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Background: Mitotic spindle orientation in budding yeast is achieved by a motor complex consisting of Myo2p, Kar9p, and

Bimlp.

Results: Interaction of Kar9p with Bim1p requires Kar9p sumoylation and is impaired by Bim1p phosphorylation.
Conclusion: Assembly of the spindle orientation complex is regulated by sumoylation and phosphorylation of its core factors.
Significance: Orientation of the mitotic spindle is an essential feature of cell division.

Mitosis begins with the tethering of chromosomes to the
mitotic spindle and their orientation perpendicular to the axis
of cell division. In budding yeast, mitotic spindle orientation
and the subsequent chromosome segregation are two independ-
ent processes. Early spindle orientation is driven by the actin-
bound myosin Myo2p, which interacts with the adapter Kar9p.
The latter also binds to microtubule-associated Bim1p, thereby
connecting both types of cytoskeleton. This study focuses on the
interaction between Kar9p and Bimlp and its regulation. We
solved the crystal structure of the previously reported Kar9p-
binding motif of Bim1lp and identified a second, novel Kar9p
interaction domain. We further show that two independent
post-translational modification events regulate their interac-
tion. Whereas Kar9p sumoylation is required for efficient com-
plex formation with Bim1p, Aurora B/Ipllp-dependent phos-
phorylation of Bimlp down-regulates their interaction. The
observed effects of these modifications allow us to propose a
novel regulatory framework for the assembly and disassembly of
the early spindle orientation complex.

During mitosis, chromosomes associate with kinetochore
microtubules and are subsequently segregated. Before segrega-
tion can occur, the spindle has to be oriented correctly in the
cell to ensure equal distribution of the chromosomes between
mother and daughter cells. In budding yeast, proper alignment
of the mitotic spindle prior to anaphase relies on a myosin-de-
pendent transport event along actin filaments (1-3). It is fol-
lowed by a second, partially redundant, dynein-dependent
spindle elongation event during anaphase (3).

For spindle alignment in pre-anaphase, the highly conserved
type V myosin motor Myo2p interacts with the adapter Kar9p
(karyogamy 9 protein), which itself binds to the microtubule-
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associated Bimlp (binding to microtubules 1 protein) (1).
Whereas Kar9p shows weak homology to the adenomatous
polyposis coli (APC)? tumor suppressor (3—5), Bim1p is a mem-
ber of the highly conserved EB1 (end-binding protein 1) family
of proteins that are known to bind microtubules (6). In humans,
mutations in APC are responsible for development of familial
adenomatous polyposis and resulting colorectal cancer (7). Its
binding partner EB1 has been identified as a prognostic marker
for recurrence and survival of hepatocellular carcinoma (8) and
as an oncogenic factor (9).

Human EB1 shares 35% sequence identity with its yeast
ortholog Bimlp (6). Both contain an N-terminal calponin
homology (CH) domain and an EB1-like C-terminal motif,
separated by a linker region. The CH domain is highly con-
served and mediates binding to microtubules (10). The EB1
homolog Mal3p from Schizosaccharomyces pombe decorates
microtubules along the lattice seam in a zipper-like manner
(11).

In humans, the C-terminal EB1-like motifis sufficient to bind
to a peptide of the APC protein (12, 13). Likewise, in yeast, the
EB1-like domain of Bimlp is sufficient to bind to Kar9p (14).
Crystal structures of the CH domain from yeast and humans
(10, 15) and of the EB1 motif from human EB1 (12, 13) have
been determined. No structure is available for the yeast EB1-
like motif.

The linker region between the CH and EB1-like domains
contains no structurally defined domain. In yeast, this linker
region of Bimlp is the target of cell cycle-dependent phos-
phorylation by Aurora B/Ipllp and supports the microtubule
binding of the CH domain (16). Also human EB1 interacts with
Aurora B kinase (17), suggesting conservation of this post-
translational modification.

Because APC is a very large protein (4), only few details are
available that explain its molecular function during the cell
cycle. In contrast, for its shorter yeast homolog Kar9p, the
interaction partners and modifying enzymes have been identi-

2 The abbreviations used are: APC, adenomatous polyposis coli; CH, calponin
homology; BisTris, 2-[bis(2-hydroxyethyl)aminol-2-(hydroxymethyl)pro-
pane-1,3-diol; MBP, maltose-binding protein.
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fied. Kar9p is subject to sumoylation (18, 19) and phosphoryla-
tion (2, 20). Although both types of modification are regulated
independently, mutations in Kar9p affecting either of them
result in impaired spindle orientation (18). To date, it is unclear
why these modifications are important.

Here, we provide a mechanistic explanation for how post-
translational modifications in Kar9p and Bim1p contribute to
the regulation of their functions. We found that unmodified
Kar9p fails to bind to Bim1p, whereas Kar9p from yeast extracts
efficiently binds to recombinant Bim1p. Pulldown assays with
yeast strains expressing Kar9p with mutated sumoylation
sites showed severely reduced Bimlp binding. Thus, Kar9p
sumoylation is likely required for the efficient assembly of the
spindle orientation complex.

We solved the crystal structure of the C-terminal EB1-like
domain of Bimlp and generated structure-based mutations
that either abolished or increased the interaction with Kar9p.
Furthermore, we identified a novel Kar9p interaction region in
Bimlp. This region is subject to cell cycle-dependent phos-
phorylation by the Aurora B kinase, which we found to down-
regulate Bim1p binding to Kar9p.

EXPERIMENTAL PROCEDURES

Yeast Strains and Plasmids—General yeast methods were
performed as described (21-23). Detailed information on
strains and plasmids is provided in supplemental Tables S2—S4.
Deletion mutants were obtained by a PCR-based knock-out
method (24) and verified by PCR. Mutations of BIM1 and KAR9
were introduced by site-directed mutagenesis.

Yeast Growth Conditions—For pulldown experiments, cells
were plated on synthetic-complete (SC)-His plates and grown
in YPD (yeast extract/peptone/dextrose) at 30 °C until the mid-
logarithmic phase. For Kar9p overexpression, cells were grown
in YPR (yeast extract/peptone/raffinose) to Ay, = 1 and
induced with 2% galactose for 3—4 h at 30 °C. For pulldown
experiments with His-tagged Smt3p, cells were plated on
synthetic complete (SC)-Ura plates and grown in synthetic
complete (SC)-Ura and raffinose as described for Kar9p
overexpression.

Protein Purification for Crystallization and Pulldown
Experiments—GST-tagged Bim1p fragments were expressed in
Escherichia coli and isolated to high purity using standard chro-
matographic techniques (25). GST tags were removed by pro-
tease cleavage (26) unless stated otherwise. Protein quantities
were calculated from their absorbance at 280 nm and individual
molar extinction coefficients. Purified Bim1p and Kar9p were
stable over days. Crystals were grown at 21 °C by hanging-drop
vapor diffusion using a 1:1 mixture of protein (2 mg/ml) and
crystallization solution containing 0.1 M BisTris (pH 8.0), 20%
PEG 5000 MME, 40% vy-butyrolactone, and 10 mMm potassium
tetranitroplatinate(II) for heavy atom-soaked crystals. Crystals
appeared within 1-2 days. Maltose-binding protein (MBP)-
tagged Bimlp was expressed in E. coli, affinity-purified via an
amylose resin (PerkinElmer Life Sciences), and eluted with 10
mM maltose. Purification was finished by chromatography on a
Superose 12 column (GE Healthcare) (27).

Structure Determination—20% ethylene glycol was used as a
cryoprotectant. Single anomalous dispersion experiments and
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native data sets were recorded at beamline ID-29 (European
Synchrotron Radiation Facility, Grenoble, France). The data
were integrated and scaled using XDS (28). Phases were
obtained with SHELX (29). The model was built manually from
the platinum data set using Coot (30). The native protein struc-
ture was solved by molecular replacement using Phaser (31)
with the platinum structure as a search model. Refinement was
performed with BUSTER (32) using non-crystallographic
symmetry.

Bioinformatics—Sequence alignments were performed with
the programs Clustal (European Bioinformatics Institute) and
visualized with Jalview. The surface plot of sequence conserva-
tion was generated with Chimera (33). Structure superposition
and representation were performed with PyMOL (DeLano Sci-
entific), and root mean square deviation calculation with
LSQMAN (Uppsala Software Factory). Electrostatic surface
calculation was done with CCP4mg (34). Buried surface areas
were calculated using AREAIMOL (34).

Pulldown Experiments—Yeast cells from log-phase cultures
were vortexed with glass beads (4 X 3 min) in lysis buffer
(50 mm Tris-HCI (pH 7.5), 300 mm NaCl, 5% glycerol, 0.2%
Triton X-100, and 1 mm DTT). The lysate was cleared by cen-
trifugation (13,200 rpm, 20 min) and used for pulldown exper-
iments. Equimolar amounts of proteins were incubated with
constant amounts of yeast extracts and 50 ul of amylose resin
for 20 min in lysis buffer, followed by five wash steps with 1 ml
of lysis buffer and elution with 35 ul of elution buffer (lysis
buffer and 10 mm maltose). One-third of the elution volume
was analyzed by SDS-PAGE and Western blotting with anti-
Myc antibody.

Quantification of Western Blots against Myc-tagged Kar9p
(myc-Kar9p)—For quantification, Western blots of three inde-
pendent experiments were analyzed using the LAS-3000 mini-
system and Multi Gauge software (FUJIFILM). Background sig-
nals from MBP lanes were subtracted from respective Western
blot signals. Subsequently, individual Bim1p-MBP signals were
normalized with the signal of MBP alone. Signals of coprecipi-
tated Kar9p were compared with each other.

RESULTS

Crystal Structure of Bim1p EB1 Motif—W'e solved the crystal
structure of the EB1 motif of Bimlp (Bim1p(C-term), amino
acids 182-282) (supplemental Fig. S1) at 2.45 A resolution
(Table 1). The structure reveals a dimer, in which each mono-
mer consists of a long and a short a-helix (Fig. 14). The loop
region connecting both helices contains a Bimlp-specific
sequence insertion (red boxed sequence in supplemental Fig.
S1), which was not visible in the electron density and thus is
likely disordered. A kink in the lower third of the long helix
induces asymmetry that is responsible for a root mean square
deviation between both monomers of 1.60 A. The hydrophobic
dimerization interface involves a large buried surface of 1987
A2, suggesting stable dimerization in solution (supplemental
Table S1).

An overlay of the structures of Bimlp and human EB1
(Protein Data Bank code 1WU9) showed that they adopt a sim-
ilar overall fold (root mean square deviation of 1.2 A) (supple-
mental Fig. S2A). However, the large helix of Bim1p is about
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TABLE 1
Crystallographic data collection and refinement statistics

The resolution range of the last shell was 2.59-2.45 A. ESRF, European Synchrotron Radiation Facility; r.m.s.d., root mean square deviation.

Data set

Native

Pt peak

Data collection
X-ray source (ESRF) ID-29
Space group P2,
Cell symmetry

a = 28.00, b =425, ¢ =100.5 A;
a=vy=90,B =903

ID-29

P2, .

a = 28.00,b = 44.25,c = 101.25 A;
a=vy=90,B=947°

Wavelength (A) 1.254 1.071
Data range (A) 20-2.45 50-2.1
Observations (unique) 31,883 (8832) 90,864 (30,751)
I/ol (last shell) 13.12 (2.07) 8.16 (1.71)
Completeness (%) (last shell) 98.8 (98.3) 99.0 (63.8)
R, (last shell)* 7.8 (71.7) 14.2 (98.5)
Refinement

Ry o (Ro)?® 0.211 (0.240)
r.m.s.d. . 0.0098

Bond lengths (A)

Bond angles 1.18°
Ramachandran plot (%)

Allowed 97.0

Additionally allowed 1.8

Outliers 1.2

“ Ry is the unweighted R-value on / between symmetry mates.
 Ruork = ZpllEo (kD) — |FRKD|/2 sl o(HKD)| for reflections in the working data set.

€ Reee = cross validation R-factor for 5% of reflections against which the model was not refined.

one-third longer than that in EB1 (total length of ~93 versus
~63 A).

The EB1 motif of Bim1p contains few regions of pronounced
surface charges (Fig. 1B). The plot of a sequence alignment
(supplemental Fig. S1) onto the surface of the structure shows a
region in the center of the dimer with high conservation (Fig.
1C). This conserved surface contains two regions with rather
small hydrophobic patches. For EB1, these regions have been
shown to mediate binding to cargo (12, 13, 35).

Structure of Bimlp C Terminus in Solution—Molecular
weight analyses from small-angle x-ray scattering experiments
revealed that Bim1p(C-term) and full-length Bim1p (Bim1p(FL))
also form dimers in solution (Fig. 1D). An overlay of the experi-
mental scattering curve of Bim1p(C-term) with the calculated
scattering curve from the crystal structure shows an almost
perfect match (supplemental Fig. S2B). Thus, the dimer of the
crystal structure is likely physiologic. Together, these results
suggest that the EB1 motif mediates dimerization of
Bim1p(FL). Because full-length human EB1 is also dimeric (36),
this seems to be a general feature of this protein class.

Post-translational Modifications of Kar9p or Cofactors Are
Required for Complex Formation with BimIp—To assess com-
plex formation between Bim1p and Kar9p, we performed pull-
down experiments with both proteins recombinantly expressed
in E. coli. Surprisingly, no direct interaction was observed.
However, when we performed these experiments with recom-
binant Bimlp and extracts of Myc-Kar9p-expressing yeast
cells, we clearly detected Kar9p in Western blots (Fig. 1E).
These data suggest that post-translational modifications in
Kar9p or cofactors are required for their interaction. The obser-
vation that Bim1p(FL) bound more efficiently to Kar9p than
Bim1p(C-term) further indicates that regions outside the EB1
motif of Bimlp might contribute to the complex formation
with Kar9p.

Kar9p Binding by Mutant Versions of Bim1p—To determine
whether the yeast-specific loop region of 24 amino acids is
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important for complex formation with Kar9p, we generated
Bim1p mutants with deletions of 12 or 14 amino acids in the
loop (Bim1pA12 or Bim1pA1l4). Pulldown experiments with
these recombinantly expressed mutants showed normal inter-
actions with Kar9p (Fig. 24), suggesting that the loop is dispen-
sable for this function.

We used our structure and previously reported mutations in
EBI to generate point-mutated versions of Bim1p(FL) and per-
formed pulldown experiments with extracts from Myc-Kar9p-
expressing cells, followed by Western blotting. Among the 15
mutant Bim1p(FL) proteins that were soluble, we found muta-
tions R217A, F219A, Y220A, F221A, E228A, and H232A to
impair Kar9p binding (Fig. 2, B and C). In contrast, the Bim1p
mutations E214A, E218A, and N222A enhanced Kar9p bind-
ing. Pulldown experiments with a subset of mutations in
Bim1p(C-term) followed by quantitative analyses of Western
blots revealed consistent results, with the exception of muta-
tions [227A and R225A (Fig. 2, C-E).

When plotting the interaction-modulating mutations onto
the surface of the Bim1p(C-term) structure, a patch within the
highly conserved hydrophobic core is observed (compare sup-
plemental Fig. S2, C and D, with Fig. 1C). We also compared
these residues with the amino acids identified in EB1 to influ-
ence cargo binding (12, 13, 35). Several of the corresponding
residues in both proteins are identical, and others lie in close
vicinity (supplemental Fig. S3), suggesting that their overall
mode of interaction is similar. However, human EB1 failed in
pulldown assays to interact with Myc-Kar9p from yeast extracts
(Fig. 2, C and D). Thus, both proteins seem to bind in a some-
what different manner.

In Vivo Effects of Structure-based Mutations in Bim1p—Next,
we tested selected Bim1p mutants in otherwise BIMI deletion
strains by challenging them with increasing concentrations of the
microtubule-depolymerizing fungicide benomyl or at increased
temperatures. Similar to a previous report (6), the experimental
readout for both assays was colony growth on agar plates.
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FIGURE 1. Function and structure of Bim1p C-terminal EB1 motif. A-C, structural analyses of the C-terminal EB1 motif of Bim1p. A, ribbon representation of
the crystal structure shows that Bim1p(C-term) forms a coiled-coil dimer (monomers in blue and green). N and C termini are marked N and C, respectively. Dotted
lines indicate positions of a loop region not visible in electron density. B, representation of surface charges of Bim1p(C-term). C, surface representation of
sequence conservation (for alignment, see supplemental Fig. S1). D, molecular weight measurements by small-angle x-ray scattering confirmed that Bim1p(FL)
and Bim1p(C-term) are dimeric in solution. £, amylose pulldown experiments with recombinant MBP-tagged Bim1p and yeast extracts expressing Myc-Kar9p,
followed by Western blotting against Myc. Bim1p(FL) bound more efficiently to Kar9p compared with Bim1p(C-term).

Although we did not observe growth defects at 37 °C with
any of the tested biml mutants, sensitivity to treatment with
benomyl was increased in a yeast strain expressing the
Bim1p(F219A) mutant (Fig. 2E and supplemental Fig. S4A4). In
our pulldown assays, this mutation had almost completely lost
its interaction with Kar9p (Fig. 2, C—E). Mutations without
defects in pulldown experiments also failed to show effects in
both in vivo assays. Interestingly, the Bim1p(I229A) mutant,
which yielded a normal Kar9p interaction in pulldown assays
(Fig. 2, C and E) displayed a lower benomyl sensitivity com-
pared with wild-type Bimlp (Fig. 2E and supplemental Fig.
S4A). The fact that not all mutations with reduced Kar9p bind-
ing yield growth defects suggests that complex assembly might
be more robust in vivo. It is also consistent with the presence of
a second, partially redundant Kar9p-binding site in Bim1p.

MAY 11,2012+VOLUME 287 +NUMBER 20

Bim1p Linker Region Contributes to Kar9p Binding—Indeed,
the better binding of Bim1p(FL) compared with Bim1p(C-
term) (Fig. 1E) suggests a contribution of regions outside the
EB1 motif to Kar9p interaction. On the other hand, deletion of
the EB1 motif or larger C-terminal fragments resulted in a loss
of Kar9p binding (Fig. 3, A and B), arguing against a second
binding region.

Because deletion of the EB1 motif is likely to abolish
dimerization of Bim1p, we also tested the possibility that this
feature is required for a potential second binding site. We
replaced the EB1 motif with the dimerization-mediating
coiled-coil region of GCN4 (Fig. 3A) and tested these mutants
in pulldown experiments. Indeed, we could pull down Myc-
Kar9p with a protein consisting of Bim1p amino acids 1-187
fused to GCN4 (Bim1p(1-187)-GCN4) (Fig. 3, A and B). This
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FIGURE 2. Characterization of structure-based Bim1p mutations. A, pulldown experiments with Bim1p containing loop deletions and yeast extracts showed

no defects in Kar9p binding. B, structural model with regions subjected to po

int mutations highlighted in red (see also supplemental Fig. S2, C and D). C,

pulldown experiments with mutant Bim1p and yeast extracts. D, graph summarizing the quantification of three independent pulldown experiments. E,

summary of pulldown experiments shown in C and D as well as growth sens
temperature (supplemental Fig. S4A).
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FIGURE 3. Bim1p linker region contains previously undetected Kar9p-binding region that is regulated by phosphorylation. A, schematic of Bim1p

mutants. B, pulldown experiments with recombinant Bim1p mutants and yeast

extracts. Bim1p lacking the EB1 motif only interacted with Kar9p when fused

to the GCN4 dimerization domain. C, pulldown experiments with Aurora B/Ipl1p-phosphomimetic mutants of Bim1p yielded severely reduced complex

formation with Kar9p.

interaction became weaker when parts of the Bimlp linker
region were deleted (Fig. 3, A and B), suggesting that a region
between the CH domain and the EB1 motif mediates binding to
Kar9p and that this function requires Bim1p dimerization. A
rescue experiment with Bim1p(1-187)-GCN4 in the Abiml
background only slightly alleviated growth defects (supplemen-
tal Fig. S4B), which is consistent with the observation that
either Bim1p(1-187)-GCN4 or the EB1 motif alone binds to
Kar9p significantly less efficiently compared with Bim1p(FL)
(Fig. 1E and Fig. 3, A and B).
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Aurora B-dependent Phosphorylation of Bimlp Impairs
Kar9p Binding—The novel Kar9p-binding region between the
CH domain and EB1 motif is phosphorylated during anaphase
at six serines (positions 139, 148, 149, 165, 166, and 176) by the
Aurora B kinase Ipllp (Fig. 34) (16) and is required for proper
spindle mid-zone disassembly. Mutations of these serines to glu-
tamic acids efficiently mimic phosphorylation of Bim1p (16).

We tested whether phosphorylation of Bimlp affects its
association with Kar9p by performing pulldown experiments
with phosphomimetic mutants in the linker region of Bim1p.
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FIGURE 4. Sumoylation of Kar9p is prerequisite for complex formation with Bim1p. A, schematic drawing of the domain architecture of Kar9p with its
sumoylation sites Lys-301, Lys-333, Lys-381, and Lys-529. B, pulldown experiments with recombinant Bim1p(FL) and extracts from strains expressing mutant
Kar9p followed by Western blotting against Myc-Kar9p showed significantly reduced binding to Bim1p. C, summary of the benomyl and temperature
sensitivity of yeast cells expressing sumoylation-deficient Kar9p (supplemental Fig. S5) and corresponding pulldown experiments (B).

Indeed, a strongly reduced interaction was observed with the
double mutant Bimlp(FL;S165D/S166D) (Fig. 3C). With
Bim1p(FL;S139D) and Biml1p(FL;S176D), a more moderate
reduction of Kar9p association was observed. These data indi-
cate that Aurora B/Ipl1p-dependent phosphorylation of Bim1p
might regulate the binding to Kar9p via the Bimlp linker
region. This interpretation is consistent with the observation
that Aurora B/Ipllp kinase-dependent phosphorylation of
Bim1p is required for normal progression of mitosis (16).

Kar9p Sumoylation Is Required for BimIp Binding—XKar9p is
sumoylated at Lys-301, Lys-333, Lys-381, and Lys-529 (18). A
yeast strain expressing a Kar9p version with all four sumoyla-
tion sites mutated fails to accumulate Kar9p asymmetrically on
the mother-directed spindle pole body and emanating astral
microtubules (18). Because sumoylation is hardly detectable in
G, phase but is well established during metaphase, this modifi-
cation was proposed to have a positive effect on the function of
Kar9p during mitosis (18).

We tested the effect of Kar9p sumoylation on its interaction
with Bim1p by generating yeast strains with point mutations in
sumoylation sites of Kar9p (Fig. 4A). These Myc-Kar9p
mutants were tested in pulldown experiments for an interac-
tion with recombinant MBP-Bim1p. We observed an almost
complete loss of Bim1p(FL) binding when all four sumoylation
sites were mutated (Kar9p(4R)) and more moderate defects
when only two or three sites were mutated (Kar9p(2R), K301R/
K381R; and Kar9p(3R), K301R/K381R/K529R) (Fig. 4B). With

MAY 11,2012+VOLUME 287 +NUMBER 20

the exception of K381R, defects in Bimlp association upon
mutation of individual sumoylation sites in Kar9p were more
moderate compared with those upon multiple mutations. Pull-
down experiments with His-tagged Smt3p followed by Western
blotting with anti-Myc antibody revealed that Myc-Kar9p was
indeed sumoylated in our extracts and that this modification
was reduced upon mutation of multiple sumoylation sites (sup-
plemental Fig. S5B). Thus, sumoylation at K381R and perhaps
at additional sites of Kar9p seems to be required for efficient
complex formation with Bim1p.

Effects of Kar9p Sumoylation on Cell Growth—To study the
importance of individual Kar9p sumoylation sites in vivo, we
overexpressed sumoylation mutant versions of Kar9p under the
control of a GALI promoter in a KAR9 deletion background
and tested them for benomyl and temperature sensitivity.
Already, the overexpression of wild-type Kar9p resulted in con-
siderable growth defects (Fig. 4C; compare supplemental Fig.
S5 with supplemental Fig. S4A4). We reasoned that less active
Kar9p mutants might produce weaker dominant-negative
effects, offering a simple approach to unambiguously assess
defects in Kar9p function. Indeed, the observed growth defects
of strains with single Kar9p mutations correlated well with the
defects in the pulldown experiments (Fig. 4C and supplemental
Fig. S5). Whereas Kar9p(2R) showed growth defects with
similar strength as wild-type Kar9p, the Kar9p(3R) and
Kar9p(4R) mutants caused significantly smaller growth defects
(Fig. 4C and supplemental Fig. S5).
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DISCUSSION

Leisner et al. (18) showed that sumoylation occurs during
metaphase and that Kar9p(4R) fails to localize to only one of the
spindle pole bodies. It was further shown that the Bim1p-Kar9p
complex assembles before loading onto the microtubules via
the spindle pole bodies (37). Here, we have demonstrated that
Kar9p sumoylation is important for complex formation with
Bimlp. In agreement with the previous studies, our findings
therefore suggest that sumoylation induces assembly of the
early spindle orientation complex. We should note that our
experiments do not rule out the possibility that additional fac-
tors may be required for this interaction. Furthermore, West-
ern blotting with anti-Smt3p antibody after Bim1p pulldown
experiments suggested additional, previously undetected
sumoylation sites in Kar9p.? Their importance remains to be
investigated in future studies. Notably, strong defects of mutant
proteins in pulldown experiments often translated into much
weaker defects in vivo. This suggests either that the dynein-
dependent spindle elongation compensates for these defects or
that other countervailing mechanisms exist.

Phosphorylation of the linker region of Bim1p by the Aurora
B/Ipllp kinase occurs at the beginning of anaphase (16). This is
the time point when spindle orientation is completed and the
Myo2p-Kar9p-Bim1lp complex has to disassemble. We have
shown that phosphomimetic mutations in our newly identified
Kar9p interaction site of Bim1p result in reduced complex for-
mation. Therefore, our data suggest a cell cycle-dependent
inactivation of the Bim1p-Kar9p interaction by phosphoryla-
tion of Bim1p in the linker region. A working model of the cell
cycle-dependent assembly and disassembly of the Myo2p-
Kar9p-Bim1p complex is given in supplemental Fig. S6.

It has recently been reported that binding of human EB1 to
Aurora B kinase protects it from inactivation (17). In this con-
text, it would be interesting to see whether phosphorylated EB1
or Bim1p shows increased binding to Aurora B/Ipllp kinase,
thereby protecting it from inactivation. If true, this feedback
loop could constitute a novel entry point for inhibitory
approaches.
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