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Abstract. During mitosis in budding yeast the nucleus
first moves to the mother-bud neck and then into the
neck. Both movements depend on interactions of cyto-
plasmic microtubules with the cortex. We investigated
the mechanism of these movements in living cells using
video analysis of GFP-labeled microtubules in wild-
type cells and in EB1 and Arpl mutants, which are de-
fective in the first and second steps, respectively. We
found that nuclear movement to the neck is largely me-
diated by the capture of microtubule ends at one corti-
cal region at the incipient bud site or bud tip, followed
by microtubule depolymerization. Efficient microtu-
bule interactions with the capture site require that mi-
crotubules be sufficiently long and dynamic to probe

the cortex. In contrast, spindle movement into the neck
is mediated by microtubule sliding along the bud cor-
tex, which requires dynein and dynactin. Free microtu-
bules can also slide along the cortex of both bud and
mother. Capture/shrinkage of microtubule ends also
contributes to nuclear movement into the neck and can
serve as a backup mechanism to move the nucleus into
the neck when microtubule sliding is impaired. Con-
versely, microtubule sliding can move the nucleus into
the neck even when capture/shrinkage is impaired.
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Introduction

Cells coordinate the position of the mitotic spindle with
the site of cytokinesis. In many cells, the site of cytokinesis
is determined by the position of the mitotic spindle. In the
budding yeast Saccharomyces cerevisiae, cell division oc-
curs at the mother-bud neck, and cells must position the
spindle within the neck. Spindle positioning in all cells,
including yeast, is thought to depend on the interaction
of astral/cytoplasmic microtubules with the cell cortex
(Stearns, 1997).

In yeast, the nucleus initially moves to the mother-bud
neck and then maintains its position at the neck (Stearns,
1997). Nuclear position at the neck depends on cyto-
plasmic microtubules, the kinesin-related protein Kip3p,
Kar9p, the formin Bnilp, the actin interacting protein
Bud6p/Aip3p, and actin (Cottingham and Hoyt, 1997;
DeZwaan et al., 1997; Miller and Rose, 1998; Lee et al.,
1999; Miller et al., 1999). There is a correlation between
the orientation of microtubules into the bud and nuclear
position, suggesting that proper positioning of nuclei at the
neck depends on the interaction of cytoplasmic microtu-
bules with cortical capture sites in the bud (Miller and
Rose, 1998). Kar9p appears to be important for microtu-
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bule capture (Miller and Rose, 1998). Bnilp, Bud6p, and
actin presumably affect nuclear positioning through their
effects on Kar9p localization (Miller et al., 1999). Kip3p
might affect nuclear positioning by pulling on cytoplasmic
microtubules at the cortex or through its effects on cy-
toplasmic microtubule lengths (Cottingham and Hoyt,
1997). Despite the identification of proteins involved in
nuclear positioning, the nature of the microtubule—cortex
interactions and associated nuclear movements to the
neck affected by these proteins is not clear.

Next, the spindle moves into the neck. This movement
requires dynein, its regulator dynactin, and cytoplasmic
microtubules (McMillan and Tatchell, 1994; Muhua et al.,
1994; Kahana et al., 1998). Since dynein is a minus end-
directed microtubule motor, a favored hypothesis is that
dynein is anchored in the bud cortex and pulls on the plus
ends of cytoplasmic microtubules (Carminati and Stearns,
1997). Microtubule—cortex interactions during movement
of the spindle into the neck have not been described.

Thus, nuclear positioning appears to involve two dis-
tinct, and apparently sequential, steps: Kar9p/Kip3p-
dependent movement to the neck and dynein/dynactin-
dependent movement into the neck (Cottingham and
Hoyt, 1997; DeZwaan et al., 1997; Miller et al., 1998).
Based on null mutants, loss of one step is deleterious but
not lethal, and the loss of both steps is lethal (Cottingham
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and Hoyt, 1997, DeZwaan et al., 1997; Miller et al., 1998;
Lee et al., 1999).

In this study, we examine microtubule interactions with
the cell cortex, the association of those interactions with
nuclear movements, and the influence of microtubule dy-
namics on the interactions. To examine the role of micro-
tubules in the first step, nuclear movement to the neck, we
use a strain deficient in yeast EB1 (Yeblp), encoded by
the gene YEB1/BIM1. (Another name for the yeast gene
YEB1 [Muhua et al., 1998] is BIM1, based on the protein’s
ability to bind microtubules [Schwartz et al., 1997]. The
BIML1 gene in yeast should not be confused with bim genes
in Aspergillus, defined by their mutant phenotype, blocked
in mitosis [Morris, 1975].) Fixed populations of yeb1A cells
show defects in nuclear positioning at the neck (Schwartz
et al., 1997; Tirnauer et al., 1999), and double mutants
lacking Yeblp and dynein or dynactin Arplp are inviable
(Muhua et al., 1998). Moreover, yeb1A kar9A double mu-
tants are viable and have no additive nuclear positioning
defects, indicating that Yeblp is in the Kar9p/Kip3p class
of proteins (Korinek et al., 2000; Lee et al., 2000). The
yeblA mutant has altered microtubule dynamics during
G1,; the major effect is increased time spent in pause (Tir-
nauer et al., 1999). Here we use green fluorescent protein
(GFP)!-labeled microtubules in the yeb1A mutant to test
the hypothesis that reduced microtubule growth and lengths
affect microtubule—cortex interactions required for nuclear
movement to the neck.

To study the second step of nuclear movement in which
the spindle enters the neck, we use a strain containing a
conditional mutation in ARP1/ACT5 (the protein previ-
ously called Act5p [Muhua et al., 1994] has been renamed
Arplp [Poch and Winsor, 1997]), encoding dynactin Arplp,
which is necessary for dynein function (Clark and Meyer,
1994; Muhua et al., 1994). This conditional mutation, ts-arpl,
is the only existing conditional mutation for any compo-
nent of the dynein/dynactin pathway. Phenotypes of the
arpl null to date are identical to those of dynein null mu-
tants (Muhua et al., 1994, 1998).

Materials and Methods

Strains, Media, and Genetic Techniques

Strains were transformed with pAFS92 (provided by Aaron Straight, Har-
vard University, Cambridge, MA) to integrate, at the ura3 locus, a GFP
fusion to the a-tubulin gene TUBL under control of the MET3 promoter.
All strains were isogenic with the wild-type strain, YJC1560 (MATa ade2-1
ade3 lys2-801 his3-A200 leu2-3,112 ura3-52::URA3-GFP::TUB1). The
ts-arpl, yeblA, and arplA mutations were as described (Muhua et al.,
1998) and yielded the following strains, differing from wild-type as indi-
cated: YJC1562 (trpl-1 yeb1A::HIS3), YJC1588 (leu2-3,112::L EU2-ts-arpl
arpl::HIS3), YJC1589 (yeb1A::HIS3 leu2-3,112::LEU2-ts-arpl arpl::HIS3).
The plasmid for overexpression of YEB1 from the GAL1l promoter
(pBJ819) was made by inserting a PCR fragment of YEB1 into pBJ246
(ATCC 77452). pBJ819 was transformed into YJC1687 and YJC1659,
which were derived from YJC1560 and YJC1588, respectively, by making
these strains ura3. Media, genetic manipulations, and lithium acetate
transformation were performed as described (Kaiser et al., 1994).

Fluorescence Microscopy

Movies were used to examine nuclear migration, cytoplasmic microtubule

*Abbreviations used in this paper: GFP, green fluorescent protein; SEP,
standard error of proportion; SPB, spindle pole body.
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growth/shrinkage, spindle elongation, and timing of cell cycle events. To
induce GFP-Tublp expression, mid-logarithmic cultures were resus-
pended in SC-methionine for 2 h. Induction did not alter cell growth
based on doubling times in liquid medium. The level of GFP-Tublp was
uniform in the cell population. Cells were incubated at 37°C for 1 h to in-
activate Arplp (assayed by phenotype) and allow time for recovery from
nonspecific effects of heat shock. Cells were placed on a slide with a thin
agarose pad (Waddle et al., 1996). An Air Therm heater (World Precision
Instruments, Sarasota, FL) kept the system at the appropriate tempera-
ture (37°C unless otherwise noted).

Movies were collected as described (Waddle et al., 1996). For experi-
ments examining nuclear movement, a Z-series of 10 focal planes 0.5 pm
apart was collected over ~8 s and projected onto a single two-dimensional
image. Z-series of both bright-field and fluorescent images were collected
every minute for 3 h. Large nuclear movements were transient, lasting
~2-5s. Approximately 3-6 movements were required to position the nu-
cleus at the neck. Therefore, nuclei were rarely moving during image ac-
quisition, and nuclear position could be accurately determined from the
two-dimensional projections. Bright-field images were used to determine
the time of bud emergence and cell separation. Photobleaching was mini-
mized with an excitation shutter, neutral density filters, and an aperture
diaphragm.

To examine cytoplasmic microtubules, we acquired images at 5 frames/s
in a single focal plane. Movies lasted 4 min before photobleaching was
noticeable. Since microtubules are motile, their ends can move up and
down. We discarded these data, restricting our analysis to microtubules
with both ends in focus at all times. Analysis of microtubule turnover dur-
ing sliding was by fluorescent speckle microscopy (Maddox et al., 2000).
To examine free microtubules detached from the SPB, cells containing
pBJ819 (GAL1-YEBL) were grown in raffinose to mid-logarithmic cell
density and Yeblp overexpression was induced by the addition of galac-
tose for 4 h.

Movie Analysis

Lengths, angles, and the timing of nuclear movements and cell cycle
events were analyzed with NIH Image 1.62 (written by Wayne Rasband at
NIH). Comparisons of statistical significance were by t test.

Microtubule dynamics were calculated from plots of microtubule
lengths at 1-s intervals. Linear regression analysis was performed on seg-
ments of the plots. Polymerization (growth) or depolymerization (shrink-
age) phases were defined as a line with at least three time points, an R?
value =0.8, and a minimum change in length of 0.5 um. Pauses were de-
fined as no significant growth or shrinkage for =5 s.

Online Supplementary Material

The online version of this article includes movies that accompany the fig-
ures. Movies are in QuickTime format and are available at http://www.
jcb.org/cgi/content/full/149/4/863/DC1.

Videos 1-5. These videos depict Fig. 1, nuclear movement caused by
microtubule growth, capture/shrinkage and sweeping. In unbudded (G1
phase) cells, capture at the cortex and subsequent shortening of cytoplas-
mic microtubules coincides with nuclear movements toward the capture
sites in wild-type cells (Fig. 1 B, wild-type, video 1) and in yeb1A cells (Fig.
1 B, yeblA, video 2). Movies are shown at six times the real speed. In
small-budded (S-phase) cells, the nucleus moves to and from the neck as a
microtubule captured at the bud tip shortens and grows, respectively. Six
times real speed (Fig. 1 C, video 3). In pre-anaphase (G2/M-phase) cells
with short spindles, the end of the spindle close to the neck pivots to and
from the neck as microtubules in the bud sweep along the cortex in wild-
type cells (Fig. 1 D, yebl1A, video 4). In yeblA cells the frequency of
sweeping is reduced (Fig. 1 D, wild-type, video 5). Six times real speed.

Videos 6-11. These videos depict Fig. 4. In a wild-type cell, a cytoplas-
mic microtubule laterally interacts with the bud cortex and slides along
the cortex as the spindle moves into the neck. Six times real speed (Fig. 4
A, video 6). Microtubule sliding along the cortex causes bending of the
spindle in a wild-type cell. Six times real speed (Fig. 4 B, video 7). In a
wild-type cell, a cytoplasmic microtubule slides along the mother cortex as
the spindle moves back toward the mother. Microtubule sliding along the
mother cortex was observed only after the spindle moved into the neck.
Six times real speed (Fig. 4 C, video 8). A yeb1A cell showing microtubule
sliding along the bud cortex during spindle movement into the neck. The
spindle is initially misaligned but aligns along the mother-bud axis and
moves into the neck when a microtubule grows into the bud and slides
along the cortex. Six times real speed (Fig. 4 D, video 9). Video 10 depicts
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Fig. 4 E, top. Video 11 depicts Fig. 4 E, bottom. Capture/shrinkage events
during anaphase in wild-type cells occur at the mother (video 9) and bud
(video 10) cortices. During anaphase, capture/shrinkage events were ob-
served only after the spindle moved into the neck. Six times real speed.

Videos 12 and 13. These videos depict Fig. 5. Free microtubules stabi-
lized by overexpression of Yeblp laterally associate with the cortex and
slide. Yeblp overexpression apparently caused cytoplasmic microtubules
to pull out of the spindle pole body. Occasionally free microtubules had
apparent remnants of the SPB with a second short microtubule at their
trailing end (video 12). Free microtubules could slide along both the
mother and bud cortex, passing between the cells through the neck (video
13). 15 times real speed.

Videos 14 and 15. These videos depict Fig. 7. In this ts-arpl cell, micro-
tubules do not make lateral associations with the bud cortex and do not
slide, but do sweep. The spindle does not move into the neck. Later in the
movie a microtubule grows very long and buckles as the spindle is pushed
out of the neck. 15 times real speed (Fig. 7 A, video 14). In this ts-arp1 cell,
a capture/shrinkage event in the bud occurs as the spindle moves into the
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A Growth Shrinkage  Sweeping

oo (5

{ OR '

cles

neck. Here, the spindle movement into the neck was not caused solely by
spindle elongation since both ends of the spindle moved toward the bud.
15 times real speed (Fig. 7 B, video 15).

Results

How Do Nuclei Move to the Bud Neck?

Nuclear movement to the neck has been described as ran-
dom (Shaw et al., 1997) or directed (DeZwaan et al., 1997;
Lee et al., 1999). During random movements, nuclei ap-
pear to be pushed by the growth of microtubules against
the cortex (Fig. 1 A; Shaw et al., 1997). Once the nucleus is
next to the neck, a microtubule enters the bud and is cap-

Sliding

Pre-
B Anaphase
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Anaphase

Figure 1. Nuclear movement caused
by microtubule growth, capture/
shrinkage, sweeping and sliding. (A)
This schematic illustrates the differ-
ent microtubule behaviors and associ-
ated nuclear movements described in
the paper. (B) Nuclear movements to
the incipient bud site accompanied by
microtubule capture/shrinkage in G1.
(C) Nuclear movements in a budded
cell accompanied first by microtubule
growth and later by capture/shrinkage.
(D) Microtubule sweeping and spindle
movement during G2/M before ana-
phase. The end of the spindle closer to
the neck pivots as the microtubule
sweeps in the direction of the mother-
bud axis. Spindles in the yeblA strain
do not make the large movements
seen in the wild-type strain. The spin-
dle shown is at a large angle relative to
the mother-bud axis and seen end-on.
Budded cells are outlined for clarity.
Time (s) is indicated. See supple-
mental videos 1-5 at http://www.
jcb.org/cgi/content/full/149/4/863/DC1.
Bar, 2 pm.
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Figure 2. Nuclear movement to the neck. (A) Representative
plots of the distance of the SPB from the bud neck vs. time for a
wild-type cell and a yebl1A cell. (B) The percentage of cells in
which the nucleus was positioned at the bud neck when the bud
formed. Nuclei were considered to be at the bud neck if they
were within the third of the mother cell nearest the neck (~1.5-2
wm from the neck). Numbers of cells in each group: wild-type, 54;
yeblA, 61; ts-arpl, 122; ts-arpl yeblA, 33. Error bars represent
standard error of proportion (SEP).

tured at the bud tip cortex. Then the captured microtubule
shortens and the nucleus moves closer to the neck (Fig. 1,
A and C; Shaw et al., 1997). Here, we refer to the latter
microtubule—cortex interaction and its associated nuclear
movement as a capture/shrinkage event. In studies de-
scribing directed nuclear movement to the neck, microtu-
bule interactions with the cortex have not been described
(DeZwaan et al., 1997; Lee et al., 1999).

In our wild-type strain, nuclei did not move randomly.
Instead, nuclei moved in a directed manner from one end
of the cell to the bud site, usually before a bud was visible
(Fig. 2; Table I). These movements occurred in several
large steps (Fig. 2 A). The nuclei then remained within 2
pm of the neck until mitosis.

We examined microtubule—cortex interactions during
these directed nuclear movements. Most nuclear move-
ments were associated with microtubule capture/shrinkage
events (Fig. 1 B; Table 1). Microtubule capture/shrinkage
was associated with nuclear movement approximately
twice as often as was microtubule growth against the cor-
tex (Table I).

Nuclei often moved to the neck before bud emergence,
and 90% (27/30) of nuclear movements to the neck before
bud emergence were accompanied by microtubule cap-
ture/shrinkage at the incipient bud site. In several cells
(3/49), repeated microtubule capture/shrinkage events oc-
curred at the same cortical position; the microtubule
shrank or moved away from the capture site between cap-
ture/shrinkage events. In time-lapse movies, nuclear move-
ment to the neck was usually accompanied by multiple mi-
crotubule capture/shrinkage events at the incipient bud
site or bud cortex (Table 1). Microtubule growth and cap-
ture/shrinkage also occurred at the bud tip even after nu-
clei moved to the neck (Fig. 1 C) and microtubules inter-
acted with the bud tip 70% of the time (14/20 min, 5 cells).
Therefore, the cortical capture site appears to be solitary
and persist at the bud tip.

Microtubule capture/shrinkage was observed exclusively
at the site of the future bud or the bud cortex (208/208
events); microtubule capture/shrinkage at the mother cor-
tex never occurred, even when microtubules lost contact
with the bud tip and moved out of the bud (Fig. 1 C). Mi-
crotubule capture/shrinkage also did not occur at the
mother cortex in the yeb1A mutant, even when the nucleus
was grossly mispositioned (10/10 cells, 2,400 s), allowing

Table I. Nuclear Migration and Microtubule—Cortex I nteractions during G1

% Nuclear movements associated

Time nucleusis positioned with microtubule shrinkage at bud Freguency of microtubule Frequency of microtubule

Strain at neck relative to bud emergence cortex or incipient bud site capture/shrinkage growth and pushing
min min~t min~?t
Wild-type 0.8 = 3.0 before (19) 704 * 6.2 (54) 0.126 (13) 0.078 (8)
yeblA 36.7 = 4.6 after (16) 42.6 + 6.3 (61) 0.066 (6) 0.036 (3)
ts-arpl 1.8 = 1.1 before (122) 57.4 + 5.8 (62) 0.036 (3) 0.060 (5)
ts-arpl yeblA 15.1 * 5.3 after (33) 58.1 = 8.9(31) 0.048 (3) 0.048 (3)

Data for the first two columns were obtained from time-lapse movies (1-min intervals). Data for the last two columns were obtained from real-time movies (5 fps).
Values for times are mean = SEM. Values for percentages are mean + SEP. For times and percentages, numbers of cells are in parentheses. For frequencies, num-
bers of events are in parentheses. Frequencies are of microtubule shrinkage or growth, associated with nuclear movements, and were obtained from 27 wild-type cells,
22 yeb1A cells, 21 ts-arpl cells, and 16 ts-arpl yeb1A cells. Numbers in bold type are significantly different from wild-type values, with P < 0.01.

The Journal of Cell Biology, Volume 149, 2000 866



additional opportunity for microtubules to interact with
the mother cortex.

In cases where the nucleus moved to the neck after bud
formation, 54% (13/24) of nuclear movements were asso-
ciated with microtubule growth against the mother cortex.
Therefore, both mechanisms for nuclear movement to the
neck were present and active; which mechanism domi-
nated depended on when nuclear movement occurred rel-
ative to bud formation.

Why Do yeb1A Mutants Have Mispositioned Nuclei?

Yeblp, Kip3p, Bnilp, and Kar9p are required for nuclear
positioning at the neck, based on observations of fixed
cells from asynchronous populations (Cottingham and
Hoyt, 1997; DeZwaan et al., 1997; Schwartz et al., 1997
Miller et al., 1998, 1999; Lee et al., 1999). Abnormal nu-
clear position might be caused by poor nuclear movement
to the neck or failure to maintain the position of the nu-
cleus at the neck. bnilA mutants may be defective for nu-
clear movement to the neck (Lee et al., 1999). In contrast,
nuclei in kip3A mutants move to and from the neck and
are thus unable to maintain the nucleus at the neck, proba-
bly due to excessive microtubule growth (DeZwaan et al.,
1997). We asked whether yeb1A cells behaved like bnilA
or kip3A cells.

In movies of living yeblA cells, nuclei exhibited many
short movements toward and away from the bud site (Fig.
2 A). The end result was that few cells had nuclei posi-
tioned at the neck when buds were visible (Fig. 2 B). Most
nuclei arrived at the neck long after bud emergence (Table
1). After nuclei arrived at the neck, they remained close to
it. Therefore, the nuclear positioning defect in the yeblA
mutant is due to inefficient movement to the neck and not
a failure to maintain position at the neck.

Table II. Microtubule Dynamics

Because nuclear movement to the neck is associated
with microtubule capture/shrinkage events in wild-type
cells, we asked if the yeb1A mutant was defective for cap-
ture/shrinkage. Real-time analysis of yeblA cells showed
that nuclei moved in association with apparent pushing by
microtubule growth against the cortex and apparent pull-
ing by capture/shrinkage events (Fig. 1 B). The frequen-
cies of both events, growth and capture/shrinkage, were
reduced in yeb1A vs. wild-type cells (Table I). Consistent
with these observations, time-lapse movies showed that
fewer nuclear movements to the neck were associated with
microtubule capture/shrinkage at the bud cortex (Table I).

We considered two roles for Yeblp in microtubule cap-
ture/shrinkage. First, Yeblp might affect microtubule po-
lymerization dynamics and thereby the frequency with
which microtubule ends encounter cortical capture sites.
Shorter or less dynamic microtubules should reduce the
probability of a microtubule end encountering a capture
site. Second, Yeblp might affect the probability that a mi-
crotubule that encounters a capture site will be captured
and shortened, causing nuclear movement. During G1/S,
microtubules in yeblA cells were shorter, had a reduced
growth rate, and spent more time in pause (Table I1). yeb1A
cells also had fewer cytoplasmic microtubules (0.89 = 0.05
per SPB, n = 720) than did wild-type cells (2.47 = 0.04 per
SPB, n = 515). Most of the nuclei in the yeblA mutant
moved to the neck when the cells entered G2/M, 38.5 =
3.0 min (n = 25) after bud emergence (Table I), at which
time microtubule dynamics were normal (Table I1). These
data suggest that the frequency with which microtubules
encounter cortical capture sites is impaired in the yeblA
mutant.

If the primary cause of the nuclear movement defect in
the yeb1A mutant is fewer, shorter microtubules, a second
mutation that increases the number and length of microtu-

Cell cycle Catastrophe Rescue Ratio time Mean Mt length
Strain phase Growth rate Shrinkage rate frequency frequency % Timeinpause growing vs. shrinking over time
ummin~t ummin~?t st st um

Wild-type 26°C Gl 4.6 = 0.8 (51) 4.8 = 0.4 (53) 0.026 (49) 0.019 (37) 334*13 121 144 = 0.01
Wild-type Gl 144+ 12(63) 16.2* 1.2(68) 0.036 (65) 0.030 (54) 318+ 11 1.44 2.62 = 0.03
S 174+ 18(43) 162+ 1.8(54) 0.042 (53) 0.034 (43) 244+ 12 1.20 3.02 £ 0.05

G2/M 126+ 12(77) 12.0=0.6(76) 0.042 (85) 0.034 (70) 265+ 10 1.07 2.04 = 0.03

yeblA Gl 102+ 12(28) 144+ 18(5]) 0.026 (50) 0.015 (28) 66.1+ 11 0.96 119 £ 0.01
S 16.8 = 3.0(35) 13.8*+ 2.4(36) 0.022 (33) 0.020 (30) 393+13 0.37 2.89 £ 0.04

G2/M 138+ 0.6(136) 132+ 0.6(137) 0.033(136) 0.035 (145) 31.2+0.7 1.02 3.79 £ 0.03

ts-arpl Gl 102+ 1.2(68) 15.6 = 1.8(68) 0.035 (69) 0.039 (76) 340+ 11 1.42 222+ 0.04
S 96+ 18(18 120 1.8(16) 0.034 (19) 0.038 (21) 420+ 21 1.10 1.50 = 0.03

G2/M 204 +12(92) 21.6=*12(84) 0.056 (102) 0.056 (102) 18.0*+ 0.9 1.06 5.94 + 0.06

ts-arpl yeblA Gl 15.6 = 2.4 (26) 12.0 £ 1.8 (37) 0.025 (38) 0.021 (31) 37812 1.04 2.17 = 0.03
S 126 = 1.8(15) 12.6 =24 (21) 0.037 (18) 0.031 (15) 131+15 1.20 2.34 = 0.05

G2/M 12.6 = 2.4 (25) 16.8 = 2.4 (30) 0.030 (32) 0.028 (30) 20112 1.33 6.19 = 0.13

Plots of individual microtubules, at 1-s intervals, were used to calculate rates, frequencies, percentages, and lengths. Values for rates, frequencies, and lengths are
mean = SEM. Numbers in parentheses are the number of events. Bold type indicates a statistical difference from wild-type at 37°C, with P < 0.05. Percentages are
mean = SEP over the total time observed. Microtubule lengths are also averaged over the total time observed. Our absolute values for the rates and frequencies in
wild-type and yeb1A cells are 5-10-fold higher than were obtained by Tirnauer et al. (1999) because our experiments were performed at 37°C, the restrictive temper-
ature for the ts-arpl mutant. At 26°C, our rates of microtubule growth and shrinkage in wild-type cells were only slightly greater than those of Tirnauer et al. (1999).
Wild-type (26°C): G1, 33 microtubules, 9 cells, 1,917 s. Rates and frequencies were similar during S and G2/M. Wild-type (37°C): G1, 35 microtubules, 9 cells, 1,815 s;
S, 17 microtubules, 5 cells, 1,263 s; G2/M, 29 microtubules, 11 cells, 2,032 s. yeb1A mutant: G1, 38 microtubules, 15 cells, 1,908 s; S, 18 microtubules, 8 cells, 1,470 s;
G2/M, 42 microtubules, 17 cells, 4,163 s. ts-arpl mutant: G1, 38 microtubules, 18 cells, 1,949 s; S, 10 microtubules, 3 cells, 560 s; G2/M, 30 microtubules, 10 cells,

1,813 s. ts-arpl yeb1A double mutant: G1, 16 microtubules, 9 cells, 1,493 s; S, 6 microtubules, 4 cells, 483 s; G2/M, 9 microtubules, 5 cells, 1,056 s.
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bules should alleviate the defect. Dynein and dynactin null
mutants have longer microtubules than wild-type cells (Mu-
hua et al., 1994; Carminati and Stearns, 1997). We found
that in a ts-arpl yeb1A double mutant, microtubule length,
time in pause, and time growing vs. shrinking were inter-
mediate between the values for yeblA and wild-type
strains (Table I1). As predicted, the frequencies of micro-
tubule growth and shrinkage events at the cell cortex in
the ts-arpl yeblA double mutant were intermediate be-
tween these frequencies in the yeb1A and wild-type strains
(Table I). Also as predicted, nuclear migration to the neck
in the double mutant was more efficient than in yeblA
cells (Fig. 1 B; Table I).

How Is Pre-Anaphase Spindle Orientation Achieved?

As cells enter G2/M, a short spindle forms in the nucleus.
Normally, the short spindle is oriented along the mother-
bud axis via microtubule interactions with the cell cortex,
which is thought to promote spindle movement into the
bud neck. (DeZwaan et al., 1997; Lee et al., 1999; Tirnauer
etal., 1999).

To understand how the spindle becomes properly ori-
ented, we observed the behavior of the cytoplasmic micro-
tubules and the spindle in G2/M. We found that when the
spindle rotated, the end of the spindle farthest from the
neck remained relatively stationary, the end of the spindle
close to the neck moved, and cytoplasmic microtubules in
the bud performed a characteristic sweeping motion (Car-
minati and Stearns, 1997; Fig. 1, A and D). Sweeping con-
sisted of a microtubule moving laterally, pivoting at its
connection with the SPB, its distal end maintaining contact
with the bud cortex. Most spindle rotations occurred when
there was a net displacement of the sweeping microtu-
bule’s distal end along the mother-bud axis (Fig. 2 C). Nei-
ther microtubule capture/shrinkage nor growth contrib-
uted substantially to spindle rotations.

Why Do yeb1A Mutants Have Misoriented Spindles?

If sweeping microtubules promote spindle orientation,
then cells with defective spindle orientation may be defec-
tive in sweeping. yeb1A and other Kar9p/Kip3p-class mu-
tants have misoriented pre-anaphase spindles (DeZwaan
etal, 1997; Miller et al., 1998; Lee et al., 1999). Therefore,
we examined microtubule and spindle movements in yeb1A
cells. To address the issue of spindle orientation alone, we
restricted our analysis to cells with spindles properly posi-
tioned at the neck (Fig. 3). Relative to wild-type cells,
spindles were not as motile in yeb1A cells (Fig. 1 D) and
the frequency with which spindles moved in association
with sweeping was only 0.25 min—! (12 events/48 min)
compared with 1.94 min~! (62 events/32 min) in the wild-
type strain. Therefore, spindle orientation correlated with
microtubule sweeping.

We asked whether the sweeping defect in the yeb1A mu-
tant resulted from inability of microtubules to reach the
bud cortex. Microtubule lengths, rates of growth and
shrinkage and other dynamic parameters were essentially
normal in yeblA cells during G2/M (Table II). Therefore,
Yeblp’s role in microtubule sweeping appears to involve
making microtubule—cortex contact events productive for
force generation and spindle movement, rather than just
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Figure 3. Spindle position and orientation before anaphase. (A)
Position of the short spindle relative to the neck in pre-anaphase
cells. Numbers of cells: wild-type, 112; yeb1A, 189; ts-arp1, 134; ts-
arpl yeblA, 190. Error bars represent SEP. (B) Angle of the
short spindle from the mother-bud axis in cells with spindles posi-
tioned at the neck. Numbers of cells: wild-type, 88; yebl1A, 51; ts-
arpl, 102; ts-arpl yeb1A, 34. Error bars represent SEP.

promoting the frequency with which microtubules interact
with the bud cortex.

How Do Spindles Move into the Neck?

To move the nucleus into the neck, dynein at the bud tip
might capture and pull the ends of microtubules (Carmi-
nati and Stearns, 1997). We tested this hypothesis by ob-
serving microtubule—cortex interactions, in real-time, dur-
ing movement of the spindle into the neck.

During spindle movement into the neck in wild-type
cells, microtubules associated laterally with the bud cortex
along their complete length, not just at their ends (Fig. 4
A). The lateral association of a cytoplasmic microtubule
with the bud cortex occurred within a few minutes of the
start of spindle elongation. The microtubule appeared to
slide along the bud cortex (12/13 cells) during spindle
movement into the neck; sliding ensued within 8-40 s of
the lateral interaction. In 10/12 cells, the microtubules slid
without shrinking (Fig. 4 A). Nearly the entire length of a
microtubule was curved along the inside of the cell and ap-
plied to the cortex. Sometimes, sliding microtubules were
associated with bending of the spindle, suggesting that
sliding can exert considerable force (Fig. 4 B). Therefore,
the spindle is pulled into the neck due to interactions of
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Figure 4. Microtubule sliding and cap-
ture/shrinkage during anaphase spin-
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the sides, not the ends, of microtubules with the bud cor-
tex. After the spindle entered the neck, microtubule slid-
ing also occurred in the mother (Fig. 4 C). Thus, the
spindle appears to be kept in the neck by a balance of
pulling forces caused by microtubule sliding in the mother
and bud.

As alternative mechanisms that might push the spindle
into the neck, we considered spindle elongation and mi-
crotubule growth in the mother. Both spindle pole bodies
moved together toward the bud in all cases in wild-type
cells (13/13 cells; Fig. 4); therefore, spindle elongation can
be excluded. Microtubules from the SPB opposite the
neck did not grow against the mother cortex while the
spindle moved into the neck (7/7 cells in which microtu-
bules in the mother were visible; Fig. 4 A), thus excluding
microtubule growth as a mechanism.

Free microtubules not attached to an SPB slid along the
cortex in cells overexpressing Yeblp (Fig. 5, A-C). These
microtubules slid for long distances and times, occasion-
ally slowing or stopping, then resuming their previous ve-
locities. The mean sliding speed was 5.12 * 0.65 pm/min
(n = 9 sliding events, 3 cells, 795 s). Fluorescent speckle
analysis shows that sliding free microtubules move as a
unit and do not treadmill (Fig. 5 C). Sliding microtubules
in cells with normal levels of Yeblp also do not treadmill
(Fig. 5 D). These observations demonstrate that the cortex
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20

cytoplasmic microtubule slides along
the mother cortex as the spindle moves
back toward the mother. (D) A yeblA
cell showing microtubule sliding along
the bud cortex and spindle movement
into the neck. (E) Capture/shrinkage
events in wild-type cells with the spin-
dle in the neck. (Top) Capture/shrink-
age in the mother and (bottom) in
the bud. Time (s) is indicated. See
supplemental videos 6-11 at http://
www.jcb.org/cgi/content/full/149/4/863/
DC1. Bar, 2 pm.

30 40

is able to exert force on a microtubule independent of any
possible forces exerted through the SPB, which supports
the hypothesis that the cortex pulls on microtubules to ef-
fect spindle movement.

If the minus end motor dynein moves these microtu-
bules along the cortex, the microtubules should lead with
their plus end. An occasional free microtubule had an ap-
parent spindle fragment at its trailing end, suggesting that
the plus end was leading (Fig. 5 A).

Why Do Dynactin Mutants Have Defects in Spindle
Movement into the Neck?

To determine how dynactin affects spindle movement into
the neck, we examined microtubules and spindle move-
ment in a ts-arpl strain. Like dynein null mutants, ts-arpl
cells showed no defects in nuclear positioning at the neck or
in pre-anaphase spindle orientation (Fig. 1 B; Table I; Fig.
3). In many ts-arpl cells, the mid-anaphase spindle failed to
enter the bud and then became misaligned (Fig. 6). ts-arpl
spindles took longer than wild-type spindles to move into
the neck (2.2 = 0.3 min after the start of spindle elongation,
n = 109, for wild-type and 8.5 *+ 1.3 min, n = 74, for ts-arpl,
P < 0.01) and moved into the neck at a slower speed
(0.64 = 0.12 um min~*, n = 18, compared with 1.18 = 0.11
wm min~1, n = 19, in the wild-type strain, P < 0.01).
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Figure 5. Sliding of free microtubules and fluorescent speckle
analysis. Free microtubules stabilized by overexpression of
Yeblp laterally associated with the cortex and slid. (A) Occa-
sionally free microtubules had apparent remnants of the SPB at
their trailing end (arrow). (B) Free microtubules could slide
along both the mother and bud cortex, passing between the cells
through the neck. (C) Fluorescent speckles (arrowheads) serve as
fiduciary markers on a free moving microtubule. The speckles
move with the microtubule, indicating that the microtubule is not
treadmilling. (D) Fluorescent speckles (arrowheads) on SPB-
attached microtubules move with the microtubule as the spindle
moves into the neck. This cell is a yeb1A mutant. Speckles were
readily apparent in yeb1A cells with misoriented spindles because
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Figure 6. Movement and orientation of mid-anaphase spindles in
relation to pre-anaphase spindle position and orientation. Time-
lapse movies were analyzed for movement of spindles into the
neck and orientation of spindles along the mother-bud axis. Each
bar is the proportion of cells in the indicated pre-anaphase cate-
gory showing delayed spindle movement into the neck. (A) The
percentage of mid-anaphase spindles that failed to move into the
neck is plotted in relation to their pre-anaphase position. Mid-
anaphase was defined as half of the mean time from start of spin-
dle elongation to spindle breakdown in wild-type cells. In wild-
type and ts-arpl cells, nearly all spindles were at the bud neck
before anaphase. Numbers of cells: wild-type, 112; yeb1A next to
neck, 107; yeb1A intermediate distance, 54; yeb1A far from neck,
28; ts-arpl, 128; ts-arpl yeblA next to neck, 45; ts-arpl yeblA in-
termediate distance, 86; ts-arpl yeb1A far from neck, 59. (B) The
percentage of mid-anaphase spindles that failed to move into the
neck, in relation to their pre-anaphase orientation. Results are
grouped by pre-anaphase spindle orientation in increments of
30°. Only spindles positioned at the bud neck were included.
Numbers of cells: wild-type 0-30°, 54; wild-type 30-60°, 32; wild-
type 60-90°, 2; yeb1A 0-30° 22; yeb1A 30-60° 20; yeb1A 60-90°,
9; ts-arpl 0-30° 67; ts-arpl 30-60°, 34; ts-arpl 60-90° 1; ts-arpl
yeb1A 0-30°, 11; ts-arpl yeb1A 30-60°, 18; ts-arpl yeb1A 60-90°, 5.
(C) Orientation of mid-anaphase spindles. Results are grouped
by the range of angles of the mid-anaphase spindles from the
mother-bud axis in increments of 30° in addition to the pre-
anaphase spindle position, as in A. Percentages are of mid-
anaphase spindles with the indicated orientation and are derived
from all spindles having the indicated pre-anaphase position.
Numbers of cells are as in A. Error bars are SEP.

Microtubules in ts-arpl cells during early anaphase
never showed lateral association with the cortex or sliding
(0/24 cells, 96 min; Fig. 7). Microtubules in ts-arpl cells
had opportunity to interact with the bud cortex. Microtu-
bules were oriented properly (Fig. 8) and always pene-

microtubules would grow long before reaching the bud cortex
and sliding. In C and D, images were inverted to reveal speckles
more readily. Time (s) is indicated. See supplemental videos 12
and 13 at http://www.jcb.org/cgi/content/full/149/4/863/DC1.
Bars, 2 pm.

870



Figure 7. Microtubule sweeping and capture/shrinkage during
anaphase spindle movements in ts-arpl cells. (A) In this cell, mi-
crotubules do not make lateral associations with the bud cortex
and do not slide but do sweep. The spindle does not move into
the neck. Later a microtubule grows very long and buckles as the
spindle is pushed out of the neck. (B) In this cell, a capture/
shrinkage event in the bud occurs as the spindle moves into the
neck. Here, the spindle movement into the neck was not caused
solely by spindle elongation since both ends of the spindle moved
toward the bud. The starting positions of the SPBs are indicated
with arrows. Time (s) is indicated. See supplemental videos 14
and 15 at http://www.jcb.org/cgi/content/full/149/4/863/DCL1. Bar,
2 pm.

trated into the bud (128/128 cells). Furthermore, microtu-
bules frequently made sweeping end-on interactions with
the bud cortex (Fig. 7 A). After prolonged failure of spin-
dle movement into the neck in ts-arpl cells, microtubules
often grew long and then buckled, becoming pressed
against the bud cortex (Fig. 7 A). Even in these cases, slid-
ing did not occur (16 mid-anaphase cells, 64 min). In-
creased microtubule growth rate and rescue frequency
probably account for the increase in microtubule length
(Table II).

Other dynactin null mutants and a dynein heavy chain
null mutant also showed the absence of lateral association
and sliding. In a dynein null mutant, 0/4 anaphase cells
(observed for 41 min) demonstrated lateral interactions of
microtubules with the bud cortex or sliding. This was also
the case for a jnm1A mutant (0/5 cells, 20 min) and for a
nipl00A mutant (0/6 cells, 24 min). jnm1A and nip100A
cells have dynein-like nuclear segregation phenotypes, and
Jnm1p and Nipl100p coprecipitate with Arplp (Kahana et
al., 1998).

We asked whether free microtubules, stabilized by Yeblp
overexpression, could slide along the cortex of ts-arpl
cells. We observed no free microtubules in ts-arpl cells at
the restrictive temperature and even microtubules at-
tached to SPBs did not slide (0/24 cells). Therefore, the
force produced by sliding may be necessary to generate
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Figure 8. Misorientation of cytoplasmic microtubules during
anaphase. In some cells, the cytoplasmic microtubules from both
SPBs were temporarily directed toward the rear of the mother, as
shown in the inset. The percentage of cells in which this occurred
is plotted. Numbers of cells: wild-type, 112; yeblA, 189; ts-arpl,
128; ts-arpl yeb1A, 190. Error bars are SEP. Bar, 2 pm.

free microtubules by detaching them from the SPB. Micro-
tubules also did not interact laterally with the cell cortex
unless they grew very long and buckled against the cortex
due to space constraints, suggesting that dynein/dynactin is
necessary for the lateral microtubule—cortex interactions
seen during sliding.

Yeblp was not required for microtubule sliding. In
yeb1A cells spindle movement into the neck still occurred.
Even 41.5 * 5.4% (n = 82) of mispositioned spindles and
78.3 £ 5.0% (n = 69) of all delayed spindles moved into
the neck relatively well. Microtubule sliding might be the
mechanism that corrects the nuclear movement defect in
yebl1A cells (Tirnauer et al., 1999). We found that during
spindle movement into the neck, microtubules always slid
along the bud cortex regardless of the spindle position or
orientation (7/7 cells; Fig. 4 D).

How Do Spindles Move into the Bud Neck in the
Absence of Dynactin?

Nuclei do eventually segregate properly in dynein and ts-
arpl mutants (Muhua et al., 1994; Yeh et al., 1995), indi-
cating the existence of an alternative mechanism for nu-
clear movement into the neck (Yeh et al., 1995). First, we
asked if spindle elongation was the mechanism. If elonga-
tion alone causes spindle penetration of the neck, the end
of the spindle in the mother should not move toward the
bud. In contrast, we found that the entire spindle, includ-
ing the end in the mother, moved toward the bud in 14/16
cells in which the spindle moved into the neck. Spindle
elongation was always coincident with spindle movement
into the neck, but the rate of spindle movement in the ts-
arpl cells (0.64 + 0.12 um min~%, n = 16) was faster than
the spindle elongation rate (0.13 + 0.03 wum min~%, n =
16), indicating that spindle elongation alone does not
move the spindle into the neck.

In 2/16 cells, the force for spindle movement into the
neck did appear to come entirely from spindle elongation,
since the end of the spindle in the mother remained sta-
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tionary as the other end moved into the neck. Even in
these cases, the interaction of microtubule ends with the
bud cortex appeared to contribute to spindle penetration
of the neck by maintaining contact with the bud cortex and
aiding spindle orientation along the mother-bud axis.

Second, we asked whether growth of microtubules in the
mother pushed the spindle into the neck. We did not ob-
serve growth of microtubules against the mother cortex
during movement of the spindle into the neck in any ts-
arpl cells (seven cells in which microtubules in the mother
were visible). Third, we asked whether microtubule sweep-
ing in the bud pulled spindles into the neck. Microtubules
did sweep along the bud cortex, but did not appear to
move the spindle into the neck by sweeping toward the
bud tip (10 cells).

Fourth and finally, we asked if microtubule capture/
shrinkage caused spindle movement in ts-arpl cells. Spin-
dle movement into the neck was associated with a micro-
tubule capture/shrinkage event in 5/6 cells in real time ob-
servations (Fig. 7 B). These capture/shrinkage events were
transient, and the spindle movements were small (0.5-1
pm) relative to wild-type. The rate of spindle movement in
ts-arpl cells (0.64 = 0.12 um min~%, n = 16) was less than
that in wild-type cells (1.18 = 0.11 pm min~%, n = 19; P <
0.01). Also, successful spindle penetration required that
the spindle be well oriented (Fig. 5 B). All these results
suggest that this mechanism for spindle movement exerts
less force on the spindle than does microtubule sliding.

We asked whether microtubule capture/shrinkage events
also contributed to movement or positioning of the spindle
in the neck of wild-type cells. After spindles moved into
the neck, we sometimes observed shortening of microtu-
bules while their distal ends were anchored at the cortex;
this occurred in both the mother and the bud. These cap-
ture/shrinkage events pulled the spindle further into the
neck and bent the spindle if the microtubule was at an ap-
preciable angle away from the spindle axis (Fig. 4 E).

Since microtubule capture/shrinkage events are the al-
ternate mechanism for spindle movement, then Kar9p/
Kip3p-class proteins, such as Yeblp, may be involved. To
test this hypothesis, we asked if Yeblp contributed to spin-
dle movement into the neck. In yeblA cells selected for
normal spindle position, spindles showed delayed penetra-
tion of the bud (Fig. 5 A; 4.6 = 1.1 min, n = 81, vs. 2.2 +
0.3 min, n = 109, for wild-type; P < 0.01). This delay did
not stem from a pre-anaphase spindle orientation defect;
there was no correlation of the delay with spindle orienta-
tion (Fig. 5 B).

This delay in spindle movement into the neck in the
yeblA mutant might be caused by reduced ability of mi-
crotubules to make productive interactions with the bud
cortex, as seen during pre-anaphase spindle orientation in
yeblA cells. As discussed above, microtubule sliding oc-
curred normally in the yeblA mutant. However, in some
yeblA cells, microtubules became misoriented, tempo-
rarily failing to enter the bud; such events were very rare
in wild-type cells (Fig. 8). All cells with misoriented micro-
tubules showed delayed spindle movement into the neck
(n = 36), as expected. However, only 52% (36/69) of spin-
dles with delayed neck penetration had misoriented mi-
crotubules. In these cases, poor efficiency of capture may
cause delayed spindle movement. Cases of misoriented
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microtubules might represent cells where microtubule
capture was very poor.

Do Spindles Move into the Neck in ts-arpl yebl1A Cells?

If microtubule capture/shrinkage serves as the alternative
to microtubule sliding for nuclear movement into the
neck, then a mutant lacking both microtubule capture/
shrinkage and sliding may not move the spindle into the
neck at all. To test this prediction, we examined spindle
movement into the bud neck in a ts-arpl yeb1A mutant. In
a wild-type strain, 99 + 0.9% of anaphase cells (n = 112)
successfully moved the spindle into the neck. In yeb1A and
ts-arpl mutants, 92 = 2.0% (n = 189) and 65 * 4.5% (n =
112) of anaphase cells, respectively, moved the spindle
into the neck. The spindle did move into the neck in many
of the ts-arpl yeblA cells that entered anaphase (43.3 +
3.7%, n = 178). Therefore, spindle movement into the neck
was less frequent but not abolished in the double mutant.

We asked if the ts-arpl yeblA mutant also had an addi-
tive delay in time of spindle movement. The proportion of
spindles in the double mutant that delayed movement into
the neck was higher than in either single mutant, even
when there was no prior positioning or orientation defect
(Fig. 5). Furthermore, when nuclei were properly posi-
tioned at the neck in the double mutant, spindle move-
ment into the neck required 19.5 = 3.8 min (n = 25), much
more than in the yeb1A and ts-arpl single mutants (4.6 =
1.1 min, n = 81, and 8.5 = 1.3 min, n = 74, respectively;
P < 0.001). Therefore, the double mutant did show an ad-
ditive delay in spindle movement.

We have shown that Yeblp affects the efficiency of mi-
crotubule interactions with the bud cortex, and that Arplp
is required for microtubule sliding along the bud cortex.
We asked whether defects in these microtubule-cortex in-
teractions could account for the additive effect of the ts-
arpl and yeblA mutations on nuclear segregation. In
terms of microtubule sliding, the ts-arp1 yeb1A double mu-
tant was the same as the ts-arpl single mutant. Microtu-
bule sliding did not occur even when long microtubules
buckled and pressed against the cortex (5 cells, 1,200 s).
The ts-arpl yeb1A double mutant also showed a defect in
microtubule capture, as suggested by the presence of mis-
oriented microtubules (Fig. 8). This defect was less severe
than in the yeblA single mutant (Fig. 8). However, fewer
misoriented microtubules in the double mutant might be
due to longer microtubules that are unable to leave the
bud (Table II), rather than more efficient capture of mi-
crotubule ends. The observation that there were fewer mi-
soriented microtubules in the ts-arpl single mutant than in
wild-type cells supports this view (Fig. 8).

Taken together, these observations suggest that the
backup mechanism for spindle movement is less efficient
but intact in ts-arpl yeblA cells. Spindle movement was
associated with transient microtubule capture/shrinkage
events (2/2 cells in real time). We ruled out spindle elonga-
tion as a major contributor to spindle movement; the en-
tire spindle moved into the neck (8/9 cells), and the rate of
spindle movement (0.93 = 0.19, n = 9) was greater than
the spindle elongation rate (0.39 = 0.06, n = 9). Therefore,
Yeblp may not be absolutely required for microtubule
capture/shrinkage.
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Discussion

Spindle Movement into the Neck Is Mediated by
Microtubule Sliding

In this study, we asked how the yeast cell moves and posi-
tions the spindle during mitosis. Our most novel and im-
portant conclusion is that the spindle is pulled into the
mother/bud neck by microtubules that slide along the cor-
tex of the bud. Dynein and dynactin are required for mi-
crotubule sliding; in their absence, microtubules do not as-
sociate laterally with the cortex and do not slide even if
pressed against the cortex. Previous work suggested that
dynein/dynactin might pull on the ends of microtubules at
the cortex (Carminati and Stearns, 1997). However, the
microtubule—cortex interactions described by Carminati
and Stearns (1997) occurred before or after nuclei moved
into the neck. Our results show that this model does not
explain how dynein affects nuclear movement into the
neck.

A major piece of evidence supporting the conclusion
that microtubule sliding exerts force on the spindle is that
free microtubules, not attached to a SPB, associated later-
ally with the cortex and slid. Therefore, the cortex is able
to apply force to a microtubule and cause it to slide; thus
moving the spindle. Moreover, dynactin was required for
the lateral association of microtubules with the cortex and
the production of free microtubules in cells overexpressing
Yeblp. Free microtubules were only stable in cells overex-
pressing Yeblp, which should prevent microtubules from
depolymerizing. On rare occasions, we saw microtubules
break free of SPBs in cells with normal levels of Yeblp.
These microtubules depolymerized completely in a few
seconds (Adames, N.R., and J.A. Cooper, unpublished re-
sults).

We can envision three models in which dynein/dynactin
contributes to microtubule sliding. First, dynein/dynactin
might be anchored at the cortex, bind the sides of microtu-
bules, and walk in the minus end direction. Second, dynein/
dynactin might regulate microtubule dynamics at the plus
end. In this model, loss of dynein/dynactin would cause mi-
crotubules to grow so long that they impede spindle entry
into the neck. This model is suggested by the observation
that dynein and dynactin null mutants sometimes have very
long cytoplasmic microtubules (Muhua et al., 1994; Carmi-
nati and Stearns, 1997). Third, dynein/dynactin might cause
microtubule depolymerization at the SPB, allowing micro-
tubules to treadmill. In this model, other proteins at the
cortex would bind the microtubule laterally.

All of our data are consistent with the first model. Our
results here with a conditional arpl allele demonstrate
that loss of sliding and lateral association with the cortex
are the primary defects associated with poor spindle
movement, not the excessive microtubule growth seen in
null mutants. This observation rules out the second model.
Our speckle analysis of free microtubules sliding along the
cortex shows that microtubules move as a whole and do
not treadmill. This result is also consistent with the first
model and argues against the third model. Although the
polymerization dynamics of these microtubules are clearly
not normal, the fact that microtubules slide without tread-
milling shows that the cortex can exert force on the micro-
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tubule and should not simply bind to the sides of microtu-
bules as predicted in the third model. Another piece of
data consistent with the first model, but inconsistent with
the other two models, is the observation that dynein/
dynactin is required for the lateral association of microtu-
bules with the cortex.

Spindles remain in the neck and are not pulled com-
pletely into the bud. Also, spindles in the neck oscillate
along the mother-bud axis (Yeh et al., 1995). These results
suggest that forces in the mother may pull backward on
the spindle. We found evidence for microtubule sliding in
the mother to account for this pulling force. First, free mi-
crotubules slid along the mother cortex as well as the bud
cortex. Second, after spindles moved into the neck, micro-
tubules in the mother slid along the mother cortex and the
spindle moved backward. Perhaps dynein/dynactin under-
goes spatial and temporal regulation during spindle move-
ment, activated first in the bud to pull the spindle into the
neck and later in the mother to pull backwards and keep
the spindle in the neck.

Why do yeast need microtubule sliding for spindle
movements into the neck? One possibility is that a rela-
tively large force is needed to move the nucleus into the
neck because the nucleus is larger than the opening of the
neck. Lateral interaction of microtubules with the bud cor-
tex should provide a stronger attachment to the cortex and
allow more motor molecules to act on the microtubule,
relative to microtubule end interactions.

Dynamic Microtubules Probe the Cortex for
Microtubule Capture/Shrinkage Sites

Because some proteins involved in nuclear positioning at
the neck have been localized to the bud tip, it has been hy-
pothesized that microtubule capture/shrinkage sites are
restricted to bud tips (Amberg et al., 1997; Evangelista et
al., 1997; Miller and Rose, 1998). Consistent with this hy-
pothesis, microtubule capture/shrinkage events at the bud
tip, pulling the nucleus to the neck, have been described
(Shaw et al., 1997). We found that, in budded cells, micro-
tubule capture/shrinkage events never occurred on the
mother cortex before anaphase, even when the nucleus
was mispositioned and remained well within the mother.
Therefore, microtubule capture/shrinkage is, indeed, re-
stricted to the bud.

Here, we also found evidence that functional capture
sites exist earlier than some studies have suggested. We
found that most nuclei moved to the incipient bud site, and
this movement coincided with microtubule capture/shrink-
age at this site. We found much less of a role for microtu-
bule growth pushing the nucleus about the mother, in con-
trast to the results of Shaw et al. (1997). Strain background
may account for this difference. Nuclear movements
associated with microtubule growth may be more preva-
lent after bud formation because microtubules must pass
through the narrow neck to interact with capture sites at
the bud tip.

In our current model for nuclear movement to the neck,
the dynamic growth properties of microtubules allow mi-
crotubules to encounter functional capture/shrinkage sites.
Our results here with the yeb1A mutant support this view.
We found that nuclear movement to the neck was im-
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paired in yeb1A cells, as suspected from studies of nuclear
positioning (Tirnauer et al., 1999). More important, micro-
tubule growth rates and lengths were reduced, leading to
decreased frequency of microtubule interactions with the
cortex.

A Mechanism for Nuclear Movement in the Absence
of Dynein/Dynactin

Although dynein/dynactin is required for efficient spindle
movement into the neck, spindles do eventually enter the
neck in dynein/dynactin mutants (Yeh et al., 1995; Muhua
et al., 1998). We found that the backup mechanism for
spindle movement into the neck is mainly microtubule
capture/shrinkage events, similar to the mechanism for nu-
clear movement to the neck. Our results show that Yeblp
contributes to microtubule capture and thereby plays a mi-
nor role in spindle movement into the neck in wild-type
cells and a major role in the dynactin arpl mutant. Since
we found that microtubule capture/shrinkage occurs in
wild-type cells after the spindle has moved into the bud
neck, the backup mechanism may be a normal but minor
part of spindle movement into the neck, which is normally
dominated by dynein/dynactin-dependent microtubule slid-
ing. Yeblp and other Kar9p/Kip3p-class proteins probably
also contribute to the backup mechanism for spindle
movement by maintaining spindle orientation, a major fac-
tor in the efficiency of nuclear movement into the neck in
the ts-arpl mutant. Proper spindle orientation should al-
low spindle elongation to contribute to spindle penetra-
tion of the neck.

The backup mechanism for nuclear movement into the
neck is impaired, but not abolished, in the ts-arpl yeblA
double mutant. The backup mechanism depends largely
on the stochastic capture of microtubule ends. During
G1/S the primary defect in the yeb1A mutant was reduced
microtubule length and number, leading to decreased
capture. However, during G2/M the loss of Yeblp re-
duced the frequency of productive microtubule capture
events without affecting microtubule dynamics. In this
case, Yeblp appears to function at the cortical capture
site to convert an encounter between a microtubule end
and a capture site into an event that produces force.
Yeblp was recently shown to physically interact directly
with the cortical protein Kar9p and the frequency with
which microtubule ends interact with Kar9p cortical spots
is reduced in yeb1A cells (Korinek et al., 2000; Lee et al.,
2000; Miller et al., manuscript submitted for publication).
Our results show that Yeblp is not involved in the lateral
association of microtubules with the cortex and sliding,
indicating that the cortical microtubule capture sites in-
volved in capture/shrinkage are distinct from those in-
volved in sliding. We also show that the Yeblp-Kar9p
interaction is important (but not absolutely necessary)
for capture of microtubule ends and nuclear movements
during mitosis. This role for Yeblp in anaphase nuclear
movement is particularly important as a backup mecha-
nism for nuclear movement into the neck in the absence
of dynein/dynactin.

We thank Muhua Li and Aaron Straight for providing strains and plas-
mids, and Rick Heil-Chapdelaine, Tatiana Karpova, and Michael Young
for comments on the manuscript.

N.R. Adames was supported by a Natural Sciences and Engineering
Research Council of Canada postdoctoral fellowship. Funding was pro-

The Journal of Cell Biology, Volume 149, 2000

vided by grants from the National Institutes of Health (GM47337) and the
Monsanto-Searle/Washington University Research Program.

Submitted: 13 September 1999
Revised: 6 April 2000
Accepted: 6 April 2000

References

Amberg, D.C., J.E. Zahner, J.W. Mulholland, J.R. Pringle, and D. Botstein.
1997. Aip3p/Bud6p, a yeast actin-interacting protein that is involved in mor-
phogenesis and the selection of bipolar budding sites. Mol. Biol. Cell. 8:729—
753.

Carminati, J.L., and T. Stearns. 1997. Microtubules orient the mitotic spindle in
yeast through dynein-dependent interactions with the cell cortex. J. Cell
Biol. 138:629-641.

Clark, S.W., and D.l. Meyer. 1994. ACT3 - a putative centractin homologue in
S. cerevisiae is required for proper orientation of the mitotic spindle. J. Cell
Biol. 127:129-138.

Cottingham, F.R., and M.A. Hoyt. 1997. Mitotic spindle positioning in Saccha-
romyces cerevisiae is accomplished by antagonistically acting microtubule
motor proteins. J. Cell Biol. 138:1041-1053.

DeZwaan, T.M., E. Ellingson, D. Pellman, and D.M. Roof. 1997. Kinesin-
related Kip3 of Saccharomyces cerevisiae is required for a distinct step in nu-
clear migration. J. Cell Biol. 138:1023-1040.

Evangelista, M., K. Blundell, M.S. Longtine, C.J. Chow, N. Adames, J. Pringle,
M. Peter, and C. Boone. 1997. Bnilp, a yeast formin linking Cdc42p and the
actin cytoskeleton during polarized morphogenesis. Science. 276:118-122.

Kahana, J.A., G. Schlenstedt, D.M. Evanchuk, J.R. Geiser, M.A. Hoyt, and
P.A. Silver. 1998. The yeast dynactin complex is involved in partitioning the
mitotic spindle between mother and daughter cells during anaphase B. Mol.
Biol. Cell. 9:1741-1756.

Kaiser, C., S. Michaelis, and A. Mitchell. 1994. Methods in Yeast Genetics.
Cold Spring Harbor Laboratory Press. Plainview. 234 pp.

Korinek, W.S., M.J. Copeland, A.C. Chaudhuri, and J. Chant. 2000. Molecular
linkage underlying microtubule orientation toward cortical sites in yeast.
Science. 287:2257-2259.

Lee, L., S.K. Klee, M. Evangelista, C. Boone, and D. Pellman. 1999. Control of
mitotic spindle position by the Saccharomyces cerevisiae formin Bnilp. J.
Cell Biol. 144:947-961.

Lee, L., J.S. Tirnauer, J. Li, S.C. Schuyler, J.Y. Liu, and D. Pellman. 2000. Posi-
tioning of the mitotic spindle by a cortical-microtubule capture mechanism.
Science. 287:2260-2262.

Maddox, P.S., K.S. Bloom, and E.D. Salmon. 2000. The polarity and dynamics
of microtubule assembly in the budding yeast Saccharomyces cerevisiae. Nat.
Cell Biol. 2:36-41.

McMillan, J.N., and K. Tatchell. 1994. The JNM1 gene in the yeast Saccharo-
myces cerevisiae is required for nuclear migration and spindle orientation
during the mitotic cell cycle. J. Cell Biol. 125:143-158.

Miller, R.K., and M.D. Rose. 1998. Kar9p is a novel cortical protein required
for cytoplasmic microtubule orientation in yeast. J. Cell Biol. 140:377-390.
Miller, R.K., K.K. Heller, L. Frisen, D.L. Loayza, A.E. Gammie, and M.D.
Rose. 1998. Kip2p and Kip3p, two kinesin-related proteins, function differ-

ently in nuclear migration in yeast. Mol. Biol. Cell. 9:2051-2068.

Miller, R.K., D. Matheos, and M.D. Rose. 1999. The cortical localization of the
microtubule orientation protein, Kar9p, is dependent upon actin and pro-
teins required for polarization. J. Cell Biol. 144:963-975.

Morris, N.R. 1975. Mitotic mutants of Aspergillus nidulans. Genet. Res. 26:237—
254,

Muhua, L., T.S. Karpova, and J.A. Cooper. 1994. A yeast actin-related protein
homologous to that in vertebrate dynactin complex is important for spindle
orientation and nuclear migration. Cell. 78:669-679.

Muhua, L., N.R. Adames, M.D. Murphy, C.R. Shields, and J.A. Cooper. 1998.
A cytokinesis checkpoint requiring the yeast homolog of an APC-binding
protein. Nature. 393:487-491.

Poch, O., and B. Winsor. 1997. Who’s who among the Saccharomyces cerevisiae
actin related proteins? A classification and nomenclature proposal for a
large family. Yeast. 13:1053-1058.

Schwartz, K., K. Richards, and D. Botstein. 1997. BIM1 encodes a microtubule-
binding protein in yeast. Mol. Biol. Cell. 8:2677-2691.

Shaw, S.L., E. Yeh, P. Maddox, E.D. Salmon, and K. Bloom. 1997. Astral mi-
crotubule growth/shrinkage in yeast: a microtubule-based searching mecha-
nism for spindle orientation and nuclear migration into the bud. J. Cell Biol.
139:985-994.

Stearns, T. 1997. Motoring to the finish: kinesin and dynein work together to
orient the yeast mitotic spindle. J. Cell Biol. 138:957-960.

Tirnauer, J.S., E. O'Toole, L. Berrueta, B.E. Bierer, and D. Pellman. 1999.
Yeast Bimlp promotes the G1-specific growth/shrinkage of microtubules. J.
Cell Biol. 145:993-1007.

Waddle, J.A., T.S. Karpova, R.H. Waterston, and J.A. Cooper. 1996. Move-
ment of cortical actin patches in yeast. J. Cell Biol. 132:861-870.

Yeh, E., R.V. Skibbens, J.W. Cheng, E.D. Salmon, and K. Bloom. 1995. Spindle
growth/shrinkage and cell cycle regulation of dynein in the budding yeast,
Saccharomyces cerevisiae. J. Cell Biol. 130:687-700.

874



