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Abstract
In many cell divisions, the position of the spindle apparatus is coordinated with polarity signals at
the cell cortex so that copies of the genome are delivered to regions of the cell that are designated
for differential inheritance by the two progeny. To coordinate spindle position with cell polarity, the
spindle interfaces with elements on the cortex, where molecular motors often produce the forces that
power displacement. Here we describe the molecular pathways by which cortical motors translocate
the spindle in budding yeast, where the mechanisms are understood relatively well, and we compare
these pathways to spindle positioning processes in metazoan systems, where the molecular details
are less well understood.
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1. Positioning the spindle within a dividing cell
The position of the mitotic spindle during cell division is rarely, perhaps never, random. Many
eukaryotic cells undergo divisions in which the distribution of the duplicated genomes must
be reconciled with an asymmetric feature of the dividing cell. This asymmetry is particularly
critical during cell differentiation events that accompany development in the embryo and tissue
homeostasis in the adult. In these scenarios, spindle movement is directed by crosstalk between
the cell periphery and the microtubule cytoskeleton, and the power for spindle movement
comes from molecular motors.

1.1 Spindle position and polarity in metazoan tissue organization
The organization of metazoan tissues is often dependent on the positioning of spindles in
response to cues from the microenvironment. One example is neurogenesis in the Drosophila
melanogaster embryo, where a program of spindle movements helps to generate the
progenitors of the nervous system. Epithelial cells within the neuroectoderm may either
maintain an epidermal fate by dividing symmetrically along the plane of the epithelium; or
they may delaminate from the epithelium to become neuroblasts, which then divide
asymmetrically to produce differentiating ganglion mother cells. During symmetric division,
adherens junctions between epithelial cells maintain spindle orientation along the planar axis
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[1]. In contrast, delaminated neuroblasts shift the orientation of the spindle perpendicular to
the planar axis, and maintain this orientation during subsequent asymmetric divisions through
interactions with adjacent epithelial cells [2,3]. Mutations that affect spindle orientation and
position have increased numbers of neuroblasts, suggesting that differentiation has failed [4].
Another example is the stratified epithelium of the mammalian epidermis. Here, proliferative
basal cells replenish the population of outer barrier cells by dividing perpendicular to the
basement membrane [5]. This polarity depends on adherens junctions between basal cells and
also interactions with the basement membrane; disruption of either structure leads to mis-
aligned divisions and loss of epidermal organization [5].

Cells cultured in vitro can retain the ability to coordinate spindle orientation with external cues,
providing insight into the underlying mechanisms. Epithelial cells grown to confluence on
synthetic substrate orient their spindles parallel to plane of the monolayer [6]. Isolated epithelial
cells lack cues from cell-cell contacts, but the cells still alter their spindle position in response
to substrate interactions. This phenomenon is exemplified by cells grown on micropatterns of
extracellular matrix, which stimulate spindle orientation toward regions of stronger cell
adhesion in a manner dependent on the organization of the cortical actin cytoskeleton [7,8].

Intestinal epithelial cells in 3-D culture form cysts by establishing an apical domain during the
first cell division. The cells divide perpendicular to the apical-basal axis in subsequent
divisions, resulting in a sheet of cells organized around a single fluid-filled lumen [9]. The
small GTPase Cdc42, which has diverse roles in regulating cell polarity and actin organization,
coordinates spindle orientation with the location of the apical domain in this context [9].
Together, these studies suggest a common theme where adhesive interactions with the external
microenvironment stimulates the reorganization of the actin cytoskeleton, which in turn directs
the position of the spindle.

1.2 Generating polarity to guide spindle position in single cells
Spindle positioning programs can also be guided by intrinsic polarity cues. In single cells that
divide asymmetrically, polarity is derived either from pre-existing landmarks or from
stochastic symmetry-breaking events. Every cell division is asymmetric in the budding yeast,
Saccharomyces cerevisiae. Daughter cells emerge from a site on the mother cell specified by
local enrichment of Cdc42 activity, which stimulates the reorganization of the actin network
to fuel polarized growth and transport into the bud [10]. The contents of the mother cell that
are necessary for survival of the daughter must be transported through the mother-bud junction,
termed the bud neck. One copy of the genome is provided to the daughter by delivering one
end of the spindle and a portion of the nucleus into the bud (the nuclear envelope remains intact
throughout the yeast cell cycle, therefore the spindle is contained within the nucleus; Fig.1A).
The translocation of the spindle and nucleus through the bud neck requires that the spindle is
first oriented along the mother-bud axis, and then one end is drawn into the bud. Only after the
spindle is properly positioned are the two cells separated, by the processes of cytokinesis and
septation at the bud neck.

The first mitotic division during Caenorhabitis elegans development also relies on
reorganization of the cortical actin cytoskeleton to direct the positioning of the spindle. Prior
to division, the cortex of the one-cell embryo is covered with a meshwork of actin filaments
under symmetrically distributed contractile force generated by the type-II non-muscle myosin
motor and its activator, the small GTPase Rho [11-13]. Symmetry is broken by dampening
contractility at a region of the cortex, and this appears to be cued by the location of sperm entry.
The site of polarization correlates with the location and function of the sperm centrosomes and
depends on the inhibition of Rho by the paternally-derived RhoGAP, CYK-4 [14-16]. Upon
polarization, Rho and its activator, the RhoGEF ECT-2, are lost from this region, and the
actomyosin network retracts away [12,13]. Cdc42 subsequently promotes reorganization of
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the actomyosin network on the anterior half of the cell cortex, and translates this polarity into
the differential recruitment of the PAR proteins [13,17-19]. PAR protein polarity establishes
anterior-posterior domains with signaling properties that guide the orientation of the spindle
along the long axis of the cell and subsequently displace the spindle toward the posterior end
in order to produce a larger and smaller daughter cell after cytokinesis [20-22].

1.3 The role of cytoplasmic microtubules
In each of the examples above, the spindle responds to cortical polarity through the action of
the cytoplasmic, or astral, set of microtubules. Whereas the spindle microtubules separate the
two copies of the genome, the cytoplasmic microtubules mediate interactions between the
spindle and the cell periphery. The minus ends of cytoplasmic microtubules are anchored to
microtubule-organizing centers (MTOCs), and are thereby tethered to the two poles of the
spindle. The dynamic plus ends project out from the spindle and into the cytosol, where they
undergo cycles of polymerization and depolymerization via dynamic instability. This behavior
allows cytoplasmic microtubules to survey the cell cortex for binding partners. Upon binding
to the cortex, force applied to cytoplasmic microtubules is transmitted to the spindle, producing
displacement. Molecular motors generate this force in various ways.

2. Motors that generate force at the cell cortex
Molecular motors displace the microtubule network by applying tension to cytoplasmic
microtubules at contact sites on the cell cortex. Time-lapse imaging of GFP-labeled tubulin in
budding yeast has been useful for understanding how microtubules interact with the cortex.
Yeast have only a few cytoplasmic microtubules at each SPB/MTOC, which simplifies
resolution and allows for correlation between spindle movement and the behavior of individual
microtubules. The displacement of the spindle and nucleus is accompanied by three classes of
interactions between microtubules and the cell cortex[23-25]; Fig.1B-D). In the first class,
growing microtubule plus ends collide with the cortex and then sweep along it while
maintaining end-on contact. As the plus end moves across the cortex, the microtubule acts as
a lever, applying torque to the microtubule network, which produces rotational movement of
the MTOC. Thus, sweeping interactions are effective for concentrating microtubule plus ends
at specific regions of the cortex and orienting the microtubule network toward these sites. In
the second class of interactions, microtubule plus ends are attached, or captured, at fixed sites
on the cell cortex, and they maintain end-on contact with these sites as they depolymerize from
their plus ends. The shortening of the microtubule draws the MTOC and the attached
microtubule network toward the site of cortical capture, pulling the spindle toward and into
the neck. In the third class of interactions, microtubules exhibit lateral sliding along the cortex,
maintaining contact with the cortex along their sides. The sliding of individual microtubules
powers the movement of the MTOC and microtubule network toward the site of interaction on
the cortex, drawing the spindle into the neck.

2.1 Myosin V – transporting microtubule ends along actin cables
The sweeping of microtubule ends along the cell cortex depends on cooperation between
cytoplasmic microtubules and the cortical actin network (Fig.1B). In this mechanism, actin
filaments are the substrate for motility, and microtubule ends are cargo. Budding yeast formins
nucleate cables of actin filaments at the bud tip and neck; these cables cascade into the mother,
creating bud-directed tracks for type-V myosins [26]. Other cargoes of this transport network
include endoplasmic reticulum, mitochondria, secretory vesicles, mRNAs, and various
proteins that contribute to the fitness of the daughter cell. Mutations and pharmacological
perturbations that disrupt actin cables impair the delivery of microtubule ends to the bud, and
delay the alignment of the spindle along the mother-bud axis [27-30]. Mutations in the type-
V myosin, Myo2, elicit similar defects [30,31]. Notably, reducing the velocity of Myo2 by
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truncating its lever arm also reduces the velocity of microtubule sweeping, providing strong
evidence that Myo2 is the motor responsible for this process [32]. Consistent with this
observation, GFP-labeled Myo2 is frequently detected at microtubule plus ends that are not in
contact with the cortex [32]. It is not clear whether this represents a pool of Myo2 that associates
with the microtubule end prior to its arrival at the cortex, or whether it is a remnant at the plus
end, which remains after the microtubule disengages from the cortex. In either case, the
observation reveals the presence of a motor complex at the plus end that is competent for
motility along actin filaments.

Microtubule ends associate with Myo2 via a pathway involving the APC homologue Kar9 and
the EB1 homologue Bim1, which are two of the numerous so-called “+TIP” proteins found
near the plus end of the microtubule. Kar9 acts as an adapter by interacting simultaneously
with Myo2 and Bim1 [29,31-34]. Deletion of BIM1 abolishes the localization of Kar9 to
cytoplasmic microtubules, suggesting that Kar9 may only associate with microtubules when
in complex with Bim1 [29,33,34].

The localization of Kar9 at plus ends is important for proper function. Dynamically growing
plus ends have a greater probability of colliding with the cortex and therefore encountering
cortical Myo2 and/or actin cables than do the sides of microtubules. Consistent with this notion,
the activity of the microtubule-sweeping mechanism correlates with the accumulation of Kar9
at plus ends. Kar9 localizes to the SPB during the G1 phase of the cell cycle, but moves out to
the plus end during S phase and G2, when microtubule-sweeping is active [35]. The transfer
of Kar9 from SPBs to plus ends is enhanced by the kinesin Kip2 and involves the plus end
tracking proteins Bik1/CLIP-170 and Stu2/XMAP215 [35-37]. Fluorescence recovery after
photobleaching (FRAP) experiments suggest that plus end-associated Kar9 is derived from the
pool at the SPB, and not vice versa [38].

One potentially critical feature of Kar9 activity is its biased localization to microtubules
emanating from one of the two SPBs. This selective recruitment is initiated at the SPB and
requires the phosphorylation of Kar9 by the yeast CDK1/Cdc28 and several B-type cyclins
[35,38,39]. Mutations that disrupt cyclin/CDK1 activity or phosphorylation sites on Kar9 allow
localization to both sets of microtubules [37-39]. Under these conditions, microtubules from
either SPB may be oriented toward the bud [36,38]. Phospho-mimetic mutations rescue Kar9
asymmetry and spindle orientation, suggesting that phosphorylation by cyclin/CDK1 allows
Kar9 to recognize a pre-exisiting asymmetry between the two SPBs [37]. The basis of this
asymmetry is not yet clear. GFP-labeled Myo2 also exhibits asymmetric localization to the
ends of microtubules emanating from one SPB, and this depends on Kar9 [32]. Thus, the
selective recruitment of Kar9 to a specific set of microtubule plus ends appears to “license”
those microtubules for myosin-dependent transport, thereby ensuring that only one end of the
spindle is oriented toward the bud.

Although the microtubule-sweeping mechanism is well-characterized in budding yeast, it
remains to be seen whether similar mechanisms contribute to spindle orientation in other
organisms. The Bim1-Kar9 complex is regarded as the functional homologue of the EB1-APC
complex, which connects microtubule ends to cortical polarity in animal cells [1,40,41];
however, EB1-APC is not known to transport microtubule ends along the cortex via myosin-
V motors. Such a mechanism may not be necessary in cells that experience a greater frequency
of microtubule-cortex interactions than do budding yeast cells, because this would increase the
probability that microtubule ends will encounter docking sites on the cortex. For example, the
C. elegans zygote possesses 100-fold more cytoplasmic microtubules than do budding yeast
cells, and as many as 200 of these microtubules are in contact with the cortex at any single
time point during mitosis [42]. In this scenario, spindle orientation may be accomplished by
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the stochastic capture of microtubule ends by alternative force generators that are confined to
specific subdomains of the cortex.

2.2 Microtubule-depolymerizing kinesins – capture-shrinkage at the cortex
Tension can also be generated at the cortex by receptor complexes that couple microtubule
attachment with depolymerization, known as capture-shrinkage (Fig.1C). Here, growing
microtubule ends are captured by receptors and then undergo catastrophe - the transition to a
depolymerization state. During depolymerization, the receptor remains processively bound to
the shortening microtubule, resulting in the movement of the minus end and the attached
microtubule network toward the cortical contact site. This model recalls capture-shrinkage
mechanisms that produce chromosome movements by tethering kinetochores to
depolymerizing microtubule ends (see review in this issue). In both scenarios, the force that
produces movement may be derived from microtubule depolymerization itself; and therefore
the motor would consist of the force generator (the depolymerizing microtubule end) and the
receptor that tethers the cargo (the cell cortex or kinetochore) to the microtubule. In this
mechanism, the motor protein may act only as a tether, not as a motor per se.

Two key features of this mechanism are how capture sites are defined on the cortex and how
microtubule depolymerization is exploited for motility. In yeast, capture-shrinkage events are
biased toward the bud, drawing the pre-anaphase spindle toward the bud neck [23,25]. This
result indicates that although microtubule plus ends contact sites across the cell cortex, force-
producing depolymerization events are limited to contacts at the bud neck and bud cortex. The
establishment of capture-shrinkage sites requires the ring of septin filaments around the bud
neck, which provides a scaffold for various signaling and transport pathways [43]. Another
key component of this process is Bud6, a formin-binding protein that localizes to the bud neck
and bud cortex and mediates microtubule capture at these sites [44-46]. While this mechanism
does not require Kar9 for microtubule capture or depolymerization, the Myo2-Kar9-dependent
sweeping mechanism enhances the efficiency of capture by delivering microtubule plus ends
to the bud neck and bud [43,45].

The component(s) of the capture-shrinkage mechanism that couple microtubule
depolymerization and spindle movement toward the neck are poorly understood; however,
kinesin motors that induce depolymerization are attractive candidates. Kar3 is a member of the
kinesin-14 family of motors that was originally identified in a screen for mutations that disrupt
nuclear fusion (karyogamy) during the mating of haploid yeast cells [47]. In addition, Kar3
has important roles in spindle function and positioning, which are differentially regulated by
its light chains, Vik1 and Cik1 [48-50]. Loss-of-function alleles of kar3 exhibit longer
cytoplasmic microtubules and are defective for positioning the pre-anaphase spindle at the bud
neck; consistent with a disruption of the capture-shrinkage mechanism [48,51]. cik1 mutants
exhibit similar spindle positioning defects [48]. In vitro, Kar3-Cik1 complexes exhibit minus-
end-directed motility in microtubule gliding assays, and depolymerization activity at plus ends
[52]. Studies of Kar3 in mating yeast demonstrate how these activities may generate tension
on cytoplasmic microtubules. During mating, activation of a G protein-coupled pheromone
receptor triggers polarized growth, or schmooing. Cytoplasmic microtubules are delivered to
this site by the Bim1-Kar9-Myo2 complex [29,32,53-55]. Kar3-Cik1 localizes to the plus ends
of these microtubules, and mediates the formation of stable attachments with the Gα-subunit,
Gpa1, at the schmoo cortex [56,57]. Microtubules then shorten, bringing the SPB and nucleus
move toward the site of polarization [56]. Null mutations of kar3 disrupt the attachment of
cytoplasmic microtubules to the schmoo cortex; and mutations that specifically disrupt the
ATPase activity of Kar3, which are predicted to lock the motor in a rigor state to its microtubule
substrate, allow microtubules to attach to the cortex but not shorten [56]. These results support
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a dual function model for Kar3, wherein the kinesin first mediates the tethering of microtubule
ends to cortical receptors, and then induces depolymerization via its ATPase activity.

Kip3, a member of the kinesin-8 family, may also be involved in the capture-shrinkage
mechanism in budding yeast. Kip3 promotes depolymerization in vitro, and kip3 mutant cells
exhibit long microtubules and defective positioning of the pre-anaphase spindle [58].
Nevertheless, capture-shrinkage events are still apparent in these mutants, indicating that Kip3
is not necessary for this process. Instead, the role of this kinesin may be to prevent continued
microtubule growth from pushing the spindle away from the bud and back into the mother.

Depolymerizing microtubules may also provide the force for spindle movement in the C.
elegans zygote. Elegant studies using laser microbeams to fragment the spindle or centrosomes
during mitosis demonstrate that pulling force is applied to cytoplasmic microtubules from a
limited number of sites on the cortex, with a greater magnitude of force generated at the
posterior end of the cell [59,60]. Imaging of microtubules at the cortex shows both end-on and
lateral microtubule contacts during force generation. The appearance of end-on contacts is
generally followed quickly by depolymerization away from the cortex. Microtubule ends
exhibit greater dwell time at the posterior cortex; and this asymmetry depends on the PAR
proteins [61]. During spindle movement, the number of end-on contacts transiently increases
in the front and decreases in the rear [42]. Spindle movement can be inhibited by the
microtubule-stabilizing drug, taxol, or by tubulin mutations that suppress microtubule
dynamics [62]. Together these results in the C. elegans zygote are consistent with a capture-
shrinkage mechanism, but confirming this model in vivo is challenging. The simultaneous
contact of many microtubules with the cortex confounds the determination of the relevance of
individual interactions. Furthermore, the presence of transient end-on interactions and lateral
sliding interactions along the cortex raises the question of which type of interaction has the
primary causative role in force production. A role for microtubule sliding has also been
proposed in this system [63]. Distinguishing between these models will require the
identification and disruption of factors that uniquely support either interaction. A role for
depolymerizing kinesins in moving the spindle of the C. elegans zygote has not been
established; however, the microtubule motor dynein is required for spindle orientation and
displacement. The involvement of dynein suggests that sliding may be involved, based on the
mechanisms of force generation by dynein in budding yeast, discussed next.

2.3 Dynein – microtubule sliding
In the third mechanism that operates in budding yeast, microtubules slide along the cortex,
drawing the spindle and nucleus into the bud neck (Fig.1D). Sliding events are initiated by the
collision of a growing plus end with the cortex. The microtubule then curves along the cell
cortex, maintaining contact along its side while moving toward its distal plus end.

Microtubule sliding requires the dynein motor. Cytoplasmic dynein is a large, multi-subunit
complex necessary for microtubule-based processes in nearly all eukaryotes. Loss-of-function
mutations in yeast dynein abrogate sliding events and delay the movement of the nucleus and
spindle into the bud, consistent with the notion that sliding is powered by dynein motility
[25,64-67]. In dynein mutant cells, cytoplasmic microtubules are longer and exhibit a decrease
in the frequency of dynamic end-on interactions [23]. This suggests that dynein may influence
microtubule dynamics and/or the stability of microtubule-cortex interactions as part of its
function.

Several lines of evidence indicate that microtubule sliding is driven by the minus end-directed
motility of dynein motors at the cortex. Fluorescently labeled components of the dynein
complex appear as punctae along microtubules and at stationary foci on the cortex, and
mutations that abolish the cortical localization of dynein also abolish microtubule sliding
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[68-70]. These results suggest that dynein must associate with a cortical receptor in order to
produce force. The model of dynein-driven sliding is also supported by observations on free
cytoplasmic microtubules, which have detached from the SPB and then appear to slide along
the cortex [25]. Two-color experiments in which α-tubulin and the minus end-capping γ-tubulin
complex are differentially labeled demonstrate that free microtubules slide in a plus end-first
orientation, consistent with cortical dynein stepping toward the minus end [71]. Moreover, the
movement of fiducial fluorescent speckles indicates that free microtubules slide at velocities
similar to those observed for purified yeast dynein in in vitro microtubule gliding assays [25,
72]. Together these data argue that dynein generates the force for sliding at the microtubule-
cortex interface.

Genetic screens in yeast have identified a number of genes that are required for the dynein
mechanism. Nearly all of the genes identified in these screens encode dynein regulators that
are conserved across species. Based on this conservation, yeast has proven to be a powerful
system for identifying the molecular contribution of these components to dynein function
(reviewed in [73]). Current evidence supports a three-step model for activating microtubule
sliding. First, the dynein motor complex is targeted to the plus ends of dynamic cytoplasmic
microtubules. This requires Bik1/CLIP170 and the kinesin Kip2, along with the LIS1 and
NudEL homologues, Pac1 and Ndl1 [68,74-77]. By hitchhiking with these proteins to the plus
end, dynein at the plus end may then probe the cortex in search of its cortical receptor - the PH
domain-containing protein, Num1 [78-81].

Second, upon encountering Num1, dynein is anchored to the cortex through a mechanism that
requires the dynactin complex. Dynactin is broadly conserved and required for perhaps every
function of dynein in cells [82]. Yeast dynactin co-localizes with dynein on microtubules, and
dynactin appears to transfer from plus ends to the cortex along with dynein [70]. In dynactin
mutants, dynein accumulates at plus ends but is not found at the cortex [68,74]. This may be
analogous to the role of dynactin in linking dynein to vesicular cargoes; only in this case, the
cortex is effectively the cargo.

Third and finally, with dynein bridging the microtubule and the cortex, the motor is activated
and walks toward the minus end, sliding the microtubule past the anchor site. The timing of
this last step is critical; activation prior to cortical docking would promote the streaming of
dynein away from the plus end. The mechanism for activating dynein at the cortex is not
understood; however, it is tempting to speculate that the activator may reside at the cortex,
awaiting the arrival of dynein and the microtubule end.

The role of dynein in generating force for spindle movement is conserved in many eukaryotes.
Dynein contributes to several types of spindle movement in the C. elegans zygote. Depletion
of the dynein heavy chain subunit by RNAi delays the alignment of the spindle along the long
axis of the cell [83]. In addition, either loss-of-function mutations of dynein heavy chain or
RNAi-depletion of dynein components reduces the pulling forces that are applied to the spindle
poles during mitosis [62,84-87]. Similar observations have been made in Drosophila
neuroblasts, where mutations that disrupt the function of Lis1 or the dynactin component,
p150glued, exhibit defects in spindle alignment and subsequent movements [88]. Studies in
these models have been particularly useful for uncovering the signaling pathways may translate
cortical polarity into asymmetric force generation by dynein. For more information on this
subject, the reader is directed to recent reviews [89,90].

Given that dynein-dependent spindle movement coincides with microtubule sliding in the yeast
model and with microtubule shortening in C. elegans, an important question is whether the
mechanism of force generation differs in these two contexts. Purified dynein motors exhibit
step-wise motility predominantly directed towards the minus ends of microtubules, in vitro
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[72]. To our knowledge, there is no biochemical evidence that dynein acts as a microtubule
depolymerase. It is possible that the minus-end directed motility of dynein is coupled with a
separate depolymerase module in some cells. This notion is reminiscent of the mechanism that
produces movement of the MTOC and nucleus during meiosis in the fission yeast,
Schizosaccharomyces pombe. Here, dynein-dependent microtubule sliding pulls the MTOC
and nucleus back-and-forth between the two ends of the elongated cell [91,92]. During nuclear
movement, the leading microtubule extends to the opposite end of the cell, and that microtubule
shortens from its plus end-cortex interface as the MTOC and nucleus move forward [93]. Laser
cutting experiments demonstrate that depolymerization at the plus end accompanies but is not
necessary for force generation. When the leading microtubule is cut in half, the microtubule
that remains attached to the MTOC and nucleus continues to slide forward at a similar speed
[92]. Interestingly, dynein mutants exhibit reduced depolymerization rates at the cell ends,
suggesting that depolymerization is enhanced by dynein or perhaps by compressive force of
the sliding microtubule plus end colliding with the cortex [93]. Thus, sliding and
depolymerization appear to be components of a common dynein mechanism. Whereas the role
of sliding is to produce force for motility, depolymerization may relieve steric constraints as
the microtubule approaches the cortex.

3. Concluding Remarks
Here we have discussed how molecular motors may alter the orientation and position the
mitotic spindle during cell division. The fact that a simple organism such as budding yeast
appears to employ three evolutionarily distinct classes of motors in this process raises the
question of what advantages such diversification might confer. Multiple mechanisms could
increase the robustness of spindle positioning through compensatory functions. Consistent with
this notion, mutations that disrupt individual spindle positioning mechanisms in budding yeast
do not impair viability; however, simultaneous disruption of multiple pathways results in
severe growth defects [29,48,54,94]. In addition, each mechanism may provide unique
functions that improve the efficiency of spindle positioning. For instance, the microtubule-
sweeping mechanism is likely to be more sensitive to actin-based cell polarity, whereas the
microtubule-sliding mechanism may allow for greater force generation by providing more
binding sites for motors along the sides of the microtubule. An important test of these models
will be the identification of distinct mechanisms dedicated to specific modes of spindle
movement in higher eukaryotes.
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Abbreviations used

MTOC microtubule organizing center

SPB spindle pole body

CLIP-170 cytoplasmic linker protein-170

EB1 end-binding protein 1

GFP green fluorescent protein

PH pleckstrin homology
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Figure 1.
Models for spindle displacement by cortical motors. (A) Sequence of spindle positioning events
during cell division in budding yeast. First, the plus ends of one set of microtubules are
delivered to the bud. Second, microtubules that are attached to the bud neck shorten, drawing
the spindle and nucleus toward the bud. Finally, microtubules are pulled along the bud cortex,
toward the distal bud tip. This pulls the spindle and nucleus into the bud neck, and positions
the anaphase spindle across the nascent site of cytokinesis. (B) Myosin-V transports
microtubule plus ends along actin cables toward the bud. Arrow indicates the direction of
myosin-V motility, determined by the polarity of actin cables that are nucleated at the bud tip
and bud neck. Arrowhead indicates the force applied to the microtubule. (C) Capture-shrinkage
at the bud neck. Microtubule plus ends are captured by the forming-interacting protein, Bud6,
and are then induced to shorten by a mechanism that is likely to involve the depolymerase
activity of kinesin-14. (D) Microtubules are pulled along the bud cortex by the minus-end
directed motor dynein and its activator, dynactin. The dynein-dynactin complex is anchored
to the cortex by Num1.
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