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Control of spindle
polarity and orientation
in Saccharomyces
cerevisiae
Marisa Segal and Kerry Bloom
Control of mitotic spindle orientation represents a major strategy for the
generation of cell diversity during development of metazoans. Studies in the
budding yeast Saccharomyces cerevisiae have contributed towards our present
understanding of the general principles underlying the regulation of spindle
positioning in an asymmetrically dividing cell. In S. cerevisiae, the mitotic spindle
must orient along the cell polarity axis, defined by the site of bud emergence, to
ensure correct nuclear division between the mother and daughter cells.
Establishment of spindle polarity dictates this process and relies on the concerted
control of spindle pole function and a precise program of cues originating from the
cell cortex that directs cytoplasmic microtubule attachments during spindle
morphogenesis. These cues cross talk with the machinery responsible for bud-site
selection, indicating that orientation of the spindle in yeast cells is mechanistically
coupled to the definition of a polarity axis and the division plane. Here, we propose
a model integrating the inherently asymmetric properties of the spindle pathway
with the program of positional information contributing towards orienting the
spindle in budding yeast. Because the basic machinery orienting the spindle in
higher-eukaryotic cells appears to be conserved, it might be expected that similar
principles govern centrosome asymmetry in the course of metazoan development.

The orientation of the mitotic spindle has a profound
impact on correct chromosomal segregation and
specification of the division plane in metazoan cells.
Additionally, regulated orientation of the spindle can
dictate asymmetric cell divisions, a strategy exploited
throughout development to generate cell-type diversity1.
The budding yeast Saccharomyces cerevisiae divides
asymmetrically along a polarity axis defined by the site

32 Efimov, V.P. and Morris, N.R. (2000) The LIS1related NUDF protein of Aspergillus nidulans
interacts with the coiled-coil domain of the
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the lissencephaly gene product, with a mammalian
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dynein heavy chain complex in the developing and
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Cdk5 substrate that associates with LIS1 and
cytoplasmic dynein. Neuron 28, 697–711
36 Feng, Y. et al. (2000) LIS1 regulates CNS
lamination by interacting with mNudE, a central
component of the centrosome. Neuron 28, 665–679

of bud emergence, generating a larger mother and a
smaller daughter cell. Orientation of the intranuclear
spindle along this polarity axis prior to anaphase is
crucial for accurate chromosomal segregation between
mother and daughter cells. Thus, S. cerevisiae serves as
a genetically tractable model to understand how spindle
orientation is attained.
Establishment of spindle polarity stems from
events that enforce daughter-bound fate to one spindle
pole and mother-bound fate to the other pole during
spindle morphogenesis. This entails integrating cellcycle-regulated processes with cytoskeletal structures
(actin and microtubules) that impart correct identity
to each spindle pole and accordingly dictate spindle
alignment along the cell polarity axis.
Control of spindle orientation is therefore complex
and operates at several different levels: microtubuleorganizing center (MTOC) function, spatial cues from
the cell cortex, motors and additional factors regulating
microtubule dynamic instability. Correct orchestration
of these various levels of control is absolutely crucial not
only for imparting correct polarity and orientation to the
mitotic spindle but also to ensure proper spindle dynamics
and, in turn, timely progression of the cell cycle.
Here, we review recent evidence and propose a
model for coordinated spindle assembly, polarity and
orientation in budding yeast. For the purpose of this
article, spindle polarity denotes the commitment to
an asymmetric fate for each spindle pole (motherversus daughter-bound), whereas spindle orientation
represents the ensuing positioning and alignment of
the spindle at the bud neck prior to anaphase onset.
Spindle assembly and orientation in S. cerevisiae

Spindle morphogenesis in S. cerevisiae is initiated by
the execution of START at the G1–S transition of the
cell cycle2,3. Progression through START triggers bud
emergence, DNA replication and the duplication of the
yeast MTOC – the spindle pole body (SPB; Fig. 1).
Because budding yeast cells undergo a closed mitosis
(i.e. without nuclear envelope breakdown), the SPBs
remain embedded in the nuclear envelope throughout
the cell cycle and organize cytoplasmic or astral
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Fig. 1. The spindle pathway in the budding yeast Saccharomyces cerevisiae. (a) Landmark events of
the spindle pathway. (b) Live images of cells expressing a GFP–α-tubulin fusion (GFP–Tub1),
corresponding to the stages depicted in (a). The label is incorporated into cytoplasmic as well as
intranuclear microtubules. Overlays of fluorescence and differential interference contrast microscopy
are shown. Unbudded G1-phase cells contain a single spindle pole body (SPB). Duplication is primed
by formation of a satellite in late G1 (not shown). SPB duplication is completed in early S phase, and
SPBs remain side-by-side during DNA replication. Following SPB separation and spindle assembly,
the nucleus positions at the bud neck, with the spindle oriented along the mother–daughter axis. As
cells proceed into anaphase of mitosis, the spindle elongates. Once chromosome segregation is
completed, the spindle disassembles and the cells complete cytokinesis.
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microtubules from the cytosolic face of the SPB, the
outer plaque, as well as intranuclear microtubules from
the nuclear face, the inner plaque. Towards completion
of DNA replication and SPB separation, spindle
assembly and nuclear migration to the bud neck ensue.
Prior to chromosome segregation and the onset of
anaphase, orientation of the spindle along the
mother–bud axis is a direct consequence of astral
microtubule-mediated interactions established between
one pole (SPBdaughter) with the bud cell cortex and the
second pole (SPBmother) with the mother cell cortex4–6.
Spindle morphogenesis is subjected to cell-cycle
control. In S. cerevisiae, a single cyclin-dependent kinase
– Cdc28 (also known as Cdk1) – regulates cell-cycle
progression by associating with different stage-specific
cyclins7. Passage through START requires Cdc28
activation by the G1 cyclins Cln1, Cln2 and Cln3.
Accordingly, SPB duplication depends on Cln-dependent
kinase activity. Progression through S, G2 and M phases
is driven by Cdc28 activation by the B-type cyclins
Clb1–Clb6. Strains containing multiple CLB deletions
fail to form a bipolar spindle8,9, implicating Clb function
in spindle assembly. The contribution of individual Clbs
to various aspects of spindle morphogenesis is beginning
to emerge and will be discussed below.
Cytoplasmic microtubule behavior during
spindle assembly

Pre-anaphase spindle positioning is specified by a
precise temporal program of microtubule–cortex
interactions in concert with spindle morphogenesis
as seen by real-time imaging microscopy4–6,10 (Fig. 2).
Cytoplasmic microtubules emerging from the side-byside SPBs exhibit multiple cycles of growth and
shortening. Microtubules grow towards the cell
http://tcb.trends.com

161

periphery, where they persist, on average, for less than
3 min. Microtubule penetration into the bud most likely
reflects the stochastic properties of growth and
shortening, as well as interactions with the actin
cytoskeleton (through Kar9, see below)5,11,12. These
events orient the duplicated SPBs facing the bud neck in
preparation for spindle assembly (Fig. 2a). During SPB
separation, astral microtubules emanating from the
SPBdaughter dynamically interact preferentially with the
bud cortex. As separation proceeds, new microtubule
contacts occur with the bud neck region (Fig. 2a,b).
These contacts direct the remaining, mother-bound,
SPB (SPBmother) to interact first with the mother cortex
in the vicinity of the bud neck. At this point, spindle
assembly (~1 µm-long spindle) and specification of
daughter- and mother-bound fate, respectively, have
been completed5,6,10. As the spindle establishes position,
the astral microtubules emanating from the SPBmother
interact dynamically with the mother cell cortex at
points progressively further away, while the SPBdaughter
remains at the bud neck (Fig. 2a–c). These interactions,
in concert with SPB separation and spindle assembly,
drive the SPBmother away from the bud neck, ultimately
orienting the spindle along the mother–bud axis. Once
oriented, the mobility of the SPBdaughter is restricted to
the neck, whereas the SPBmother is free to rotate10. This
sequence of events points to the importance of initial
astral microtubule contacts with the vicinity of the neck
in imparting correct fate of the SPBmother (Ref. 6).
Temporal, asymmetric association of dynein–GFP
hallmarks correct fate of the SPBs

The asymmetric nature of cytoplasmic
microtubule–cortex interactions with the bud and the
mother cell cortex throughout SPB separation indicates
that polarity is in fact established early in spindle
morphogenesis. Immunofluorescence experiments have
suggested that it is the newly synthesized SPB that is
destined for the daughter cell13. More recently, studies
based on in vivo labeling by a dynein heavy chain fusion
to green-fluorescent protein (dynein–GFP) have
provided valuable information on astral microtubule
behavior and SPB polarity during spindle
morphogenesis and karyogamy4–6,14,15. Dynein–GFP
decorates astral microtubules mediating the early
orientation of duplicated SPBs facing the bud neck in
budded cells (Fig. 2b). As the spindle assembles, the bulk
of dynein–GFP label remains associated with the
daughter-bound SPB (SPBdaughter). Once the spindle
poles are approximately 1 µm apart, label begins to
associate with the mother-bound pole (SPBmother).
This ‘lag’ in dynein–GFP accumulation at the SPBmother
presumably reflects a delay in astral microtubule
organization by the SPB outer plaque relative to SPB
separation5,6 and is independent of the orientation of
microtubules into the bud or mother cell15. Indeed,
following SPB duplication, astral microtubules emerge
from the bridge region between the side-by-side poles2.
Throughout the rest of the cell cycle, however, astral
microtubules are organized by the outer plaques of the
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SPBs. Events leading to this transition remain poorly
understood but probably involve regulation of
microtubule nucleation at the SPBs (reviewed in
Ref. 16).
The functional significance of the dynein–GFP
asymmetric label is demonstrated by studies linking
Clb5-dependent kinase activity to spindle polarity.
Loss of the S-phase B-type cyclin Clb5 under

conditions of limited CDK activity (cdc28-4 clb5∆ cells)
causes the translocation of the pre-anaphase spindle
along with the undivided nucleus into the bud, leading
to a block in the cell cycle. The Clb5 requirement for
correct spindle positioning at the bud neck is confined
to a temporal window coincident with the normal time
of Clb5-associated Cdc28 kinase activation in the cell
cycle17. The asymmetric behavior of the SPBs with

(a)

MT-based search and
capture activity positions duplicated
SPBs facing the bud-neck

SPBdaughter and SPBmother
establish MT contacts with
the bud tip and bud neck,
respectively

MT–cortex interactions
drive spindle orientation
along the polarity axis

(b)

(c)
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Fig. 2. The temporal program of microtubule–cortex interactions during spindle morphogenesis in the budding yeast Saccharomyces cerevisiae as
revealed by real-time imaging microscopy. (a) Cartoon summarizing microtubule–cortex interactions mediating early orientation of duplicated
spindle pole bodies (SPBs), followed by asymmetric contacts underlying polarity and orientation of the spindle as determined by time-lapse digital
imaging microscopy of wild-type cells. (b) Time-lapse series of dynein–GFP labeling in wild-type cells. Numbers indicate time elapsed in minutes
relative to the first frame in which the two poles are visible with this label (time 0). Dynein–GFP labeling is abrogated by microtubuledepolymerizing agents5, indicating that label at the poles is indeed mediated by microtubules (MTs) associated with the SPBs. After SPB
separation, label is exclusively associated with the SPBdaughter (– 1 min). The SPBmother begins to acquire microtubule-dependent label when poles
are ~1 µm apart (arrowheads, 0–2 min). By virtue of this delay, the SPBmother establishes initial contacts with the neck rather than with the bud tip
(4 min). These contacts enforce correct orientation of the SPBmother (4–11 min). For a detailed analysis of the kinetics of dynein–GFP labeling in wildtype cells, see Ref. 5. (c) GFP–tubulin labeling in wild-type cells: after SPB separation, microtubule interactions with the mother cell cortex
(arrowheads, 0–11 min) drive the SPBmother away from the bud neck. The SPBdaughter also promotes astral microtubule interactions with the neck,
which contribute to spindle retention prior to anaphase. It should be pointed out that the intense fluorescence from the side-by side poles prevents
initial assignment of microtubule contacts from each SPB until sufficient separation has occurred to resolve each spindle pole (time 0 min).
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regard to dynein–GFP labeling is lost in cdc28-4 clb5∆
cells. Both poles display microtubule-mediated label
during separation and therefore behave as daughterbound. Thus, the lack of built-in delay of microtubule
organization resulting in simultaneous SPB labeling
translates into failure to assign mother-bound fate to
one SPB. By contrast, the program is not perturbed by
loss of either Clb3 or Clb4 B-type cyclins. Instead,
these cyclins preferentially promote SPB separation
and spindle assembly6. Genetic analysis has also
assigned distinct roles for B-type cyclins in restricting
SPB duplication to once per cell cycle9. Thus, various
aspects of spindle morphogenesis are differentially
subjected to cell-cycle control.
The cortical program underlying correct establishment
of spindle polarity

Functional cytoplasmic microtubule attachments are
drawn to specialized cortical sites of the mother and
bud cells to achieve pre-anaphase spindle
orientation. A prominent role for the dynactin–
dynein system in mediating these functional
attachments has been proposed4. Establishment of
spindle polarity, however, must be primed by cellular
factors partitioning asymmetrically between the
bud and mother cortex, a process coupled to bud-site
selection and polarized growth characteristic of yeast
cells entering S phase18. Indeed, on the one hand,
several cortical components implicated in spindle
orientation such as the formin Bni1, a target of the
polarizing machinery, and the actin interactor
Aip3/Bud619–21 are localized initially to the bud tip.
The C-terminal domain of Bni1 interacts with Bud6
and is essential for Bni1 function in bud-site
selection and spindle orientation22. On the other
hand, other presumed cortical elements are
restricted initially to the mother cell during spindle
assembly (e.g. Num123).

…spindle orientation is coupled to
‘…
the establishment of a cell-polarity
axis and division plane — a
principle paramount to metazoan
development.’
Recent work has focused on identifying factors
mediating the process of microtubule-based search and
capture that directs early functional attachments with
the bud cell cortex. These studies assign a pivotal role to
Bim124,25 and Kar9 in this process21,26. Bim1, a yeast
homolog of human EB125 (the binding partner of the
adenomatous polyposis coli, APC), can bind directly to
microtubules and is required for the high dynamic
instability of microtubules that is characteristic of cells
before spindle assembly24. Dynamic instability
constitutes a prime feature of a microtubule-based
mechanism that relies on transient cortical interactions
in the search for the bud. Kar9 was identified initially
http://tcb.trends.com
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based on its requirement for karyogamy during
mating27. In subsequent studies, Kar9 has been
implicated in the orientation of functional microtubule
attachments into the bud during vegetative growth27.
The finding that Kar9 interacts with the tail of a type V
myosin (Myo2) and is transported along actin filaments
towards the bud11,12 accounts for the requirement for
actin filaments early in spindle orientation28,29.
Accordingly, myo2 mutations or treatment with the
actin-depolymerizing agent latrunculin A can prevent
correct transport of Kar9 into the bud and disrupt
spindle orientation11,30. The association of Kar9 with
microtubules via Bim1, in turn, provides the basis for
a postulated mechanism of microtubule capture31,32
(reviewed in Ref. 33). These findings provide a
mechanistic understanding of the functional linkage
between the actin and microtubule cytoskeletons.
However, the basis for segregation of one pole into the
bud, and the marking of a particular pole (SPBdaughter) in
the course of spindle morphogenesis remains a mystery.
The ability to designate differential fates to two
apparently identical structures is an important
problem in embryonic patterning and one that has been
particularly refractive to experimental manipulation.
Indeed, spindle polarity relies on temporal
generation of astral microtubule interactions with
the bud and mother cell cortex relative to spindle
assembly5,6 (Fig. 2). To achieve this, the temporal shift of
microtubule nucleation sites from the bridge of the sideby-side SPBs to the respective outer plaques must be
coordinated with the program of cortical factors
sequentially positioned at the bud tip and bud neck
regions. Bud6 follows precisely this temporal pattern
of localization20 and is in a position to provide cues for
cytoplasmic microtubule–cortex interactions during
spindle assembly34 (see Fig. 3 for speculative model).
Moreover, Bud6 is more prominent at the bud neck in
haploid cells, paralleling the more prominent role for the
bud neck in promoting microtubule–cortex attachments
during spindle orientation of haploids. Based on genetic
analysis, this difference has been linked to bud-site
selection control – that is, the mode of orienting cell
divisions that distinguishes haploid and diploid yeast
cells. Briefly, haploid cells bud adjacent to a previous
budding site (axial pattern), whereas diploid cells can
bud either adjacent or opposite to the previous budding
site (bipolar pattern)18.
Bud3, a protein essential for axial budding of
haploids, accumulates at the bud neck part-way through
S phase35 and is necessary for efficient association of
Bud6 to the neck region (Fig. 3a). Deletion of BUD3 in
haploids reduces Bud6 partitioning to the bud neck and
delimits the contribution of microtubule–bud-neck
interactions during spindle morphogenesis34,
concomitant with a change to a bipolar (diploid-like)
budding pattern. Conversely, deletion of BNI1 displaces
Bud6 from the bud tip to the neck following bud
emergence34 and abolishes bipolar budding in diploids36,
indicating a role for Bni1 in promoting Bud6 association
to the bud tip (Fig. 3a). Thus, Bud6 partitioning between
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Fig. 3. A speculative model for establishment of polarity during spindle morphogenesis in the
budding yeast Saccharomyces cerevisiae. (a) Coordinated spindle assembly and orientation in yeast.
(1, 2) Timely capture of microtubules emanating from the bridge at the bud cortex (a process
contributed to by both Kar9 and Bud6) orients duplicated spindle pole bodies (SPBs). At the onset of
SPB separation, the SPBdaughter inherits these microtubule contacts (3). As a short spindle forms, a
second area of Bud6-dependent interactions appears at the bud neck. Accumulation of Bud6 at the
bud neck, particularly in haploids, is promoted by the axial cortical component Bud3. Thus, de novo
astral microtubules are restricted such that they interact with the bud neck region and are prevented
from undergoing capture in the bud (4). These new interactions result in the correct fate of the
SPBmother and retention of the pre-anaphase spindle at the neck (5). Accordingly, a delay in
microtubule organization relative to SPB separation (as inferred by the kinetic behavior of
dynein–GFP labeling), in concert with the appearance of this new area for enhanced
microtubule–cortex interactions at the neck defines the temporal window in which establishment of
correct spindle polarity takes place. This model explains how the Clb5-dependent kinase enforces
correct asymmetry at a point in which two poles are already present. (b) Cartoon highlighting the
asymmetric distribution of elements participating in the establishment of spindle polarity in concert
with spindle assembly. Bim1 decorates all cytoplasmic and intranuclear microtubules. For simplicity,
Kar9 is represented associating with microtubules through contact with Bim1. Kar9 is delivered to the
bud by a Myo2-dependent mechanism presumably involving tracking on actin cables11,12. It remains
unclear whether segregation of Kar9 to the bud compartment precedes or occurs concomitant with
microtubule capture in wild-type, unperturbed cells. Nevertheless, microtubule-based search-andcapture in the bud always precedes spindle assembly in the unperturbed cell cycle. It is therefore
unlikely that Kar9-driven microtubule tracking via actin cables orients the spindle following assembly.
Bud6 association to the bud neck occurs after initiation of spindle assembly (Ref. 34; M. Segal and
K. Bloom, unpublished) and prevents microtubules that emanate from the SPBmother from entering the
bud following SPB separation. Num1 initially associates with the mother cell cortex in cells with small
buds during S phase and spindle assembly, compatible with a role in orienting the mother-bound SPB
away from neck cortical interaction sites. Num1 also appears to associate to the bud cell cortex of
large budded cells (therefore not shown in the cartoon) late in anaphase, raising the possibility of an
additional contribution along with dynein to anaphase spindle translocation into the bud47,48.

the bud tip and neck is dictated by cortical elements
required for cell polarity (Bni1 at the bud tip) and budsite selection control (Bud3 at the bud neck; Fig. 3a).
The resulting disruption of the Bud6 cortical program
in bni1∆ mutants leads to exaggerated microtubule–bud
neck interactions, which perturb spindle polarity and
dynamics15,34. By contrast, bud6∆ or bni1∆ mutants still
support Kar9-dependent microtubule capture, even
though Kar9 is mislocalized from the bud tip22,30. More
importantly, Kar9 does not contribute to microtubule
capture at the neck34, suggesting that not all modes of
microtubule capture require Kar9. Alternatively, Kar9
association along actin cables11,12 raises the possibility
that the mechanism of microtubule capture relies
additionally on Kar9-dependent changes of microtubule
dynamic parameters occurring within the bud
environment, perhaps by antagonizing Bim1 function,
which in turn would contribute to microtubule
persistence and correct targeting to Bud6 cortical sites
http://tcb.trends.com

in the bud (Fig. 3b). This speculative view is inspired by
a mechanism relying on control of microtubule dynamic
instability that has been proposed for the role of the
microtubule-binding protein tip1, a CLIP170-homolog
in Schizosaccharomyces pombe. Tip1 appears to favor
recovery over catastrophe rates for microtubules
interacting with the cell cortex, with the net result of
guiding microtubules to the cell ends37.
The role of motor proteins in spindle polarity and
orientation during the cell cycle

Microtubule dynamic properties are regulated
differentially throughout the cell cycle. Relatively high
microtubule dynamic instability characterizes G1 and
small budded cells4,5,24 and is crucial for initial
microtubule orientation towards the bud tip prior to
spindle assembly. Stable microtubule attachments to
cortical sites in the bud (persistence >3 min), however,
have not been observed during vegetative cell growth4,5,14
and therefore a simple tethering mechanism for astral
microtubules is unlikely, although orientation might still
be achieved by the sum of transient interactions with
the bud cortex. An alternative mechanism wherein
motor proteins couple microtubule dynamics to force
generation38 is more consistent with these observations.
Analysis of motor mutants has been restricted to
assessment of bulk microtubule length, nuclear
positioning in fixed cells, and spindle oscillations in live
cells. These studies assigned antagonistic and temporally
restricted roles to the cytoplasmic microtubule motor
dynein10 and the kinesin-like proteins Kip2 and Kip339,40,
as well as Kar341, in regulating microtubule dynamics,
mediating nuclear migration to the bud neck and
facilitating spindle translocation (reviewed in Ref. 42).
That motor proteins indeed effect microtubule dynamics
derives from dramatic phenotypic alterations in
microtubule lengths in kip2∆ or kip3∆38,39 mutants, with
Kip3 a likely protagonist of microtubule instability, and
Kip2 a protagonist of microtubule stability. Interestingly,
plus-end dynamics of astral microtubules have been
observed in G1 phase, mitosis and anaphase43. Increased
microtubule length, plus-end-directed microtubule
dynamics and defects in nuclear migration in kip3∆
cells can be united by invoking Kip3 as a plus-end

Opinion

TRENDS in Cell Biology Vol.11 No.4 April 2001

microtubule-destabilizing protein, perhaps anchored to
sites in the bud through the Bud6–Bni1 cortical scaffold.
However, a direct functional link between Kip3, Kar9
and the Bud6–Bni1 system has not been proven to date.
Antagonistic roles for various motors might also
contribute by fine-tuning spindle positioning at the onset
of anaphase. The mitotic spindle is extremely dynamic at
this stage and exhibits oscillations, generally along the
polarity axis, as evidenced initially by differential
interference microscopy studies10. The oscillatory motion
of the pre-anaphase spindle, once oriented to the neck, is
dependent upon the action of cytoplasmic dynein15.
Because this pre-anaphase spindle does not undergo
length changes, spindle dynamics at this stage must
reflect the ability of dynein to slide astral microtubules
along the cell cortex44. One function of the kinesins Kip3
and Kip2 might be to attenuate or antagonize the function
of dynein prior to the onset of anaphase. Interestingly,
in vitro motility studies indicate that, when conventional
kinesin and axonemal dynein are loaded on the same
microtubule, microtubule translocation proceeds in a
kinesin-directed fashion – that is, the action of kinesin is
dominant to that of dynein45. The processive nature of
kinesin motors might account for the ability of Kip3 to
mask dynein function in pre-anaphase cells. Only upon
deletion of KIP3 or effectors of Kip3 is the activity of
dynein revealed in increased frequency and duration of
spindle oscillations15. Therefore, the role of Kip3 in initial
spindle orientation must also be addressed in this context.
Indeed, live-imaging microscopy has documented the
impact of Kip3 in the promotion of spindle disassembly46.
By contrast, astral microtubule behavior during spindle
morphogenesis in kip3∆ mutants remains to be evaluated
by live-imaging microscopy to refine our understanding of
the role of Kip3 during early nuclear migration.
Once the spindle has oriented along the mother–bud
axis, the nucleus persists at the neck for over 20 min in
the unperturbed cell cycle. It is not clear what prevents
continued nuclear migration through the neck at this
juncture. The exaggerated oscillations observed in
bud6∆ mutants34 suggest that the contacts between
microtubules and the bud neck cued by Bud6 might
be crucial for correct pre-anaphase neck retention.
Additionally, the force from depolymerizing
microtubules, as outlined above, might not be sufficient
to pull the nucleus through the neck unless Bud6 is
absent. Moreover, if cytoplasmic dynein is indeed the
‘pulling’ motor, dynein function might be attenuated
until onset of anaphase. It has been postulated that
there are pulling forces on the spindle, but there has
not been a quantitative measure of their action. Using
an ndc1 mutation, which impairs the insertion of the
newly formed SPB in the nuclear envelope and prevents
bipolar spindle assembly, Yeh et al. have shown that
dynein exerts the dominant pulling force. Spindle
translocation into the bud in the absence of spindle
elongation proceeds at 3.6 µm min–1, considerably
greater than the 1 µm min–1 spindle elongation
characteristic of the fast phase of anaphase B10.
The ‘pulling’ forces are therefore not only engaged
http://tcb.trends.com
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post-anaphase but they are restrained by spindle
elongation forces or astral microtubule
assembly–disassembly at the cell cortex. Pre-anaphase
nuclear retention at the neck is therefore not a ‘static’
phase of the nuclear–spindle cycle. Rather, early Kip3
function, in addition to providing a vector for initial
spindle orientation, might antagonize cytoplasmic
dynein. Spindle oscillations at and through the neck
prior to the onset of anaphase reflect the balance
between Kip3 and dynein. Upon the onset of anaphase,
spindle elongation forces and limitations in microtubule
dynamics prevent dynein from pulling the entire
nucleus into the bud.
Concluding remarks

Coordinated spindle assembly and orientation relies on
integrating the CDK-driven program that imparts
correct inherent spindle polarity with the role of Bud6
and associated cortical elements in orienting functional
cytoplasmic microtubule attachments (see Fig. 3a for
proposed model). These asymmetric determinants are
tightly coupled to cell patterning. Indeed, Bud6 might
provide an interface between spindle polarity and the
machinery responsible for bud-site selection that
specifies the division plane18. The sequential
association of Bud6 to the bud tip and the bud neck,
driven by the combination of the polarizing and bud-site
selection machinery, positions the spindle while
preventing astral microtubule attachments from the
SPBmother with the bud cell cortex. This view leads to the
idea that spindle orientation is actually coupled to the
establishment of a cell-polarity axis and division plane,
a principle paramount to metazoan development.
The direct contribution of motors to spindle
polarity remains an open question. Motor-driven
microtubule dynamic behavior is clearly crucial for
orientation – yet establishment of polarity appears
to be primarily regulated by the temporal control of
SPB nucleation function. While the asymmetric
association of the dynein–GFP fusion might underlie
polarity, genetic analysis appears to exclude a direct
role for dynein in these events6. The possible role of
other motors in imparting and/or mediating polarity
remains to be assessed.
Regulation of spindle orientation during
development is exploited to specify the direction of
the cleavage plane to achieve precise embryonic cell
patterning. The mechanism that governs spindle
orientation shares common features with the yeast
system as shown in recent studies in C. elegans and
Drosophila, among others. The principles for pole
asymmetry described for budding yeast might be
extended to these systems. For example, the asymmetric
interactions of centrosomes at specialized cortical sites,
involving microtubules and actin, appear to dictate
spindle orientation in the two-cell-stage C. elegans
embryo1. Future studies might uncover factors
analogous to yeast Kar9 or Bud6 interplaying with
centrosome function to specify cleavage planes and,
in turn, distinct developmental cell fates.
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Erratum
The legend to Fig. 2 of the article 'Timing is everything: regulation of mitotic exit and cytokinesis by the MEN and SIN'
by Dannel McCollum and Kathleen L. Gould (Trends Cell Biol. 11, 89–95, 2001)
contains a production error. The final part of the legend should read:
Following cyclin-dependent kinase (CDK) inactivation in anaphase, Cdc7p recruits the Sid1p–Cdc14p kinase complex
to the SPB12. Sid1p–Cdc14p could then promote activation of the SPB-localized Sid2p–Mob1p kinase complex,
which then translocates to the cell-division site to trigger initiation of cell division7,8,13.
We apologize to the authors and our readers for the error.
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