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The budding yeast spindle aligns along the mother-
bud axis through interactions between cytoplasmic
microtubules (CMs) and the cell cortex. Kar9, in com-
plex with the EB1-related protein Bim1, mediates con-
tacts of CMs with the cortex of the daughter cell, the
bud. Here we established a novel series of events that
target Kar9 to the bud cortex. First, Kar9 binds to
spindle pole bodies (SPBs) in G; of the cell cycle.
Secondly, in G/S the yeast Cdkl, Cdc28, associates
with SPBs and phosphorylates Kar9. Thirdly, Kar9
and Cdc28 then move from the SPB to the plus end of
CMs directed towards the bud. This movement is
dependent upon the microtubule motor protein Kip2.
Cdc28 activity is required to concentrate Kar9 at the
plus end of CMs and hence to establish contacts with
the bud cortex. The Cdc28-regulated localization of
Kar9 is therefore an integral part of the program that
aligns spindles.
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Introduction

In mammalian cells, the targeting and capture of
microtubule plus ends at special sites of the cell cortex
are essential for directed cell migration, the alignment of
mitotic spindles, axon outgrowth and polarization of
T cells towards antigens (Goode et al., 2000). In budding
yeast, cytoplasmic microtubules (CMs) interact with both
the cortex of the mother cell and the bud to align the
mitotic spindle with the mother-bud axis. Spindle align-
ment is essential to ensure that the elongation of the
anaphase spindle will result in the correct distribution of
the duplicated sister chromatids between the two cells.
Two pathways establish spindle orientation in yeast. An
early pathway involves the protein Kar9, the EBI
homologue Biml, and a myosin V called Myo2. This
pathway orients the spindle with respect to the mother—bud
axis and positions the spindle close to the bud neck. Later
in the cell cycle, a dynein-dependent pathway translocates
the growing spindle through the mother—bud junction (bud
neck) into the bud. Each pathway can partially compensate
for a failure in the other; however, simultaneous loss of
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both pathways is lethal (Miller and Rose, 1998; Miller
et al., 1998).

The capture of CMs by the bud cortex occurs during the
G4/S interval of the cell cycle. Kar9 concentrates at the
plus ends of CMs that contact the bud neck (Kusch et al.,
2002). Kar9 is linked to microtubules by its association
with Bim1l (Korinek et al., 2000; Lee et al., 2000), a
microtubule-binding protein (Schwartz et al., 1997).
Eventually, Myo2 binds to Kar9 and translocates Kar9
with the associated CMs along polarized actin cables into
the bud (Beach et al., 2000; Yin et al., 2000). Later in the
cell cycle, Kar9 associates with the bud tip in an actin-
dependent manner. Significantly, this later association is
not dependent upon microtubules (Miller et al., 1999).

The spindle pole body (SPB) is the functional equiva-
lent of the mammalian centrosome (Byers and Goetsch,
1975). As such, it is responsible for nucleating and
organizing all of the microtubules. The SPB duplicates by
a conservative mechanism such that the newly formed
SPB assembles next to the pre-existing old SPB from new
components in G;/S of the cell cycle. The new and old
SPBs do not behave in the same way. The old SPB is
orientated towards the growing bud. It then translocates
into the bud while the newly formed SPB is left behind in
the mother cell (Pereira et al., 2002). The selective
orientation of the old SPB towards the bud is dependent
upon the presence of CMs and Kar9 (Pereira et al., 2002)
and is regulated by Cdc28-CIb5 [cyclin-dependent
kinase 1 (Cdkl) with the S phase cyclin CIb5] (Segal
et al., 2000).

Here we address the molecular basis for the regulation
of spindle orientation in budding yeast. We show that Kar9
associates with only the bud-ward-directed SPB. The
microtubule motor protein Kip2 is used to translocate this
population of Kar9 molecules from the SPB to the plus end
of CMs that contact the bud neck in G,/S. The Kar9 cargo
then associates with the bud neck. This association of Kar9
is regulated by Cdc28—-Clb5. Cdc28 co-localizes with Kar9
both at SPBs and at the bud cortex.

Results

Cdc28 is associated with SPBs, CMs and the

bud cortex

In budding yeast, coordinated spindle assembly and
orientation requires Cdc28-Clb5S activity (Segal et al.,
2000). To understand the molecular role of Cdc28 in
spindle orientation, we fused the chromosomal CDC28 to
four copies of the green fluorescent protein
(CDC28-4GFP). CDC28-4GFP was the only source of
Cdc28 activity in these cells. CDC28-4GFP cells divided
with the same doubling time as isogenic CDC28 cells. This
suggested that Cdc28—4GFP was fully functional.
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Fig. 1. Cdc28 binds to the SPB and bud cortex. (A) Localization of Cdc28—4GFP in G//S cells. The yellow arrowheads point toward SPBs, the white
arrows highlight Cdc28—4GFP at the bud cortex and the asterisks mark Cdc28—4GFP along a short nuclear spindle. (B) Quantification of Cdc28—-4GFP
localization. n > 100. (C) Combined images of CDC28—4GFP and CFP-TUBI as indicated. The arrows point towards Cdc28—4GFP at CM plus ends.

The arrowhead indicates Cdc28—4GFP along CMs. Bars: 5 um.

We investigated Cdc28—4GFP localization in cells in
which cell cycle progression had been synchronized by
a-factor arrest and release. Cdc28—4GFP was enriched in
the nucleus throughout the cell cycle. A spindle-like
staining of Cdc28-4GFP was observed in some cells
(Figure 1A, asterisks). As cells developed a small bud in
G4/S of the cell cycle, a strong dot of Cdc28-4GFP was
seen at the nuclear periphery (Figure 1A, yellow arrow-
head). This Cdc28—4GFP dot overlapped with the SPB
marker Spc42 (Donaldson and Kilmartin, 1996) fused to a
fast-folding version of the red fluorescent protein
Spc42-RFP. Localization of a protein close to SPBs
indicates that it is either associated with clustered
kinetochores or with SPBs (Jin et al., 1998). Using
ndcl0-1 cells, which fail to assemble kinetochores at the
restrictive temperature (Goh and Kilmartin, 1993), we
excluded the possibility that the Cdc28—4GFP dot at the
nuclear periphery was generated by association of this
kinase with clustered kinetochores (data not shown). We
concluded that Cdc28 associated with SPBs.

A Cdc28-4GFP spot was also detected at the bud neck
(Figure 1A, arrows). When CMs were labelled by fusing
the a-tubulin gene, TUBI, with the cyan fluorescence
protein (CFP-TUBI), a spot of Cdc28—4GFP co-localized
with the plus end of CMs that contact the bud neck in G,/S

(Kusch et al., 2002; Figure 1C, arrows). In addition,
Cdc28-4GFP dots were observed along CMs (Figure 1C,
arrowhead). Thus, Cdc28 is also found in association with
sites of CM-bud neck interactions.

Quantification of Cdc28 localization showed that bud
neck and SPB association were cell cycle dependent.
Cdc28-4GFP was not detected at SPBs of G; cells
[Figure 1B, o-factor cells or cycling cells (data not
shown)]. On the other hand, over 60% of G,/S cells
showed a Cdc28—4GFP SPB signal, indicating that Cdc28
bound to SPBs in G;/S. Cdc28—4GFP at SPBs decreased as
cells entered mitosis (Figure 1B). Similarly, Cdc28—-4GFP
was not cell cortex associated in G,. Bud neck association
was maximal in G;/S and decreased as cells entered
mitosis. In summary, Cdc28 associated with SPBs,
microtubules and at sites of CM bud neck interactions in
a cell cycle-dependent manner.

Localization of Cdc28 at the bud cortex is
dependent on Bim1 and Kar9

To identify the targets of Cdc28—CIlbS5 in spindle orienta-
tion, we screened for proteins that interacted with Cdc28
and CIb5. The motor protein Kar3 (Meluh and Rose,
1990), the SPB component Spc42 and Kar9 all showed
two-hybrid interactions with Clb5 or Cdc28 (Figure 2A).
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Fig. 2. Cdc28 interacts with Kar9. (A) Cdc28 and Kar9 interact in the yeast two-hybrid system. (B) Co-localization of Kar9 and Cdc28 at the bud cor-
tex. Analysis of CDC28—4GFP KAR9-RFP cells by fluorescence microscopy. The arrows mark Cdc28—4GFP that co-localizes with Kar9—RFP.
(C) Localization of Cdc28—4GFP in Akar9 and Abiml cells. The arrows highlight SPB localization of Cdc28—-4GFP. Note Cdc28-4GFP does not asso-
ciate with the bud neck of Akar9 and Abiml cells. (D) Quantification of Cdc28—4GFP localization in the indicated cell types. n > 100. Bars: 5 um.

The Kar9 interactor Biml showed a weak two-hybrid
interaction with Cdc28 (data not shown). The interaction
between Cdc28-CIb5 and Kar9 was of particular interest
because of the role of Kar9 in spindle alignment and its
localization to the bud neck (Miller and Rose, 1998;
Korinek et al., 2000; Lee et al., 2000; Pereira et al., 2001).
We therefore investigated cells, which contained both
Kar9-RFP and Cdc28-4GFP, to determine whether the
two proteins localized to the same structures. The signal of
Cdc28-4GFP close to the bud neck of G;/S cells
overlapped with the Kar9-RFP cortical signal (Figure 2B,
arrows). In addition, Cdc28-4GFP and Kar9-RFP co-
localized at SPBs (data not shown).

We next tested whether Cdc28 association with SPBs
and the bud cortex was dependent upon KAR9. Since Kar9
interacts with Bim1, and Bim1 is required for the bud neck
association of Kar9 (Korinek et al., 2000; Lee et al., 2000,
Miller et al., 2000), we also investigated Cdc28 localiza-
tion in Abiml cells. When synchronized cells were
inspected 40 min after the release from the G; block
(>70% of cells were small budded), Cdc28—4GFP hardly
associated with the bud cortex in Abiml and Akar9 cells
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(Figure 2C and D), whereas 66% of wild-type cells
displayed a Cdc28-4GFP bud cortex staining (Figure 2D).
In addition, Cdc28—4GFP was not detected along CMs in
Abiml and Akar9 cells (data not shown). In contrast, SPB
association of Cdc28—4GFP was not affected in AbimlI and
Akar9 cells (Figure 2C, arrows). In conclusion, bud cortex
localization, but not SPB binding of Cdc28, required Bim1
and Kar9.

Cdc28 phosphorylates Kar9

As is often the case for phosphoproteins, Kar9 migrated as
a series of bands on SDS-PAGE (Miller et al., 2000). To
test whether Kar9 is indeed subject to modification by
phosphorylation, we immuno-precipitated Kar9 fused to
three copies of the haemagglutinin epitope (Kar9-3HA)
and treated it with A phosphatase. If Kar9 is indeed a
phosphoprotein, this treatment should convert the multiple
forms into a single band. Kar9 collapsed into a single band
upon incubation with phosphatase (Figure 3A).
Phosphatase inhibitors delayed this conversion. Thus,
Kar9 is a phosphoprotein.
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Fig. 3. Phosphorylation of Kar9 is Cdc28 dependent. (A) Phosphorylated Kar9-3HA was incubated as indicated. Samples were analysed by immuno-
blotting with anti-HA antibodies (12CAS5). (B) KAR9-3HA cells were synchronized by o-factor block and release and analysed for Kar9 phosphoryl-
ation, cell morphology and DNA content by flow cytometry. Clb2 content of cells was followed over time. (C) Wild-type and cdc28—4 cells with
KAR9-3HA were arrested in S phase with HU. Kar9 phosphorylation was analysed by immunoblotting. (D) Buffer only (-) or GST-Kar93%-644 purified
from E.coli were incubated with Cdc28-HA or the kinase-dead Cdc28K40L-HA from yeast cells in the presence of [32P]y-ATP. Similar amounts of

Cdc28-HA and Cdc28K40L-HA were used for the assay (data not shown).

Phosphorylation of Kar9 was studied in cells in which
cell cycle progression had been synchronized. In G; cells,
Kar9 was not phosphorylated. Nearly all Kar9 became
phosphorylated with the appearance of buds in G,/S phase
and the beginning of DNA replication (Figure 3B; 40 min),
which is well before the mitotic cyclin Clb2 accumulated
in mitosis. Kar9 became dephosphorylated at the end of
mitosis (Figure 3B; 80 min) with the degradation of CIb2.
About 90% of Kar9 was phosphorylated when cell cycle
progression of wild-type cells was arrested in S phase
following treatment with hydroxyurea (HU) (Figure 3C).
In contrast, Kar9 phosphorylation was not observed when
cells carrying the conditional lethal cdc28-4 allele were
similarly arrested in S phase with HU. Phosphorylation of
Kar9 is therefore dependent upon Cdc28 and occurs at the
same time as CMs establish interactions with the bud neck.

Kar9 has 15 Cdc28 consensus phosphorylation sites (S/
T P). To show direct phosphorylation of Kar9 by Cdc28,
we expressed Kar9 as a glutathione S-transferase (GST)
fusion in Escherichia coli. However, the GST-Kar9 fusion
protein was unstable. We therefore expressed the C-
terminal 275 amino acids of Kar9 fused to GST
(GST-Kar930°-644) " which contained 11 Cdc28 phos-
phorylation consensus sites, in E.coli and purified the
GST fusion protein (GST-Kar93%-64)  GST and
GST-Kar93%°-64 were then incubated with Cdc28-HA or
the kinase-dead Cdc28X*L_HA enriched from yeast cells.
Only Cdc28-HA, but not Cdc28K40L_HA, was able to
phosphorylate GST-Kar9369-64 (Figure 3D). GST was not
phosphorylated by Cdc28-HA (data not shown). Thus,
Cdc28 phosphorylates Kar9 directly in vitro.

When taken together, the timing of Kar9 phosphoryl-
ation at the beginning of S phase, when the Cdc28—Clb5
complex provides most of the Cdc28 activity, is consistent
with the notion that Cdc28 in association with CIb5 is
mainly responsible for Kar9 phosphorylation in vivo.
However, other Cdc28—Clb complexes may also be able to
phosphorylate Kar9. In fact, we observed that
Cdc28-CIb2-3HA was able to phosphorylate Kar9
in vitro (data not shown).

Cdc28 regulates Kar9 localization

We assessed whether Cdc28 regulates localization of
Kar9. First, localization of Kar9 was studied in synchro-
nized wild-type cells. The chromosomal KAR9 was fused
to GFP (KAR9—-GFP) and KAR9-GFP was expressed from
the endogenous promoter. This contrasts other studies that
expressed GFP-KAR9 from the strong Gall promoter
(Miller and Rose, 1998; Beach et al., 2000; Korinek et al.,
2000; Lee et al., 2000). In most a-factor-arrested G wild-
type cells, Kar9—GFP associated with SPBs (Figure 4B), a
localization that was confirmed when cells were synchro-
nized by CDC20 depletion in M phase and then upon re-
induction of CDC20 progressed into G; (data not shown).
In G/S cells, Kar9—GFP associated mainly as a dot with
the bud cortex close to the bud neck (Kusch et al., 2002)
and SPB localization was reduced from the G, figure of 83
to 32% (Figure 4A and B). In G/M, Kar9-GFP was
predominantly associated with the bud tip (Miller er al.,
1999; Figure 4B). It is important to note that in G,/S, more
cells (>60%) had a Cdc28-4GFP signal at SPBs
(Figure 1B) compared to Kar9—GFP (32%). This differ-
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Fig. 4. Cdc28 regulates Kar9 localization. (A) Localization of Kar9-GFP in synchronized G,/S wild-type cells at 30°C. The asterisk indicates
Kar9-GFP at the bud neck and the arrow Kar9-GFP along CMs. (B) Quantification of Kar9-GFP localization in wild-type cells. n > 100.
(C) Kar9—GFP localization in G/S of cdc28-4 Gall-CLB5 cells. Cells were blocked in YPRG with a-factor and released in YPAD medium at 23°C.
The arrows indicate Kar9—GFP along CMs. (D) Quantification of wild type and cdc28-4 Gall-CLB5 cells in G/S. Both strains were grown as
described in (C). n > 100. (E) Direction of CMs (stained by Kar9—GFP) in wild-type and cdc28-4 Acib5 cells. (F) Localization of Kar9—GFP with the
bud tip (indicated by the arrows) in wild type and cdc28—4 Aclb5 cells in anaphase. Bars: 2.5 pum.

ence indicates that not all Cdc28 is in complex with Kar9. Next, we compared the distribution of Kar9—GFP in
The additional Cdc28 at SPBs may be required for SPB wild-type cells with that in cells in which Cdc28 activity
separation (Lim et al., 1996). Thus, Kar9 binds to SPBs in was reduced. Cdc28 activity of cells carrying the cdc28-4
G, and associates with the bud neck in G,/S. mutation becomes severely impaired at the permissive
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Fig. 5. Localization of Cdc28 and Kar9 with the bud cortex requires microtubules. (A) Cdc28—4GFP localization in nocodazole-treated G,/S cells. The
arrows indicate Cdc28—4GFP co-localizing with the SPB marker Spc42-RFP. (B and C) Cells were synchronized by a-factor and released into med-
ium with or without nocodazole. G; and G,/S cells were quantified. (D) Time-lapse analysis of KAR9—GFP SPC42—RFP cells. Shown are the merged
Kar9—GFP (shown in green) and Spc42-RFP signals (red) and phase contrast taken every 10 sec. (E) As (D) but with CDC28-4GFP SPC42-RFP
cells. The arrows highlight the position of Cdc28—4GFP moving from the SPB to the bud cortex. Bars: 5 um.

temperature if the B-type cyclin CIbS5 is depleted (Aclb5)
(Segal et al., 1998). In contrast to cells lacking all Cdc28
activity, cdc28-4 Aclb5 cells still progress through the cell
cycle (Segal et al., 2000), allowing the analysis of the cell
cycle-dependent distribution of Kar9. Wild-type and
cdc28-4 Gall-CLBS5 cells arrested in G; were released

into glucose medium at 23°C, which caused rapid
depletion of CIb5 from cdc28-4 Gall-CLB5 cells. Most
G /S cdc28-4 Aclb5 cells did not show the enrichment of
Kar9 at the plus end of CMs that was seen in wild-type
cells (Figure 4C and D). Instead, Kar9 localization along
CMs increased from 24% in wild-type cells to 82% in
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cdc28-4 Aclb5 cells. This indicated that Cdc28-Clb5
activity was important to concentrate Kar9 at the plus end
of CMs. Because Kar9 at CMs plus ends is required for the
interaction of CMs with the bud neck (Kusch er al., 2002),
we would anticipate a reduction in CM bud neck
interactions in cdc28-4 Aclb5 cells. Indeed, CMs of G,/S
cdc28-4 Aclb5 cells were mostly orientated towards the
bud tip. This contrasted with the predominant orientation
towards the bud neck that was seen in wild-type cells, at
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the same stage of the cell cycle (Figure 4E). Together,
these results indicate that Cdc28—CIb5 activity is required
to concentrate Kar9 at the plus end of CMs and thereby to
establish CM-bud neck interactions.

In contrast to the situation in G,/S, Kar9 associates with
the bud tip of anaphase cells in an actin- but not tubulin-
dependent manner (Miller et al., 1999). In both wild-type
and cdc28-4 Aclb5 cells in anaphase, Kar9—GFP localized
at the bud tip (Figure 4F, arrow). Cdc28—CIDb5 is therefore



only required for binding of Kar9 to the bud neck, but not
for its association at later cell cycle stages with the tip of
the bud.

Transport of Cdc28 and Kar9 from the SPB to the
bud neck required CMs and the motor Kip2

Two models account for the binding of Cdc28 and Kar9 to
the plus ends of CMs that contact the bud neck. First,
Cdc28 and Kar9 bind to the CM plus ends when these ends
contact the bud neck. Alternatively, both proteins bind first
to SPBs and are then transported along CMs towards their
plus end and so eventually Kar9 interacts with Myo2 at the
bud neck. Both models predict that CMs are required for
the bud neck localization of Cdc28 and Kar9. However,
only when Kar9 binds first to SPBs and then moves along
CMs would depolymerization of microtubules prevent the
disappearance of Kar9 from the SPB. Determining the
consequences of microtubule depolymerization upon Kar9
and Cdc28 distribution in an otherwise unperturbed cell
cycle therefore offers a simple way to differentiate
between these two possibilities.

To test both models, G, cells were released from the cell
cycle block in the presence of the microtubule depolymer-
izing drug nocodazole. Nocodazole treatment did not
affect cell cycle progression through G; and S phase as
judged by flow cytometry and the formation of buds (data
not shown). The binding of both Cdc28—-4GFP (Figure SA
and B) and Kar9-GFP (Figure 5C) to the bud neck in G,/S
was strongly reduced by the drug treatment, suggesting
that microtubules were essential to target Cdc28 and Kar9
to the bud neck. Consistent with the second model, SPB
dissociation of Kar9 was prevented when cells were
treated with nocodazole. When untreated cells progressed
from G; into G,/S, SPB association of Kar9-GFP
decreased from 83 to 32% (Figures 4B and 5C).
However, in the presence of nocodazole, the number of
G,/S cells with Kar9—GFP at SPBs did not drop, rather it
increased to a level that was slightly higher than that seen
in G; cells prior to addition of the drug (Figure 5C).
Cdc28-4GFP binding to SPBs in G/S was not altered by
nocodazole (Figure 5B). This result is consistent with a
model in which Kar9 binds to SPBs in G; and then moves
from the SPB to the bud neck in G,/S. This movement
requires the presence of microtubules. Moreover, Cdc28
binding to the bud neck, but not to SPBs in G,/S, is
microtubule dependent.

Time-lapse analysis confirmed that in G,/S cells the
Kar9-GFP signal at SPBs (marked by red Spc42-RFP)
migrated to the bud neck (Figure 5D). The linear nature of
the migration suggests that this movement is most likely to
be occurring along CM tracks. In some experiments, the
Kar9—GFP signal, which originated at SPBs, even moved
1-2 wm backwards towards the SPB and then again
reversed its movement to the bud neck (data not shown). It
remains unclear whether the backward movement of Kar9
is due to a minus end-directed motor protein or to the
Kar9—GFP holding on to the tip of a disassembling CM.
Movements of Cdc28—4GFP from the SPB to the bud neck
were also observed when CDC28—4GFP SPC42-RFP
cells were used for the time-lapse experiment (Figure SE,
the green Cdc28-4GFP signal is marked by an arrow).

If Kar9 and Cdc28 were moving along CMs, we would
expect to find that this movement was dependent upon the
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function of a microtubule-dependent motor protein. In
budding yeast, the kinesin-like proteins Kar3, Kip2 and
Kip3 and the dynein—dynactin complex all play an
important role in spindle alignment (Hildebrandt and
Hoyt, 2000). Smy1 shows homology to kinesin-like motor
proteins; however, it functions together with the myosin
motor Myo2 (Lillie and Brown, 1994). Kar9—GFP local-
ization in G,/S was only affected in Akip2 cells, but not
drastically altered in Akar3, Akip3, Asyml or Aact5 cells
[deletion of ACTS5 impairs the function of the
dynein—dynactin complex (Li et al., 1994)]. In contrast
to wild-type cells, most Akip2 cells in G1/S showed a
Kar9—GFP signal close to the bud-directed SPB (Figure 6A
and B). Moreover, when Kar9 was seen along CMs, the
signal was much stronger nearer the SPB (Figure 6A, top)
while in wild-type cells in G,/S, any association with the
CMs was seen near the bud neck and not the SPB
(Figure 4A, bottom). Localization of Cdc28 with the bud
neck was also reduced in Akip2 cells whereas the
association of Cdc28 with the SPBs was not affected by
KIP2 deletion (Figure 6C). This result suggests that Kip2
is important to concentrate Cdc28 and Kar9 at the bud
neck, probably by interacting with Cdc28 or Kar9. Indeed,
we observed a two-hybrid interaction of Kip2 and Kar9
(Figure 6D).

CMs are shorter and less dynamic in Akip2 than in wild-
type cells. Deletion of the motor KAR3 reversed these
defects of Akip2 cells (Huyett et al., 1998). To exclude the
possibility that the reduced binding of Kar9 with the bud
neck in Akip2 cells was due to a change in CM properties,
rather than an active role for Kip2 in transporting Kar9, we
investigated Kar9 localization in Akip2 Akar3 cells. In
Akip2 Akar3 cells, Kar9—GFP still showed the same
reduction in association with the bud neck that was seen in
single Akip2 mutant cells. In fact, most of the Kar9—GFP
localized close to SPBs in Akip2 Akar3 KAR9-GFP
SPC42—RFP cells (data not shown). To ensure that Akip2
Akar3 cells with relatively normal CMs fail to transport
Kar9 from the SPB to the bud cortex, microtubules were
stained with CFP-Tub1. The Kar9—GFP signal of G,/S and
even S phase cells still associated with the minus end (the
microtubule end associated with the SPB) of long CMs
that were directed into the bud. No Kar9-GFP was
detected at the site where CMs contacted the bud cortex
(Figure 6E). This result indicates that even in Akip2 cells
with normal CMs, Kar9 fails to become transported from
the SPB to the bud cortex. It is therefore likely that Kip?2 is
directly involved in the transport of Kar9.

Kar9 binds to the bud-ward-directed SPB

Kar9 predominately associates with the CMs that enter the
bud and not the CMs that contact the cortex of the mother
cell (Figure 4A, bottom; Beach et al., 2000). In most
(90-95%), but not all, wild-type cells, the old SPB
segregates into the bud while the new SPB stays in the
mother cell (Pereira et al., 2001). This raises the possibility
that Kar9 could bind exclusively to the old SPB, which has
experienced at least one cell cycle and therefore may have
been subjected to a modification that the new SPB is yet to
experience. If this is the case, then Kar9 should only
associate with the old SPB, even in the rare cases (5—10%)
when the new SPB migrates into the bud. To test this
possibility, the SPB protein Spc42 was fused with a slow
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Fig. 7. Kar9 binds to the bud-ward-directed SPB. (A) SPB association
of Kar9—-GFP in KAR9-GFP CFP-TUBI SPC42-RFPS cells was ana-
lysed after nocodazole treatment. (B) Kar9—GFP SPB association of
synchronized KAR9-GFP CFP-TUBI SPC42-RFPS Akip2 cells. The
CFP-Tubl signal is shown in the merged figure in blue. Bar: 5 pum.
(C) Quantification of (B). n > 200.

folding version of RFPS (SPC42-RFPS) (Pereira et al.,
2001). The slow folding property of this RFPS variant
allows clear distinguishing of the old (fluorescent) from
the new (non-fluorescent) SPB. To increase the percentage
of cells with separated SPBs and Kar9 staining, SPC42-
RFPS KAR9-GFP cells were treated with nocodazole. In
~10% of cells, Kar9—GFP was only associated with the
new SPB, which was not labelled by Spc42-RFPS
(Figure 7A). This result suggested that Kar9 binding was
not determined by the age of the SPB.

In Akip2 cells, Kar9 remains associated with SPBs even
when they separate in S phase (Figure 6A). In addition,
due to the defect of CMs in interacting with the cell cortex
(Huyett et al., 1998), SPB inheritance is disturbed in Akip2
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cells. In 19% of Akip2 cells, the old SPB stayed in the
mother cell and the new SPB segregated into the bud. This
property of Akip2 cells allowed us to study what
determines SPB binding of Kar9. Kar9 localization of
cells with CFP-TUBI (to indicate the position of SPBs)
and SPC42-RFPS (marks the old SPB) was followed
through the cell cycle. In cells with a short spindle,
Kar9—GFP always associated with the bud-ward-directed
SPB independently, whether it was the old or the new
(Figure 7B and C). This result established that it is not the
age of the SPB that determines SPB binding of Kar9,
rather the position of the SPB relative to the location of the
bud determines SPB binding of Kar9.

Discussion

During asymmetric division of cells of Drosophila
melanogaster and Caenorhabditis elegans and during
spindle assembly in budding and fission yeast, the spindle
becomes orientated relative to spatial cellular markers
(Schaefer and Knoblich, 2001). Therefore, the two sets of
CMs, each organized by one of the two SPBs or
centrosomes, have to be captured by at least two distinct
subdomains of the cell cortex. Cells must have developed
mechanisms that ensure that the stable interaction of the
two CM sets with the same cortical domain is rare since
this would ultimately lead to a mispositioning of the
spindle.

A yeast protein that is involved in the differential
attachment of CMs to the cell cortex is Kar9. Using
GFP-KAR9, mostly expressed from the Gall promoter,
Kar9 was localized to the SPB, along CMs, the bud neck
and the bud tip (Miller and Rose, 1998; Miller ef al., 1999,
2000; Beach et al., 2000; Korinek et al., 2000; Lee et al.,
2000; Kusch et al., 2002). However, the functional
significance of Kar9 at SPBs and CMs, the interdepen-
dency of these localizations and their regulation remained
unclear. Here we report the identification of a novel
mechanism of how Cdc28 and Kar9 are transported from
SPB to the bud neck in G,/S of the cell cycle. Thereby both
proteins ensure the timely correct alignment of the mitotic
spindle. Our data are consistent with a model in which
Kar9 binds to SPBs in G; of the cell cycle (Figure 8,
step 1). Kar9 was always associated with the bud-ward-
directed SPB upon spindle formation, suggesting a pref-
erential binding to or stabilization of Kar9 at this SPB.
How Kar9 is targeted to only one of the two SPBs is not
understood. As one possibility, the CMs that contact the
bud cortex first, which are in most cases organized by the
old SPB (Segal et al., 2000), modify this SPB to allow the
preferential binding of Kar9. Such a mechanism has been
proposed for the checkpoint protein Bfal (Pereira et al.,
2001). Pulling or pushing forces applied via CMs onto the
SPB, or molecules, which move from the bud cortex along
CMs to the SPB, may modify the SPB to allow Kar9
binding.

In G,/S, Cdc28 associates with SPBs (step 2) and Kar9
becomes phosphorylated. Four observations suggest that
Cdc28 directly phosphorylates Kar9. First, Cdc28 and
CIb5 interacted with Kar9 in the yeast two-hybrid system.
Secondly, the in vivo phosphorylation of Kar9 coincides
with Cdc28 binding to SPBs. Thirdly, phosphorylation of
Kar9 is dependent on Cdc28 activity in vivo. Fourthly,
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only Cdc28, and not the kinase-dead Cdc28%4L, was able
to phosphorylate recombinant Kar9 in vitro.

Kar9 and Cdc28 then move from the SPB to the plus end
of CMs (step 3). The Bim1 and Kar9 dependency of the
Cdc28 translocation, complex formation of Biml and
Kar9 (Korinek et al., 2000; Lee et al., 2000; Miller et al.,
2000) and the similar cell cycle-dependent movement of
Cdc28 and Kar9 from the SPB to the bud neck (Figure 5D
and E) are consistent with the notion that a complex of
Cdc28 and Kar9 and possibly Bim1 translocates from the
SPB to the bud cortex. The movement of Cdc28 and Kar9
was dependent upon the microtubule motor protein Kip2.
A role for Kip2 in moving Kar9 to the bud cortex is further
supported by the phenotype of Akip2 cells. Akip2 cells
have a similar spindle orientation defect as Akar9 cells
(Miller et al., 1998). A likely interpretation of these results
is that the microtubule-dependent motor Kip2 interacts
with a component of the Kar9 complex and directly
transports Cdc28 and Kar9 to the plus end of CMs. In this
respect, it is interesting that Kar9 and Kip2 interact in the
yeast two-hybrid system. Alternatively, Kar9, as is prob-
ably the case for the fission yeast cell end marker Teal
(Mata and Nurse, 1997; Behrens and Nurse, 2002), binds
to CM plus ends and becomes transported by microtubule
growth to the cell cortex. In this case, the defect of Kar9
translocation would be the result of the shorter and less
dynamic CMs of Akip2 cells (Huyett et al., 1998). We
consider this latter possibility less likely since the deletion
of KAR3, which reverses the CM defect of Akip2 cells
(Huyett et al., 1998), did not restore the transport of Kar9
from the SPB to the bud cortex. In any case, additional
studies are required to fully understand the molecular
function of Kip2 in Kar9 translocation.

Based on the lethality of Akip2 Akar9 double mutants, it
has been suggested that KIP2 functions together with the
dynein-dependent pathway in spindle assembly (Miller
et al., 1998). Our data now suggest that Kip2 functions
also in the early Kar9-dependent spindle orientation
pathway. The role of Kip2 in the early pathway was
probably not detected by the genetic assay (viability of
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Akip2 Adynl double mutant) because of the redundancy of
motor protein function in localizing Kar9 to the bud neck.
Moreover, not all interactions of Kar9 with the bud cortex
are affected in Akip2 cells. Binding of Kar9 to the bud tip
in mitosis occurs in Akip2 cells with equal efficiency to
that in wild-type cells (Miller et al., 1998).

Kar9 at CMs plus ends then facilitates the interaction of
CM ends with the bud cortex probably through its binding
to the actin motor Myo?2 (step 4). Myo?2 transports the CMs
along actin cables towards the bud tip (step 5) (Yin et al.,
2000) where Kar9 becomes anchored to the bud tip (Miller
et al., 1999). Kar9 also binds to the bud tip in the absence
of CMs, and this binding is not affected when Cdc28
activity is impaired (Figure 4F). Thus, the movement of
Kar9 from the SPB to the bud cortex is not an absolute
necessity for the bud tip localization.

What is the role of Cdc28 at CMs? As discussed above,
one target of Cdc28 is likely to be Kar9 itself. Cdc28 may
also regulate other proteins involved in Kar9 translocation.
For example, Kip2 is separated into multiple bands by
SDS-PAGE, which may represent phospho-forms of Kip2
(T.Usui, unpublished data). Cdc28 could regulate the cell
cycle-dependent translocation of Kar9 from SPBs to the
plus end of CMs. This model is consistent with the
observation that Kar9 translocation coincides with Cdc28
binding to SPBs. Moreover, when Cdc28 activity is
impaired, Kar9 transport to CMs plus ends is inefficient
and hence CMs fail to establish interactions with the bud
neck. In addition, Cdc28 could modulate the interaction of
Kar9 with Myo2 at the bud cortex (Yin et al., 2000).

The selective binding of Kar9 to one SPB and its Cdc28-
regulated translocation to CM plus ends ensure that only
one of the two CM sets is able to establish Kar9—-Myo2
contacts with the bud cortex. The other CMs, which are
organized by the SPB that stays in the mother cell, do not
carry Kar9 and therefore fail to establish stable contacts
even if they accidentally touch the bud cortex. Due to
the failure to concentrate Kar9 at CM plus ends, the
differential binding mechanism is impaired in cdc28-4
Aclb5 cells. This deficiency of cdc28-4 Aclb5 cells
may contribute to the frequent mis-segregation of the
entire nucleus into the bud (Segal et al., 1998, 2000).
Thus, the Cdc28-regulated localization of Kar9 at CMs
plus ends is an important part of the program that aligns
spindles and prevents chromosome mis-segregation in
budding yeast.

Adherens junctions of Drosophila epithelial cells pro-
vide a planar cue to orient the mitotic spindle during
symmetrical division. The adenomatous polyposis coli
(APC) tumour suppressor, which shows limited homology
to Kar9, and EB1, the homologue of Bim1, are involved in
this orientation (Bienz, 2001). It is therefore likely that, in
other organisms also, the capture of Kar9-Biml-related
complexes by the cell cortex contributes to spindle
orientation. Moreover, the regulation of APC-EBI1
complexes could be similar to budding yeast. In
Schizosaccharomyces pombe and mammalian cells, Cdk1
and cyclin B1 also transiently associate with the SPB or
centrosome (Bailly et al., 1989; Alfa et al., 1990). It will
be important to investigate whether in higher eukaryotes
APC-EB1 complexes are transported from the centrosome
to the cell cortex in a Cdk-regulated manner.
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Table 1. Yeast strains and plasmids

Name Genotype construction

Source or reference

Yeast strains

ESM356-1 MATa ura3-52 trplA63 his3 A200 leu2Al Pereira et al. (2001)

SHM285 MATa ura3-52 trplA63 his3A200 leu2Al CDC28-4GFP-KanMX6 SPC42-RFP-NatNT2? This study

SHM288 MATa ura3-52 trplA63 his3A200 leu2Al CDC28-4GFP-KanMX6 KAR9-RFP-NatNT2 This study

SHM289 MATa ura3-52 trpIA63 his3A200 leu2Al CDC28-4GFP-KanMX6 SPC42-RFP-NatNT2 Akar9::kITRPI® This study

SHM292 MATa ura3-52 trplA63 his3A200 leu2Al KAR9-GFP-kITRPI KanMX6-Gall-HA-CLB5 cdc28-4 This study

SHM296 MATa ura3-52 trplA63 his3A200 leu2Al KAR9-3HA-kITRP1 KanMX6-Gall-HA-CLBS cdc28-4 This study

SHM315 MATa ura3-52 trplA63 his3A200 leu2Al KAR9-GFP-His3MX6 SPC42-RFP-NatNT2 This study

SHM323 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al KAR9-3HA-His3MX6 barl This study

SHM326 MATa ura3-52 trplA63 his3A200 leu2Al CDC28-4GFP-KanMX6 SPC42-RFP-NatNT2 Abiml::hphMX4° This study

SHM327 MATa ura3-52 trplA63 his3A200 leu2Al CDC28-4GFP-KanMX6 SPC42-RFP-NatNT2 Akip2::kITRP1 This study

SHM342 MATa ura3-52 trplA63 his3A200 leu2Al KAR9-GFP-His3MX6 SPC42-RFP-NatNT2 Akip2::kITRP1 This study

SHM357 MATa ura3-52 trplA63 his3A200 leu2Al CDC28-4GFP-KanMX6 CFP-TUBI This study

SHM370 MATa ura3-52 trplA63 his3A200 leu2Al SPC42-RFP*-KanMX6 KAR9-GFP-kITRP1 CFP-TUBI This study

SHM382 MATa ura3-52 trplA63 his3A200 leu2Al SPC42-RFP*-KanMX6 KAR9-GFP-kITRPI Akip2::hphMX4 This study
CFP-TUBI

SHM466 MATa ura3-52 trplA63 his3A200 leu2Al SPC42-RFP-NatNT2 KAR9-GFP-His3MX6 Akip2::kITRPI This study
Akar3::hphMX4 CFP-TUBI

YASS MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al barl Spang et al. (1996)

Plasmids

pACT2 2 um, LEU2-based vector carrying the GAL4 activator domain Durfee et al. (1993)

pCFP-TUB1 pRS306 carrying CFP-TUBI Jensen et al. (2001)

pHM19 pMMS carrying CLBS This study

pHM21 pMMS carrying CDC28 This study

pHM49 pGEX-4T-1 carrying KAR9 (codons 369-644) This study

pKB174 CEN CDC28-HA TRPI Agarwal and

Cohen-Fix (2002)
pKB173 CEN cdc28KL-HA TRPI Agarwal and
Cohen-Fix (2002)

pMMS5 p423-pGall-lexA-Myc M.Knop

pMM6 p425-pGall-lexA-Myc M.Knop

pSE72 pMM6 carrying KARI (codons 1-410) This study

pSE74 pMM6 carrying SPC42 (codons 1-138) This study

pSE76 pMMG6 carrying SPC42 (codons 96-363) This study

pSM833 pMMS carrying KAR9 This study

pSM834 pMM6 carrying KAR9 This study

pSMS855 pMMG6 carrying KIP1 This study

pSM856 pMM6 carrying KIP2 This study

pSM859 pMME6 carrying KIP3 This study

pUG41 pACT?2 carrying KAR3 This study

pUGIS5 pACT2 carrying CIK] This study

aNatNT?2 encodes the Streptomyces noursei natl gene.
PKITRP1 encodes the Kluyveromyces lactis TRPI gene.
‘hphMX4 encodes the E.coli hph gene.

Materials and methods

Plasmids and yeast strains

Strains and plasmids are listed in Table I. Yeast strains were derivatives
of YPH499 (Sikorski and Hieter, 1989). Yeast strains were constructed by
PCR-based methods (Knop er al, 1999). Plasmid pSM1023
(4GFP-KanMX6) was used for the construction of CDC28—4GFP,
pSM822 for the slow folding SPC42—-RFPS (Pereira et al., 2001) and
pYMI12 for KAR9-GFP (Knop et al., 1999). The RFP-natNT?2 cassette,
which encodes a fast folding RFP with nourseothricin resistance as
selectable marker, was constructed by combining described mutations
(Bevis and Glick, 2002; Knop et al., 2002). Two-hybrid interactions were
determined as described previously (Janke et al., 2001).

Cell cycle analysis and growth conditions

Yeast strains were grown in yeast extract, peptone, dextrose medium
containing 100 mg/l adenine (YPAD medium) (Sherman, 1991). Cells
were blocked in G; by the addition of 10 pg/ml mating pheromone
o-factor. After 2.5 h at 23°C or 2 h at 30°C, cells were released from the
block by washing with YPAD medium. The old SPB was selectively
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labelled following a standard protocol (Pereira et al., 2001). cdc28-4
Gall-CLBS5 cells were grown in YP medium with 3% raffinose and 2%
galactose (YPRG). Gall-CLB5 expression was repressed by washing the
cells with YPAD. Microtubules were depolymerized with 15 pg/ml
nocodazole. DNA content was analysed by flow cytometry (Hutter and
Eipel, 1979).

Phopshorylation of Kar9

Kar9-3HA was immunoprecipitated from logarithmically growing cells
and incubated with buffer alone or 40 U A phosphatase either with or
without the inhibitor EDTA (5 mM) for 1 h at 30°C. For the Cdc28
dependence of Kar9 phosphorylation, wild-type and cdc28-4 Gall-CLB5
cells were incubated with 200 mM HU at 23°C in YPRG until >90% of
the cells had large buds. For the in vitro phosphorylation assay, an
EcoRI-Sall fragment encoding amino acids 369-644 of Kar9 was
subcloned into pGEX-4T-1 (Pharmacia). Cdc28-HA or the kinase-dead
Cdc28K40L-HA were purified from Akar9 yeast cells carrying plasmid
pKB174 (CDC28-HA) or pKB173 (cdc28K40L-HA) (Agarwal and Cohen-
Fix, 2002). The HA-tagged proteins were enriched using anti-HA beads
(12CAD5). For the in vitro phosphorylation, purified GST-Kar939-644 and



GST were incubated with beads carrying Cdc28-HA or Cdc28X4L-HA in
kinase buffer (50 mM Tris—HCI, 20 mM MgCl,, 1 mM dithiothreitol and
0.5 mM sodium orthovanadate pH 7.5) containing [32P]y-ATP for 45 min.

Image analysis

GFP- or RFP-labelled cells were analysed by fluorescence microscopy
after fixing the cells with 3.7% formaldehyde. DNA of cells was stained
with 47,6-diamidine-2-phenylindole (DAPI) (Pereira et al., 2000). Single
plane time-lapse analysis of living cells was performed as described
previously (Pereira et al., 2001).
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