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Positioning of the Mitotic
Spindle by a Cortical-
Microtubule Capture Mechanism

Laifong Lee,"? Jennifer S. Tirnauer,? Junjun Li,’
Scott C. Schuyler," Jenny Y. Liu,’ David Pellman*

Correct positioning of the mitotic spindle is critical for cell division and de-
velopment. Spindle positioning involves a search-and-capture mechanism
whereby dynamic microtubules find and then interact with specific sites on the
submembrane cortex. Genetic, biochemical, and imaging experiments suggest
a mechanism for cortical-microtubule capture. Bim1p, located at microtubule
distal ends, bound Kar9p, a protein associated with the daughter cell cortex.
Bim1p is the yeast ortholog of human EB1, a binding partner for the adeno-
matous polyposis coli tumor suppressor. EB1 family proteins may have a general
role in linking the microtubule cytoskeleton to cortical polarity determinants.

It has been proposed that selective stabilization
of microtubules through “capture” mechanisms
mediates the formation of many microtubule
structures in the cell (/-5). However, mecha-
nisms for microtubule capture are not well char-
acterized. One process thought to be driven by
plus-end microtubule capture is the positioning
of the mitotic spindle (2, 4, 6). In animal cells,
the position of the spindle determines the plane
of cleavage, and regulated spindle rotations in
specific cells give rise to asymmetric cell divi-
sions (2, 3). In yeast, the axis of division is
predetermined by the budding pattern, and the
spindle must be aligned with the polarity of the
cell for proper nuclear segregation (6-8).

Spindle positioning in diverse organisms
has some common molecular requirements: mi-
crotubules, actin, and the dynein/dynactin com-
plex (6, 9, 10). Spindle positioning is therefore
one example of several important processes that
are dependent on interactions between actin and
microtubules (9). In budding yeast, dynein and
dynactin are required to insert the spindle
across the bud neck during anaphase but are not
clearly localized to the cell cortex (8). Although
dynein and dynactin are required for spindle
positioning, and in some cells are observed at
potential capture sites (11, 12), a direct role in
plus-end microtubule capture has not been
demonstrated [reviewed in (13)].

A second potential mechanism for spindle
positioning, which is redundant with the dy-
nein/dynactin complex, was recently identified
in budding yeast (/4-17). This genetically de-
fined “pathway” requires the kinesin Kip3p, the
formin Bnilp, and the cortical protein Kar9p.
This “Kip3p pathway” is an attractive system
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for studying interactions of microtubules with
the cell cortex, because several of its compo-
nents localize to the cell cortex and are func-
tionally linked to actin (7-19). Both Bnilp and
actin are required for Kar9p localization to the
bud cortex, explaining, at least in part, the actin
requirement in spindle positioning (20). The
cortical localization of Kar9p is particularly
notable because it frequently intersects the ends
of astral microtubules (9).

We report that Kar9p is linked to micro-
tubules through the yeast EB1 family mem-
ber Bimlp. Bimlp localized to microtubules
at or near their plus ends (27), whereas Kar9p
localized to a highly mobile cortical dot in the
bud (19, 22). Moreover, Bimlp was required
for Kar9p to interact with microtubules in
vivo and in vitro.

Because mutant bimIA cells have a simi-
lar defect in orienting preanaphase spindles
as do bnilA, kar9A or kip3A mutant cells
(21), genetic crosses were used to determine
if Bimlp was in the Kip3p pathway. The
characteristics of Kip3p pathway defects are
that cells lacking one or more Kip3p pathway
genes are viable, but are inviable if they also
lack dynein or dynactin genes. bimIA kar9A
double mutant strains grew as well as single
mutant strains at all temperatures and were no
more sensitive to the microtubule-depolymer-
izing drug benomyl than were single mutant
strains. In contrast, bimIA dynlA strains
were not viable (23). This suggests that
Bimlp is in the Kip3p pathway.

Bimlp at wild-type levels (2/) and over-
expressed Kar9p (19) have partially overlap-
ping intracellular distributions. Like the over-
expressed fusion protein composed of green
fluorescent protein (GFP) and Kar9p (GFP-
Kar9p), GFP-Kar9p at wild-type levels local-
ized along the length of astral microtubules
and as a dot at the bud cortex that was
frequently at the ends of astral microtubules
(Fig. 1). ‘

Because of their genetic interactions and

partially overlapping localization, we tested if
Kar9p required Bimlp to interact with micro-
tubules. In wild-type preanaphase cells from
both cycling and hydroxyurea (HU)-arrested
cultures, the ends of astral microtubules inter-
sected cortical GFP-Kar9p in more than 90% of
cells (Fig. 2). In contrast, astral microtubule
intersection with GFP-Kar9p was substantially
reduced in bimIA cells (Fig. 2). In mating cells
where GFP-Kar9p is localized at the tip of the
mating projection, the interaction of microtu-
bule ends with cortical Kar9p is also important
for the process of karyogamy (/9). In cells
arrested with mating pheromone (a factor),
Bimlp was required for astral microtubule ends
to interact normally with GFP-Kar9p (Fig. 2).

GFP-Kar9p localization along the length
of astral microtubules also required Bimlp.
In contrast to wild-type cells, the GFP-Kar9p
signal on astral microtubules was abolished
in cells lacking Bimlp (Fig. 2). None of the
preanaphase cycling cells and only 2% of
preanaphase HU-arrested cells showed GFP-
Kar9p along the length of astral microtu-
bules. Similarly, GFP-Kar9p was not ob-
served on microtubules in a factor—arrested
bimIA cells. Therefore, without Bimlp,
Kar9p could not bind microtubules in vivo,
even when it was overexpressed (Fig. 2).

In yeast extracts, GFP-Kar9p coimmuno-
precipitated with epitope-tagged Bimlp [hem-
agglutinin (HA)-Bimlp], and HA-Bimlp co-
immunoprecipitated with GFP-Kar9p. Tubulin
was not detected in the immunoprecipitates,
suggesting that the Bimlp-Kar9p interaction
was independent of microtubules (Fig. 3A).
Bimlp also did not coimmunoprecipitate the
dynactin component Nipl00p (23). Finally,

GFP-Kar9p DIC

Fig. 1. GFP-Kar9p localization at wild-type lev-
els. Fluorescent images of GFP-Kar9p are on
the left and corresponding DIC (differential in-
terference contrast) images are on the right. (A
and B) GFP-Kar9p cortical dot in the bud.
(€ and D) GFP-Kar9p at the end and along the
length of an astral microtubule. Of 150 cells
analyzed for the pattern of GFP-Kar9p localiza-
tion, 55% showed GFP-Kar9p localized along
astral microtubules, 19% showed a cytoplasmic
dot in the mother cell, and 11% showed a
cortical dot in the bud. GFP-Kar9p was also
observed at the centrosome and septum when
overexpressed (23).
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subpopulations of both HA-Bimlp and GFP-
Kar9p cofractionated in velocity sedimentation
and size-exclusion chromatography experi-
ments. Based on the Stokes radii and Svedberg
values, the estimated size of the complex is

Fig. 2. Bim1p is required for GFP-
Kar9p localization to microtu-
bule ends and sides. GFP-Kar9p
was expressed from a GAL1,10
promoter. GFP-Kar9p is in green
(A, D, G, J, M, P), tubulin is in red
(B, E, H, K, N, Q), and regions of
overlap (merge column) are in
yellow (C, F, I, L, O, R). Frequen-
cy of intersection of astral mi-
crotubule ends with GFP-Kar9p:
99% in preanaphase BIM7 cells,
58% in preanaphase bim1A
cells, 91% in HU-arrested BIM1
cells, 38% in HU-arrested
bim1A cells, 100% in a factor—
arrested BIMT cells, 54% in a
factor-arrested bim1A cells. To
exclude bim7A cells in which
the disruption of astral micro-
tubule interaction with GFP-
Kar9p was due to decreased
microtubule lengths (27, 32)
instead of a lack of Bim1p-
Kar9p binding, only cells where
microtubules were of sufficient
length and in the correct orien-
tation to interact with cortical
Kar9p were scored (33). Hence,
this experiment may underesti-
mate the degree to which loss
of Bimlp disrupted microtu-
bule—GFP-Kar9p interactions in
vivo. Frequency of GFP-Kar9p
localization along the length of
astral microtubules: 85% in
preanaphase BIM7 cells, 0% in
preanaphase bim1A cells, 86%
in HU-arrested BIM1 cells, 2%
in HU-arrested bim1A cells,
90% in o factor-arrested BIM1
cells, and 0% in o factor-ar-
rested bim7A cells.
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250 kD (Fig. 3B).

To determine if Bimlp and Kar9p inter-
acted in vitro in the absence of other yeast
proteins, Kar9p and epitope-tagged Bimlp
(his,-Bim1p) were coexpressed in vitro in rab-

Tubulin

Merge

bit reticulocyte lysate. Immunoprecipitation of
the translation mix with an antibody to polyhis-
tidine demonstrated a strong interaction be-
tween his.-Bimlp and Kar9p (Fig. 3C).

Bimlp also recruited Kar9p onto microtu-
bules in vitro. his,-Bimlp was purified from
Escherichia coli and assayed for binding to
polymerized microtubules. Like other EBI
family members (24, 25), his,-Bim1p bound to
microtubules (Fig. 4A). In vitro-translated
Kar9p did not bind microtubules efficiently but
did bind in the presence of his,-Bim1p (Fig. 4,
B and C). Thus, Bimlp promoted the associa-
tion of Kar9p with microtubules in vitro. This
interaction is specific and is unlikely to arise
from “trapping” of Kar9p among bundled mi-
crotubules in the binding reaction, because
Kar9p was not recruited onto microtubules by
Aselp, another yeast microtubule-binding pro-
tein with robust bundling activity (Fig. 4D).

Bimlp promotes microtubule dynamicity
specifically during the G, phase of the cell
cycle (21), suggesting that Bim1p is involved in
the search for cortical binding sites. Here, we
report that Bimlp is directly involved in the
cortical capture of microtubules by its binding
to Kar9p. Other likely components of this
mechanism are Kip3p, Bnilp, and possibly
Rho-type guanosine triphosphate-binding pro-
teins (/8, 26). Bimlp has also been implicated
in the recently described cell-cycle checkpoint
(27), but how it performs its checkpoint func-
tion is unknown (28).

A similar cortical-capture mechanism
may also exist in animal cells. Bimlp is a
member of the EB1 family of proteins. Like
Bimlp, EB1 concentrates at microtubule plus
ends (25, 29). EBI interacts with the adeno-
matous polyposis coli (APC) tumor suppres-
sor protein, through the region of APC that is
deleted in colon cancer (30). APC localizes to
asymmetrically distributed spots near the
membrane of migrating epithelial cells (31).
Interaction between EB1 and APC may co-
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Fig. 4. Bim1p recruits Kar9p onto microtubules
in vitro. (A) his;-Bim1p microtubule-binding
experiment; (B) [3*S]Kar9p microtubule-binding
experiment; (C)-Ex Eeriment containing both
his,-Bim1p and [3>S]Kar9p; (D) Experiment
containing [33S]Kar9p and recombinant Ase1p.
(+) indicates experiments with taxol-stabilized
bovine microtubules; (-) indicates experiments
without tubulin. s, supernatant; p, pellet. Great-
er than 80% of the tubulin fractionated into
the pellet in the microtubule-binding assays as
demonstrated by Coomassie Brilliant Blue
stained gels. In the microtubule-binding assays,
the concentration of tubulin was 1 wM and the
concentration of his,-Bim1p and Aselp was
100 nM. Methods of Bim1p purification, Ase1p
purification, and the microtubule-binding assay
are as described (23, 37).

ordinate spindle or centrosome positioning
with cell migration. Chromosomal instabil-
ity, a hallmark of colon cancer, might also
be accelerated by loss of the EB1-APC
interaction.

Note added in proof: Similar results are
reported in two independent studies (38, 39).
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Driving AMPA Receptors into
Synapses by LTP and CaMKIi:
Requirement for GluR1 and PDZ
Domain Interaction

Yasunori Hayashi,* Song-Hai Shi,* José A. Esteban,
Antonella Piccini, Jean-Christophe Poncer, Roberto Malinow}

To elucidate mechanisms that control and execute activity-dependent synap-
tic plasticity, a-amino-3-hydroxy-5-methyl-4-isoxazole propionate receptors
(AMPA-Rs) with an electrophysiological tag were expressed in rat hippocampal
neurons. Long-term potentiation (LTP) or increased activity of the calcium/
calmodulin-dependent protein kinase Il (CaMKIl) induced delivery of tagged
AMPA-Rs into synapses. This effect was not diminished by mutating the CaMKIl
phosphorylation site on the GluR1 AMPA-R subunit, but was blocked by mu-
tating a predicted PDZ domain interaction site. These results show that LTP and
CaMKII activity drive AMPA-Rs to synapses by a mechanism that requires the
association between GluR1 and a PDZ domain protein.

Long-term potentiation (LTP) of synaptic trans-
mission is a well-characterized form of activity-
dependent plasticity likely to play important
roles in learning and memory (7). A key medi-
ator of this plasticity is CaMKII, an enzyme that

is strongly expressed at excitatory synapses (2).
Although the cell biological processes underly-
ing this form of plasticity are poorly under-
stood, the trafficking of synaptic receptors ap-
pears to play a crucial role (3).
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