinesin-13 proteins, it is likely that kinesin-13s were lost in fungi. Yeast kinesin-14/Kar3,
which is unique among kinesin-14s in the ability to destabilize microtubule ends, may have
acquired the ability to depolymerize microtubules as a compensatory mechanism.

Gene duplication events in higher eukaryotes has markedly increased the number of
kinesins, enabling specialization of function and potentially the acquisition of novel
activities. The functions of these motors are intimately related to their biophysical properties
and association with other proteins that impact their distribution within the cell. As shown
for the kinesin-13s, even members of the same subfamily can have striking differences in
localization and biochemical activity. While comparably active as GMPCPP microtubule
depolymerases in vitro [47,48], MCAK/Kif2C targets the centromere of mitotic
chromosomes [49,50] and tracks with microtubule plus-ends [51] whereas Kif2A localizes
primarily to spindle poles [52] and fails to tip-track [51]. In contrast, Kif24 is concentrated
at the mother centriole and interestingly, exhibits a reduced capacity to disassemble Taxol or
GMPCPP-stabilized microtubules [53]; (S. Gayek and P. Ohi, unpublished observations).

The cellular functions of these motors reflect these important differences. At centromeres,
MCAK/Kif2C destabilizes kinetochore-microtubules which both minimizes flawed
kinetochore-microtubule attachments [54] and coordinates the oscillatory behavior of sister
kinetochores [55]. At spindle poles, Kif2A destabilizes microtubule minus-ends thereby
“reeling in” microtubules to drive polewards microtubule flux [56]. The unique ability of
MCAK/Kif2C, but not other kinesin-13s, to track with microtubule plus-ends via EB1-
binding [13] specifically enables this motor to increase microtubule dynamicity by causing
microtubule plus-ends to more rapidly transit between growth and shortening [57]. Since
kinesin-13s are nonmotile and reach microtubule ends by diffusion along the microtubule
lattice [12], positioning MCAK/Kif2C near microtubule ends would facilitate its action
particularly if its microtubule substrate was long in length or short-lived. Plus-end tracking
may thus be important in remodeling interphase microtubule arrays and may also account
for the observation that MCAK is more critical for spindle assembly than Kif2A [48].
Intriguingly, Kif24 selectively destabilizes centriolar microtubules [53] which is consistent
with its modest ability to depolymerize stabilized microtubules in vitro. The ability of Kif24
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to discriminate between microtubule substrates, as well as the mechanism by which the
motor localizes to the mother centriole, is a fascinating area of future work.

Emerging work suggests that kinesin-8s will also exhibit functional diversity. While the
canonical kinesin-8s accumulate at kinetochore-microtubule plus-ends and act to align
chromosomes at the midzone of the mitotic spindle, Kif18B localizes to all spindle
microtubule plus-ends [58,59]. This distinction can in part be explained by the different
functions of the Kip3/Kif18A and Kif18B C-terminal tail domains. Whereas the tail domain
of Kif18A serves as a processivity module [21,60,61], the C-terminus of Kif18B interacts
with EB1 [58,59]. This change in domain structure has important implications for the motile
and biophysical properties of Kif18B. In particular, it will be interesting to see if Kif18B,
like Kif18A and Kip3, is highly processive, a property that up to now has been stereotypical
of the kinesin-8 family. Whether Kif18B acts to regulate microtubule dynamics is also
unclear. Microtubules in cancer cells depleted of Kif18B are abnormally long [58,59], but
Tanenbaum et al. have proposed that the primary function of Kif18B is to deliver MCAK to
microtubule plus-ends. This is interesting albeit surprising since most kinesin-8 motor
domains characterized thus far have some capacity to regulate microtubule dynamics.

Concluding remarks
Kinesin superfamily members have evolved a diverse repertoire of biochemical activities
that allow them to sculpt the microtubule cytoskeleton in addition to driving intracellular
transport. Kinesin motors are thus well-suited to power cellular processes that occur on
timescales of seconds to minutes and underlie the more global organization of the
microtubule cytoskeleton. In this review, we have attempted to summarize why the
microtubule regulating kinesins are particularly instrumental. These motors have biophysical
properties that allow them to measure and influence microtubule length, enabling them to
control the size and dynamics of diverse cellular structures. Motors are also fast-acting.
Their action at microtubule tips is principally limited by their lattice on-rate, walking speed,
and processivity. By comparison, chance microtubule plus-end interactions with cellular
structures that influence their dynamics, such as kinetochores and cortical attachment sites,
are slow. The prevailing model of how Kif18A drives chromosome congression is a useful
example of a self-assembled system that relies on the unique biophysical properties of
kinesin-8 motors, kinetochore-microtubule length and lifetime.

An outstanding question is whether dynamics-regulating motors interact with the
microtubule in different ways than a purely motile motor or whether dynamics regulation is
enabled by more subtle changes in binding affinity or kinetic parameters. This issue is
important because it impacts the degree to which motors must undergo specialization for
their cellular functions. The extreme example is kinesin-13/MCAK, which has lost motility
in favor of gaining structural elements that enable robust depolymerase activity. Microtubule
plus-end regulation by kinesin-8s could involve both qualitative and quantitative differences
of how the motors interact with plus-ends compared to purely motile kinesins. Indeed,
cryoelectron microscopy data suggest that the kinesin-8 specific loop 2 makes unique
contacts at the tubulin dimer interface. But the high processivity of these motors raises the
possibility that the strength of contacts might also contribute. We have speculated that such
quantitative differences might explain why Kip3 has robust depolymerase activity whereas
other family members do not. It is worth noting that most of the dynamics regulating motors
we have discussed destabilize microtubules. A hypothetical explanation for this trend is that
the strain exerted by the dimeric motor on adjacent tubulin subunits distorts the
protofilament and favors destabilization. This would imply that every kinesin has some
potential to affect microtubule dynamics; whether they do so would then be a question of
affinity and time spent at the microtubule end.
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Looking forward, we anticipate that additional structural data, integrated with single
molecule imaging, mutational analysis, and in vivo cell biological approaches will resolve
how kinesin-8 motors, as well as other kinesin superfamily members, affect microtubule
plus-end dynamics. These approaches will also enable us to relate the activities of various
microtubule regulating kinesins to each other. In addition, biochemical reconstitution and
mathematical modeling is enabling complex microtubule structures to be built from the
ground up. This is enabling us to see how simple regulatory building blocks, such as
dynamics-regulating kinesins, facilitate emergent properties of the microtubule cytoskeleton.
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Figure 1. Interacting surfaces between kinesin motor domain and tubulin dimers
Structure of the kinesin-8/Kif18A motor domain – microtubule complex. Overview of the
asymmetric unit of the 13 Å helical reconstruction shows the Kif18A motor domain bound
to the α/β tubulin dimer. The kinesin-8-α tubulin contact mediated by loop L2 is highlighted
in sky blue dotted circle. The motor-tubulin interface was depicted by a blue curve. This
figure was adapted from [16].
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Figure 2. A model for regulation of microtubule dynamics by kinesin-8
1. Kinesin-8s land on the lattice of a growing microtubule and walk processively towards the
plus-end in a manner facilitated by its C-terminal microtubule-binding domain. 2.
Kinesin-8s accumulate at the plus-end, slowing down microtubule growth and promoting
catastrophe through a depolymerizing or capping mechanism. 3. During the shrinking phase,
kinesin-8s at low concentrations inhibit microtubule shrinkage and promote rescue. The
figure was adapted from [20].
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Table 1

Kinesins that directly regulate microtubule dynamics

Family Gene Effect Refs

Kinesin-4 XKLP1 Inhibits MT growth and shrinkage [37–39]

Kinesin-7 CENP-E Promotes elongation of stabilized MTs [62]

Kinesin-8 KIP3 Depolymerizes stabilized MTs [14,15]

Promotes MT catastrophe and inhibits MT growth [63]

KIF18A Inhibits MT growth [25]

KLP5/6 Promotes MT nucleation [32]

Kinesin-10 NOD Promotes tubulin polymerization [64]

Kinesin-13 XKCM1 Depolymerizes stabilized MTs [47]

Inhibits MT growth and promotes MT catastrophe

MCAK Depolymerizes stabilized MTs [65]

Promotes MT catastrophe [63]

Kinesin-14 KAR3 Depolymerizes stabilized MTs [44]

This list only includes kinesins that directly affect microtubule assembly or disassembly shown in in vitro reconstituted systems. See other reviews
[66,67] for kinesins that indirectly affect microtubule dynamics, for example, by transporting another microtubule regulator.
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Table 2

Cellular and physiological functions of Kinesin-8s

Species Gene Function Reference

Saccharomyces cerevisiae KIP3 Spindle positioning [68,69]

Kinetochore clustering [20,70]

Spindle size control [26,71,72]

Ashbya gossypii KIP3 Suppressing nuclear oscillations [73]

Aspergillus nidulans KIPB Spindle positioning [29]

Mitotic progression

Schizosaccharomyces pombe KLP5/6 Kinetochore alignment [74,75]

Meiosis progression [30]

Silencing spindle assembly checkpoint [76]

Drosophila melanogaster KLP67A Kinetochore congression [77,78]

Spindle size control [27]

Centrosome separation [28]

Spindle elongation [79]

Central spindle assembly [28,80]

Homo sapiens KIF18A Kinetochore congression [24,31]

Spindle size control

Male fertility (in mouse) [81]

Overexpressed in breast, lung, and colorectal cancer [82–84]

Human height association [85]

KIF18B Suppress astral microtubule overgrowth [58,59]

Family-conserved functions are in bold
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