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Abstract
The main function of the mitotic spindle is to accurately segregate replicated chromosomes during
cell division. This dynamic, microtubule-based structure is assembled by a dividing cell and
facilitates the orchestrated movement of chromosomes that is the hallmark of mitosis. Steady-state
spindle size and morphology are relatively constant for cells of a specified type but vary
considerably from one cell type to the next. Despite these differences, all eukaryotic spindles share
basic architectural similarities, perhaps the most important of which is bipolar symmetry. At its
core, assembling a bipolar spindle is a mechanical process that requires dynamic microtubules be
moved and arranged to realize some ultimate functional form. These movements are the result of
forces generated either by microtubule polymer dynamics or molecular motors. In this review we
focus specifically on the motor-dependent mechanisms that shape the spindle and defer a more
comprehensive treatment of spindle assembly and other motor functions during mitosis to others
[1].
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Introduction
The main function of the mitotic spindle is to accurately segregate replicated chromosomes
during cell division. This dynamic, microtubule-based structure is assembled by a dividing
cell and facilitates the orchestrated movement of chromosomes that is the hallmark of
mitosis. Steady-state spindle size and morphology are relatively constant for cells of a
specified type but vary considerably from one cell type to the next. Despite these
differences, all eukaryotic spindles share basic architectural similarities, perhaps the most
important of which is bipolar symmetry. At its core, assembling a bipolar spindle is a
mechanical process that requires dynamic microtubules be moved and arranged to realize
some ultimate functional form. These movements are the result of forces generated either by
microtubule polymer dynamics or molecular motors. In this review we focus specifically on
the motor-dependent mechanisms that shape the spindle and defer a more comprehensive
treatment of spindle assembly and other motor functions during mitosis to others [1].
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Overview of Spindle Assembly
To ensure assembly of a functional spindle, a cell must build a single bipolar microtubule
array which typically requires integration of microtubules generated at multiple, spatially
distinct sites. In higher eukaryotes, the spindle microtubules are nucleated by microtubule
organizing centers (MTOCs or centrosomes) or acentrosomally through chromatin-mediated
pathways. In budding and fission yeast, spindle pole bodies (SPBs) imbedded in the nuclear
envelop nucleate spindle microtubules. In cells with centrosomes, the initial stages of
spindle assembly are marked by motor-dependent separation and movement of centrosomes
to opposite sides of the prophase nucleus (Fig. 1A, Video 1). When only two centrosomes
are present, this migration establishes spindle bipolarity with the trajectory between the two
centrosomes ultimately becoming the interpolar axis of the spindle (the presence of more
than two centrosomes or spurious MTOCs requires additional mechanisms to ensure
bipolarity). Subsequent breakdown of the nuclear envelope permits centrosome-nucleated
microtubules to enter the nuclear space. The growing microtubule (plus) ends exhibit
dynamic instability characterized by abrupt transitions between periods of growth and
shortening [2]. This characteristic allows them to efficiently search space and establish
attachments with chromosomes, the cell cortex, and other microtubules [3–5]. Observations
of mitosis in animal cells suggests that the chromosome-directed pathway contributes to
spindle assembly in centrosome-containing cells as well [6,7]. The sum of these processes
results in the establishment of a single spindle.

In contrast to cells with centrosomes, cells without rely exclusively on chromosome-directed
pathways in which microtubules are nucleated and stabilized near chromosomes and
kinetochores by the Ran GTPase [8,9] and the chromosomal passenger complex (CPC)
respectively [10,11]. In animal cells, centrosomal spindle assembly begins after dissolution
of the nuclear membrane with a burst of microtubules polymerization near chromosomes.
These microtubules extend outward from the clustered chromosomes in all directions (Fig.
1B, Video 2). Compared to centrosome-directed spindle assembly, it is less clear how this
initial asymmetry is broken and bipolarity established. However, over time these randomly
oriented microtubules are sorted and bundled by microtubule motor and non-motor proteins
into symmetric, antiparallel arrays with microtubule minus-ends facing away from the
chromosomes [12,13]. The entire assembly eventually adopts a fusiform spindle shape with
interdigitated plus ends near chromosomes and minus ends focused at the poles [14,15].

Construction of structures with dynamic building blocks presents a unique challenge,
particularly if its lifetime is to be longer than its component parts. Such is the case for the
spindle and the inherently dynamic microtubules that comprise it. This requires that once a
bipolar spindle has been established, its form must be maintained. How this stability is
achieved with unstable polymers is a fundamental question in the spindle mechanics field.
Although we are a long way from a full conceptual understanding, it is clear that
microtubule motors play a critically important role.

Sliding-filament mechanisms
Microtubule motors are protein machines that convert the energy released by ATP
hydrolysis into step-wise movement along microtubules. A given type of motor typically
exhibits a characteristic maximum speed (when unloaded) and a preferred direction of travel
along the microtubule, i.e. it moves predominantly towards the fast growing plus end (plus
end-directed) or towards the relatively stable minus end (minus end-directed) of the
inherently polar polymer. In this way, motors direct the transport of associated cargoes from
one location in the cell to another. Many different types of cargoes are transported along
microtubules, including other microtubules. Thus, motors can act as dynamic cross-links,
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moving microtubules relative to each other. This is the basis of sliding-filament mechanisms
of spindle assembly [16].

The most fundamental sliding “unit” of an interconnected microtubule array like the spindle
is a pair of microtubules cross-linked by a single type of motor (Fig. 2). In this simple
system, the preferred directionality of the motor and the orientation of the microtubules
dictate the final spatial arrangement. Consider two microtubules of equivalent length
juxtaposed and initially oriented in an anti-parallel configuration, i.e. with the plus end of
one microtubule aligned with the minus end of the other (Fig. 2A; see also [17]). The action
of a plus end-directed motor (e.g. a kinesin-5), would work to align the plus ends, pushing
the minus ends apart. Conversely, a minus-end directed motor (e.g. dynein or a kinesin-14
family member) would slide the minus ends closer to one another and push the plus ends
apart (Fig. 2B). If the same microtubules were initially aligned end-to-end but with a parallel
orientation (Fig. 2C), no relative sliding would occur, regardless of the directionality of the
motor involved. However, parallel sliding, revealed by dynein-dependent transport of
polarity-marked microtubule seeds to spindle poles [9], has been observed within the
spindle, likely stemming from interactions between parallel microtubules with unaligned
ends. This implicitly suggests that motor binding kinetics at the microtubule end differ from
those along the microtubule length.

Poleward microtubule flux
One of the two most evident manifestations of sliding-filament mechanisms within the
spindle is microtubule flux. Flux, the slow (2–4 µm/min) poleward movement of
microtubules, is driven predominantly by members of the kinesin-5 family of microtubule
motors (Eg5 in Xenopus [18], Klp61F in drosophila [19,20]). Kinesin-5 motors form
homotetrameric complexes with a central rod-like domain flanked on either side by a pair of
globular, microtubule binding domains [21]. These motor complexes cross-link anti-parallel
microtubules with overlapped plus-ends and are capable of moving along each cross-linked
microtubule at the same time, pushing their minus ends apart [22]. The activity of kinesin-5
motors in sliding anti-parallel microtubules is causally linked to both the establishment of
bipolarity and the regulation steady-state spindle length. Perturbation of motor function
prevents centrosome separation, in cells that have them, resulting in the formation of
abnormal microtubule asters with single poles (monopoles; [23,24]). Kinesin-5 function is
important in establishing bipolar symmetry in acentrosomal systems as well, where
inhibition of the motor during spindle assembly results in the formation of monopoles
[25,26]. The motor also plays a critical role in maintaining spindle morphology once it is
established: motor inhibition following spindle assembly causes spindle shortening and, if
sufficiently strong, complete spindle collapse into monopoles [27].

Pole formation by minus end focusing
The other prominent sliding-filament mechanism within the spindle is pole formation by
alignment and focusing of microtubule minus-ends [9,15,28–30]. This process is mediated
by the minus-end directed motors of the kinesin-14 family (HSET in humans [31], XCTK2
in Xenopus [29], non-claret disjunction (Ncd) in Drosophila [32]) and also by cytoplasmic
dynein (dynein; [9,33]). Unlike kinesin-5, the structures of these motors are not bipolar or
tetrameric and instead typically contain only two microtubule binding domains actively used
to “walk” along a single microtubule. The valency required for microtubule cross-linking
and sliding is achieved by additional microtubule binding domains within the motor protein
itself [34] or by accessory proteins (such as dynactin [35] or NuMA in the case of dynein
[33]). It is unclear if pole-focusing mechanisms rely exclusively on parallel microtubule
sliding or if these motors can also act in regions of antiparallel overlap as well [36–38].
However, as mentioned above, parallel microtubule-microtubule sliding by minus end-
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directed motors requires differential binding kinetics at microtubule ends, specifically at the
relatively stable minus ends [9,17]. The molecular basis for this difference remains a
mystery due in part to the lack of a bona fide molecular marker for microtubule minus ends
which are thought to be capped by microtubule nucleating γ-TuRComplexes [39] and may
also associate with members of the recently characterized augmin complex which plays a
critical role in spindle-mediated nucleation of microtubules [40–42]. Thus, we do not yet
understand how minus end-directed motor proteins, either through their own domains or
those of accessory proteins, interact with microtubule minus ends.

Motor antagonism and spindle length
There is substantial experimental evidence from a variety of eukaryotic organisms to support
motor antagonism as a means to regulate steady-state spindle length. In general, kinesin-5
function is thought to promote increased spindle length (outward directed forces) whereas
minus end motors such as dynein and kinesin-14 function to promote spindle shortening
(inward directed force)i [27, 43–45]. The mechanistic basis for this antagonism, however, is
poorly understood. Some sliding-filament models posit that motors of opposite polarity
antagonize each other directly at sites of antiparallel overlap [37, 38, 43]. Competitive in
vitro motility assays have been used to investigate how the actions of two motors with
opposite polarities might affect microtubule sliding [46, 47]. In the work by Scholey and
colleagues [46], kinesin-5 (Klp61F) and Ncd were deposited on glass coverslips and the
amount of each motor relative to the other was varied. Over a broad range of molar ratios,
sliding velocity and directionality were dominated by one motor. As the relative amount of
the less abundant opposing motor was increased the velocity of sliding slowed, consistent
with the idea of opposing motors acting as molecular “brakes” [48]. Only over a very small
range of molar ratios does the sliding velocity approach and fluctuate around zero. In light
of these results, it is interesting that microtubules in Xenopus extract spindles can flux at
rates similar to those observed for the unloaded motor in vitro, at least near the spindle
midzone [22, 49], suggesting that anti-parallel antagonism by minus end directed motors has
a minimal effect on sliding speedii or that other mechanisms contribute to generating force
required for sliding.

Other models for spindle length suggest a different sort of sliding filament mechanism to
explain motor antagonism, where pole-focusing forces on microtubule minus ends oppose
flux-forces produced by kinesin-5 at sites of plus end antiparallel overlap [54]. These “slide
and cluster” models are based on observations in Xenopus extract spindles and require
microtubule minus ends to be distributed throughout the spindle [55], a condition which may
be specific to the architecture of meiotic spindles which rely heavily on chromatin-directed
assembly pathways. Here kinesin-5 forces dominate near the spindle midzone where the
arrangement of microtubules provides the greatest opportunity for anti-parallel overlap of
microtubule plus ends. Closer to the poles, where parallel microtubule orientations are more
prevalent, dynein-mediated minus end clustering forces dominate. The authors argue that
this explains regional differences in flux rates, which do slow down near the poles.
However, the model requires that flux velocity slows to zero near the pole and there is some
discrepancy in the literature as to whether this is the case (compare flux rates measured in
[49,54]). Slower flux rates near the pole may also result from regional differences in motor

iMinus end motors, specifically cytoplasmic dynein, can also generate forces at sites where astral microtubules interact with the cell
cortex. These forces would act to pull the poles apart and thus differ from intrinsic dynein forces within the spindle which act to pull
the poles together. The cortical dynein force may be larger than the intrinsic force, perhaps explaining why dynein and kinesin-5
promote increased spindle length in drosophila [43].
iiMotor velocity and load are often modeled as inversely related with maximum velocity of the motor occurring in the absence of a
load and motor stalling occurring at some maximum load (or opposing force; 50,51]. However, this relationship does not appear to be
generally applicable to all motors [52–53].

Gatlin and Bloom Page 4

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



function due to changes in microtubule orientation. Dynein has been show to transport Eg5
to the poles [56] where the motor has been hypothesized to bundle parallel microtubules,
perhaps exerting forces on unaligned microtubule plus ends in a manner analogous to those
at the minus ends, i.e. by hanging onto the end briefly while sliding along another parallel
microtubule [22]. Alternatively, slower flux rates near the poles might result from spatial
regulation of motor activities within the spindle [57,58].

Motor-dependent regulation of microtubule dynamics
Microtubule-based motors can also regulate microtubule dynamics and in turn dictate
spindle assembly and length regulation. Indeed, polymer dynamics models of spindle length
regulation are based on the idea that spindle and microtubule lengths scale. Thus,
mechanisms that control the length of microtubules tend to influence spindle size as well
(e.g. [44]), though there are exceptions to this idea (discussed below). Motor-based
regulation of microtubule dynamics is also important in establishing spindle bipolarity and
in chromosome congression mechanisms, where the control of kinetochore-fiber dynamics
contributes to alignment of chromosomes on the metaphase plate [59,60].

Molecular basis for microtubule dynamics
In vitro, the plus ends of microtubules exhibit abrupt changes between periods of growth and
shortening termed “dynamic instability” [2] and it is generally assumed, although not
experimentally verified, that microtubules within the spindle undergo the same dynamics.
The switch from growth to shortening is commonly referred to as a “catastrophe” while that
from shortening to growth is called a “rescue”. This unique property of microtubules is
explained in part by their composition and structure. Microtubules are filamentous polymers
comprised of individual subunits of α- and β- tubulin heterodimers. These dimers are
arranged end-to-end in one of the thirteen protofilaments that make up a typical microtubule.
Newly added dimers are bound to GTP which is hydrolyzed shortly after incorporation into
the microtubule lattice at the plus end. The delay in hydrolysis is thought to create a stable
GTP “cap” at the growing plus end (for recent review see [61]). For free tubulin dimers, the
GTP-bound form maintains a straight conformation while hydrolysis to the GDP-bound
induces a bend in the dimer. When hydrolysis occurs within the lattice, this conformational
change is prevented by stabilizing lateral bonds between GDP-tubulin dimers of adjacent
protofilaments so much of the free energy liberated by hydrolysis is actually stored as strain
in the microtubule (although pockets of GTP-tubulin seem to remain in the lattice [62]).
Removal of the GTP cap is thought to cause rapid depolymerization of the plus end with
individual protofilaments peeling and splaying outward as the tubule shortens [63,64].

Motor-dependent microtubule length regulation during mitosis
Many proteins are known to influence microtubule dynamics and thereby affect change in
microtubule length (e.g. op18/stathmin, ch-TOG/xMAP215, EB1, mast/orbit/CLASP], but
the focus of this review limits our discussion to motor-based mechanisms. These
mechanisms typically limit microtubule length, i.e. result in shorter microtubules, perhaps
explaining the bounded and relatively narrow microtubule length distributions observed
during eukaryotic mitosis (for discussion see [65]). Though the precise mechanism of action
is unknown, it is thought that motor binding to the GTP-cap at the end of a growing
microtubule, and perhaps hydrolysis of motor-bound ATP, induces a conformational strain
on protofilaments which destabilizes the end and elicits catastrophe [66–68]. Thus, at the
plus end, motor-depolymerases reduce the average microtubule length by increasing the
catastrophe frequency, not by increasing the rate at which microtubules undergoing a
catastrophe shorten. Some microtubule depolymerases can remove tubulin dimers from
microtubule minus ends as well, but the mechanistic basis for this depolymerization has not
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been elucidated and, due to the stability of the minus end, must be independent of
catastrophe.

To shorten a microtubule, microtubule-depolymerases need to get to the microtubule ends.
This can be achieved through intrinsic means in which the motor gets itself to the end or by
indirect targeting that requires additional proteins/motors. Intrinsic mechanisms of end
localization occur by microtubule lattice-based diffusion, as is the case for the kinesin-13
MCAK [67,69], or by processive motor movement as has been observed for the kinesin-8
motor Kip3p [70,71]. Lattice-based diffusion is potentially advantageous as it is unbiased,
allowing the motor to target either microtubule end and explaining in vitro observations that
MCAK can depolymerize both microtubule ends [69]. Furthermore, by constraining motor
movement to one axis, lattice-based diffusion achieves more rapid targeting to microtubule
ends than does simple diffusion from the surrounding cytoplasm/medium. In contrast,
kinesin-8 is a processive, plus end-directed motor. Thus, a typical kinesin-8 motor will
travel a longer distance compared to a nonprocessive motor like MCAK and only affects
plus end polymerization dynamics. The processive nature of kinesin-8 travel on the
microtubule confers an interesting functional consequence: length-dependent microtubule
length regulation (Fig. 3; [71]). In essence the microtubule acts as an antenna, collecting
motors as a function of its length. Motors that bind to the microtubule close enough to reach
the plus end during a processive run concentrate there whereas motors that bind further
away never reach it. Thus, longer microtubules have a greater chance of having more motor-
depolymerases at their plus ends compared to microtubules that are shorter than the run-
length of the motor. This hypothesis may explain observations of length-dependent
regulation of microtubule dynamics in Xenopus egg extracts where longer microtubules
undergo catastrophe more frequently than shorter ones [72].

There is evidence that depolymerases are also targeted to microtubule ends indirectly by
hitchhiking on other motors and proteins. Dynein has been implicated in targeting the
kinesin-13 Kif2A to microtubule minus ends [73] where it may contribute to microtubule
flux [24] and the flux component of chromosome segregation during anaphase-A in
drosophila embryos (Klp10A; [74]). MCAK has been shown to target to growing
microtubule plus ends via binding to +TIP proteins [75–77]. The kinesin-5 motors in yeast
(Cin8, Kip1) also accumulate at microtubule-plus ends in the spindle of budding yeast
[59,78], where they promote (directly or indirectly) plus-end disassembly. Their contribution
to the spindle outward force may therefore reflect distinct functions. First, as discussed
above is the ability of these motors to cross-link and slide anti-parallel microtubules, and a
second, disassembly of longer kinetochore microtubules. While, there is no evidence that
kinesin-5 motors promote microtubule shortening in vitro, these studies reveal interesting
and important differences and challenges in reconciling in vitro with in vivo approaches.
Toward this end, Gardner et al were able to shift Cin8 to the cytoplasm and observe
shortening of individual astral microtubules. Cin8’s ability to regulate microtubule length is
therefore not restricted to the specialized structure of a mitotic spindle. These results
highlight the complexities that we face when evaluating motor function in the confines of
living cells.

Motor-depolymerases can localize to similar places within the spindle yet have distinct
functions in the context of spindle assembly and maintenance. For example, there are three
genes for kinesin-13 motor-depolymerases in humans, MCAK, Kif2A, and Kif2B. Both
MCAK and Kif2B localize to centromeres/kinetochores, whereas Kif2A localizes
predominantly to spindle poles. Cells depleted of MCAK assemble relatively normal
spindles during metaphase while depletion of either Kif2A or Kif2B yields mostly
monopolar mitotic structures [79]. Rogers et al. demonstrated that the Drosophila
kinesin-13s have distinct roles in regulating chromosome to pole movement during
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anaphase-A [74]. Although Klp10A localizes to both centromeres and spindle poles, the
motor is thought to contribute to chromosome segregation by disassembly of kinetochore-
fiber microtubules only at their minus ends, reeling in the attached chromosomes. On the
other hand, Klp59C is localized exclusively near centrosomes/kinetochores and contributes
to chromosome segregation by depolymerizing the same microtubules at their plus ends (i.e.
the “Pac-man” mechanism). How the function of motor-depolymerases translates to changes
in spindle morphology is poorly understood, but it is clear that depolymerizing microtubules
can exert forces on the cellular structures they are attached to [80]. Thus, motor-
depolymerases might function not only to promote microtubule disassembly but also to
transmit the force derived from that depolymerization to whatever they are attached to, e.g.
spindle poles [24,73,74], hence shaping the spindle.

Concluding remarks
Mitosis has fascinated cell biologists since Flemming’s first observations of cell division in
the late eighteenth century [Flemming, 1882 #529]. Yet despite much progress that has been
made toward a better collective understanding of spindle assembly mechanisms, the
question of how a dividing cell co-opts its interphase microtubule cytoskeleton to form a
steady-state spindle remains only partially answered. For example, we are just now
beginning to understand the spatiotemporal regulation of microtubule motors and how post-
translational modification might affect their function (e.g. [82,83]). We also know little
about the behavior of complex motor assemblies within the spindle, which are likely
comprised of motors with different sizes, speeds, processivities, and directional preferences.
Additionally, elucidation of the structure of the microtubule minus end and the proteins that
associate with it should facilitate a more complete picture of how sliding filament
mechanisms shape the spindle and also how motor-depolymerases might function there.
Within the mitosis field, the low-hanging fruit has been plucked from the tree. To reach ever
higher branches and resolve these issues will require continued integration of ideas and
experimental approaches from diverse research fields. If the present is any indication of
what the future might bring, it looks bright.
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Figure 1. Eukaryotic spindle assembly pathways
Pathways to spindle assembly are typically defined by the source of the microtubules used to
construct the spindle. Some mitotic systems rely more heavily on one pathway or the other
but spindle assembly likely involves some combination of both centrosome- and
chromosome-nucleated microtubules. A, spindle assembly in cells from newt lungs is
dominated centrosome-derived microtubules. Images are taken from fixed samples at
different times during spindle assembly. In early prophase, astral microtubules (green)
emanate from a pair of centrosomes (white arrowheads) clustered at a single locus on one
side of the intact nucleus which bears condensed chromosomes, labeled in blue (i). The
centrosomes are then forced apart by motor-dependent microtubule-microtubule sliding (e.g.
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kinesin-5 at sites of antiparallel overlap) as well as motors anchored on the nuclear envelope
and at the cell cortex (ii). After nuclear envelop breakdown, centrosomally derived
microtubules can search for and capture targets such as kinetochores and other microtubules
ultimately adopting a spindle-like shape (iii). Acentrosomal spindle assembly, shown in B, is
characterized by a burst of microtubule nucleation around chromatin (or chromatin-coated
beads) that requires localized signals from the Ran-GTP and CPC pathways (see text; i).
Monochromatic images were taken from a time-lapse recording of spindle assembly around
chromatin-beads in Xenopus egg extracts doped with fluorescently labeled tubulin. Newly
nucleated microtubules are arranged by sliding filament mechanisms eventually forming two
prominent loci of focused minus ends, precursors to the spindle poles (ii). Eventually,
microtubule polymer density equilibrates and the motors continue to shape the microtubule
arrays until it achieves the bipolar, fusiform shape of a typical spindle (iii).
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Figure 2. Fundamental sliding filament mechanisms
The orientation of cross-linked microtubules and the directional preference of the cross-
linking motor dictate how sliding filament mechanisms contribute to spindle assembly and
maintenance. In A, microtubules overlapped at their plus ends with an antiparallel
orientation, which commonly occurs near the midzone of the spindle (see [20,84,85]), are
pushed outward, toward the poles, by plus end-directed kinesin-5 motors. White arrows
show the resulting direction of microtubule sliding. Conversely, minus end-directed motors
such as dynein or kinesin-14 family members would act to pull the minus ends of the same
microtubules together, sliding the microtubules inward, toward the spindle midzone
([20,37]; B). A balance between these opposing forces is thought to contribute to achieving
a steady-state spindle length. The other extreme of microtubule orientations is parallel
alignment (C). In this geometry the effect of the motor on microtubule sliding depends on
whether the motor “hangs on” once it reaches a microtubule end. A motor with bipolar
symmetry like kinesin-5 would bind to and move processively along both the microtubules it
cross-links without producing any relative sliding. In this way the motor may act to better
align parallel microtubules along their lengths by “zippering” them up without sliding them
[56]). For an asymmetric motor like dynein, which binds to microtubules via a static non-
motor and steps along the other, the effect of stochastic binding of its non-motor end to
either microtubule results in a net force of zero (e.g. the two motors on the right-hand side of
the cross-linked microtubules have equal and opposite effects on microtubule sliding,
producing no net sliding or force). However, a higher motor binding affinity to microtubule
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minus ends would allow for sliding and end alignment (for an excellent treatment of these
mechanisms please see [17]).
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Figure 3. Microtubule length-dependent regulation of microtubule length by motor-
depolymerases
The ability of a motor-depolymerases to affect microtubule length in a length-dependent
manner is derived from the distance the motor can travel during its association with the
microtubule track. For a processive motor, this distance is proportional the velocity of the
motor and the amount of time it spends attached to the microtubule [71]. For a motor that
relies on lattice based diffusion, such as MCAK, this is likely dependent on diffusion length
which is proportional to the amount of time the motor dwells on the microtubule and its
diffusion coefficient [69]. The diffusion length for MCAK is less than 1 µm while that for
the processive kinesin-8 is ~ 8 µm. Microtubules longer than the motor’s typical travel
length will collect the most motors at their tips, increasing the chance of a catastrophe (A).
Motors that bind the microtubule too far from the ends will fall off before reaching them and
not influence catastrophe frequency. In B, shorter microtubules will not collect as many
motors and therefore will have fewer motors at their tips reducing the chance of catastrophe.
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