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Yeast spindle pole bodies (SPBs) duplicate once per
cell cycle by a conservative mechanism resulting in a
pre-existing ‘old’ and a newly formed SPB. The two
SPBs of yeast cells are functionally distinct. It is only
the SPB that migrates into the daughter cell, the bud,
which carries the Bfalp-Bub2p GTPase-activating
protein (GAP) complex, a component of the spindle
positioning checkpoint. We investigated whether the
functional difference of the two SPBs correlates with
the time of their assembly. We describe that in unper-
turbed cells the ‘old’ SPB always migrates into the
bud. However, Bfalp localization is not determined by
SPB inheritance. It is the differential interaction of
cytoplasmic microtubules with the mother and bud
cortex that directs the Bfalp—Bub2p GAP to the
bud-ward-localized SPB. In response to defects of
cytoplasmic microtubules to interact with the cell
cortex, the Bfalp—-Bub2p complex binds to both SPBs.
This may provide a mechanism to delay cell cycle pro-
gression when cytoplasmic microtubules fail to orient
the spindle. Thus, SPBs are able to sense cytoplasmic
microtubule properties and regulate the Bfalp-Bub2p
GAP accordingly.

Keywords: Bfalp—Bub2p/mitotic exit network/spindle
position checkpoint/SPB inheritance/Tem1p

Introduction

Centrosomes consist of a pair of centrioles surrounded by
the pericentriolar material that is involved in microtubule
formation. In G; phase of the cell cycle, the single
centrosome of a cell contains a daughter centriole that
assembled during the previous S phase and a mother
centriole formed in an earlier cell cycle. The mother and
daughter centrioles of a centrosome are biochemically,
structurally and functionally distinct (Paintrand et al.,
1992; Piel et al., 2000, 2001). For example, completion of
cytokinesis in animal cells coincides with the migration of
the mother but not the daughter centriole towards the
cytokinesis site (Piel et al., 2001).

In budding yeast, microtubule organizing functions are
provided by the spindle pole body (SPB). The SPB is a
multi-layered structure embedded in the nuclear envelope
throughout the cell cycle. Like centrioles, the SPB
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duplicates once per cell cycle and the ‘new’ SPB forms
adjacent to the pre-existing ‘old” one. SPB duplication
initiates at the distal end of the half-bridge, a one-sided
extension of the central layer of the SPB, with the
formation of a precursor named the satellite. The satellite
matures into a new SPB around the beginning of S phase.
The ‘new’ SPB remains connected to the ‘old’ one by the
extended half-bridge, now called the bridge, which is
cleaved in S phase. The two SPBs then separate to form the
opposite poles of the spindle (Byers and Goetsch, 1975).

Cytoplasmic microtubules directed into the bud orient
the spindle along the mother-bud axis through Kar9p,
Bimlp and Myo2p, which are associated with the bud
cortex (Beach et al., 2000; Korinek et al., 2000; Lee et al.,
2000; Pruyne et al., 2000). The short spindle is then
situated in the mother cell body with one SPB close to the
bud neck and the other opposite towards the pole of the
mother cell. Upon the onset of anaphase, cytoplasmic
dynein provides the driving force for the nuclear move-
ment into the bud. The Kar9p- and dynein-dependent
pathways are to some extent redundant. Loss of one
pathway results in nuclear migration defects whereas loss
of both is lethal (Miller and Rose, 1998; Heil-Chapdelaine
et al., 2000; Farkasovsky and Kiinzel, 2001).

Bfalp and Bub2p form a two-component GTPase-
activating protein (GAP) complex that is an integral part of
the spindle position checkpoint (SPC). The SPC prevents
premature cytokinesis when nuclear migration into the bud
is delayed, probably by inhibiting the GTPase Temlp
(Bardin et al., 2000; Pereira et al., 2000). Only the SPB
that migrates into the bud in anaphase carries Bfalp and
Bub2p (Pereira et al., 2000). Thus, the two SPBs are
functionally and biochemically distinct, a property that is
here referred to as SPB polarity. SPB polarity is important
for SPC regulation. The SPC seems to become inactive
when cytoplasmic microtubules organized by the bud-
ward-directed SPB fail to interact with the bud neck
(Adames et al., 2001). Maintenance of spindle polarity is
also important for accurate chromosome segregation
(Miller and Rose, 1998).

SPB inheritance describes the mode of partitioning of
the ‘old’ and the ‘new’ SPBs between the mother cell body
and the bud. ‘Old’ and ‘new’ SPBs may become segre-
gated randomly or preferentially between the two cell
bodies. It is unknown whether in budding yeast SPB
inheritance and polarity are linked, as this is the case for
mammalian centrioles (Piel et al., 2000, 2001). We
describe here that SPBs are inherited in a defined manner.
The ‘old” SPB segregates into the bud. Integrity of
cytoplasmic microtubules ensures SPB inheritance.
However, despite the localization of Bfalp with the ‘old’
SPB during an unperturbed cell cycle, we found that SPB
inheritance does not determine Bfalp localization. When
SPB inheritance is disturbed Bfalp still localizes to the
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Fig. 1. The SPB marked by the RFP signal segregates into the bud. (A and B) The number and relative fluorescence intensity of SPBs with
Spc42p—RFP staining increases over time. Cells of SPC42—-RFP SPC110-GFP were diluted with fresh medium (¢ = 0). (A) After 1, 2, 3 and 4 days
the percentage of cells (n = 50-100) with a red SPB signal and (B) the relative fluorescence intensity of the SPB were determined by fluorescence
microscopy. (C) Stationary SPC42—RFP SPC110-GFP cells were diluted into fresh medium. SPB segregation was followed by time-lapse

microscopy. Bar, 5 um.

SPB that enters the bud independently of whether it is the
‘old’ or the ‘new’. Our data suggest that the SPB with
which Bfalp associates is determined by cytoplasmic
microtubule—cortex interactions. When these interactions
are disturbed, the Bfalp—Bub2p GAP complex associates
with both SPBs. This mechanism may delay cell cycle
progression in response to a misaligned spindle.

Results

Spc42p-RFP as a marker for the ‘old’ SPB

We addressed whether the ‘old’ and ‘new’ SPBs segregate
preferentially or randomly into the mother cell body or the
bud. For this study, we used cells in which the core SPB
components Spc42p and Spcl10p were fused to the red
(Spc42p—RFP) and the green fluorescent proteins
(Spc110p—GFP), respectively. SPC42-RFP SPCI110-
GFP behaved as wild-type cells and Spc42p—RFP was
stably expressed (not shown) suggesting that SPC42—-RFP
fulfils all essential functions of SPC42. Surprisingly, only
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14% of SPC42—-RFP SPCI1I10-GFP cells from a log-
arithmically growing culture displayed a dot-like, red
fluorescent SPB signal when compared with the green
Spcl10p—GFP (Figure 1A, ¢ =1). We assumed that the
rapid division of yeast cells and the slow folding property
of the RFP molecule (Baird et al., 2000) prevented the
accumulation of fluorescently active Spc42p—RFP at the
SPBs. If this is the case, arresting cells in Gy may give the
RFP of Spc42p sufficient time to develop into a fluorescent
species. Indeed, the numbers of SPC42-RFP SPCI110-
GFP cells with a red SPB signal increased from 14 to 90%
after cells spent 4 days in stationary phase (Figure 1A), as
did the relative fluorescence intensity of SPBs (Figure 1B).
When stationary SPC42—-RFP SPCI110-GFP cells were
diluted into fresh medium, the SPB duplicated but only
one of the two SPBs displayed a red Spc42p—RFP signal
(Figure 1C, ¢ =30) although both SPBs contained
Spc42p-RFP as judged by indirect immunofluorescence
with anti-RFP antibodies (not shown). A likely explan-
ation of this result is that the just formed ‘new’ SPB
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Fig. 2. The ‘old’ SPB migrates into the bud. (A) SPB inheritance determined by FRAP. Spc42p-GFP signals in unbudded cells (indicated by black
arrows) were photobleached (¢ = 0) using a confocal microscope. Fluorescent and differential interference contrast microscopy (DIC) images were
taken at the times indicated. The white arrows mark the Spc42p—GFP signal re-appearing after 30 min. The strongly labelled ‘new’ and the weakly
labelled ‘old” SPBs (50-110 min) are indicated by asterisks and arrowheads, respectively. (B) Selective expression of SPC42—CFP. GalS—SPC42—
CFP SPC42-YFP cells grown in glucose medium were arrested in G; with o-factor. a-factor was removed by washing the cells with raffinose
medium. Galactose (2%) was added (GalS induction) for 20 min followed by the addition of 4% glucose (GalS repression). Samples were analysed
by fluorescence microscopy every 10 min over 1.5 h. Note that the YFP signal is shown in red and the CFP signal in green. (C) Quantification of
(B) (n = 120; two experiments). Nuclei were added in an illustrative form as they were not stained in the samples.

incorporated predominantly newly synthesized, fluores-
cently inactive Spc42p—RFP while the ‘old” SPB carried
fluorescently active Spc42p—RFP molecules.

We studied SPB inheritance using this property of
Spc42p-RFP to label the ‘old” SPB. SPB segregation of
SPC42-RFP SPCI110-GFP cells was followed by time-
lapse microscopy (Figure 1C). In all cells (n = 20) the red-
marked SPB migrated into the smaller cell body, the bud
(Figure 1C, 60 and 90 min), suggesting that the old SPB is
inherited by the daughter cell. To get a more representative
picture, stationary SPC42—RFP SPC110-GFP cells were
diluted into fresh medium and the logarithmically growing
culture was inspected by fluorescence microscopy. The red
fluorescent SPB of anaphase cells (n >200) was in 97.8%
situated in the bud and in only 2.2% in the mother cell.
These results indicate that in the majority of SPC42—-RFP
SPC110-GFP cells, the RFP-marked SPB segregates into
the bud.

The ‘old’ SPB segregates into the bud

The partitioning of the ‘old” SPB to the bud was further
confirmed by fluorescence recovery after photobleaching
(FRAP) and by transient expression of SPC42 fused to the
cyan fluorescent protein (SPC42-CFP). For the FRAP
experiment, a laser beam was used to photobleach
Spc42p-GFP of the single SPB in selected G; cells
(Figure 2A, t = 0 min, middle two cells). Cells were then

followed by time-lapse microscopy. With SPB duplication
at the time of bud emergence, the GFP signal recovered
(Figure 2A, t = 30 min, arrow). When the SPBs became
separated, one weak (Figure 2A, t = 50 min, arrowhead)
and one strong (asterisk) GFP signal was detected. We
reasoned that the new SPB is marked by the strong GFP
signal, because de novo synthesized and unbleached
cytoplasmic Spc42p—GFP was incorporated into this
SPB during duplication. The weak GFP signal at the
‘old” SPB can be explained by the slow turnover of Spc42p
subunits. Upon anaphase, the weakly labelled SPB entered
the bud while the strongly labelled ‘new’ SPB remained
in the mother cell body (¢ = 90 min). All together, 11
G, phase cells were followed after photobleaching. In all
cases, the SPB with the stronger GFP signal stayed in the
mother cell during anaphase.

In the second experiment, SPC42-YFP cells (chromo-
somal SPC42 fused to the yellow fluorescent protein)
carrying SPC42—CFP under control of the regulatory GalS
promoter (GalS—SPC42-CFP) were arrested with o-factor
in glucose medium to repress GalS expression. The single
SPB of o-factor-arrested SPC42-YFP GalS—-SPC42-CFP
cells only displayed Spc42p—YFP fluorescence (Figure 2B,
top). After release of the cell cycle block, at the time of
SPB duplication, GalS-SPC42—-CFP expression was
shortly induced. This ensured, in the majority of cells,
selective incorporation of Spc42p—CFP into only the
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Fig. 3. The continuous presence of cytoplasmic microtubules ensures migration of the ‘old” SPB into the bud. (A) Transient microtubule
depolymerization disrupts SPB inheritance. a-factor-synchronized SPC42-RFP SPC110-GFP cells were incubated with nocodazole to depolymerize
microtubules resulting in spindle collapse with two SPBs close together. Nocodazole was then removed by washing. After 1 h samples were analysed
for Spc42p—RFP and Spc110p—GFP fluorescence. The indicated percentages are based on three independent experiments (n >80). The arrows point
towards the ‘old’ RFP-labelled SPBs. The insets are magnifications of the signals at the top. Abbreviations: D, daughter cell; M, mother cell body.
Bar, 5 um. (B) Interaction of cytoplasmic microtubules with the cell cortex ensures segregation of the ‘old” SPB into the bud. SPB inheritance was
determined in KAR9 SPC42—RFP SPC110-GFP and Akar9 SPC42—RFP SPC110-GFP cells, after release from o-factor arrest at 30 and 37°C

(n = 100; two experiments).

newly formed SPB (Figure 2B, bottom and C). Since
SPC42-YFP was constitutively expressed, both SPBs
contained Spc42p—YFP. In 61% of the cells, only the new
SPB was marked by CFP. This SPB stayed in the mother
cell body (Figure 2B and C). In ~15% of the cells, both
SPBs displayed Spc42p—CFP labelling (Figure 2C).
Incorporation of Spc42p—CFP into the ‘old’ SPB is
probably caused by the extension of the Spc42p layer
(Bullitt er al., 1997). Cells lacking a CFP signal (24%)
may have failed to induce the GalS promoter (Figure 2C).
Together, these experiments demonstrate that in wild-type
cells the ‘old” SPB segregates into the daughter cell.

Integrity of cytoplasmic microtubules ensures
inheritance of the ‘old’ SPB into the bud

Using SPC42—-RFP cells, we investigated whether micro-
tubules are required to ensure SPB inheritance. Stationary
SPC42—-RFP SPCI1I10-GFP cells were diluted into
medium containing o-factor to mark the mother cell
body with a mating projection. Cells were released from
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the cell cycle block into medium with the microtubule
depolymerizing drug nocodazole, resulting in spindle
collapse and mitotic arrest (Jacobs et al., 1988;
Figure 3A, top). When nocodazole was removed, the
microtubules reformed, thus re-establishing a bipolar
spindle. In these cells the ‘old’ SPB, marked by the RFP
signal, segregated with an almost equal likelihood to the
mother cell body as to the bud (Figure 3A, bottom; the
arrow marks the ‘old” SPB). In conclusion, transient
microtubule depolymerization disrupts the inheritance of
the ‘old” SPB to the bud.

To address whether cytoplasmic microtubules play a
role in SPB inheritance, we used Akar9 cells. The nuclear
microtubules are not affected by Akar9 while cytoplasmic
microtubules fail to interact with the bud cell cortex
resulting in ~10-20% of cells in anaphase with both 4°,6-
diamino-2-phenylindole (DAPI) staining regions situated
within the mother cell body. Eventually, the cytoplasmic
microtubules interact with the bud cortex by an alternative
dynein-dependent mechanism orientating the spindle
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Bar, 5 um.

along the mother bud axis (Miller and Rose, 1998; Heil-
Chapdelaine et al., 2000; Korinek et al., 2000; Lee et al.,
2000; Farkasovsky and Kiinzel, 2001). Cells of Akar9
SPC42-RFP SPCI10-GFP were arrested with o-factor
and then released at 30°C. The ‘old’ SPB of anaphase cells
segregated into the bud in 61% of cells (Figure 3B) and
stayed in the mother cell body in ~30% of cells, indicating
an SPB inheritance defect. In the residual 9%, both SPBs
were found in the mother cell. Mis-segregation of the ‘old’
SPB into the mother cell increased to 39% (2% in wild
type) at 37°C. In summary, functional cytoplasmic
microtubules are required to ensure the inheritance of
the ‘old’ SPB into the bud.

Bfalp SPB polarity is not determined by

SPB inheritance

Bfalp always associates with the SPB that migrates into
the bud (Pereira ef al., 2000), suggesting that it is linked to
the ‘old” SPB. Since the ‘old’ but not the ‘new’ SPB has
experienced at least one cell cycle, a modification of the
‘old’” SPB in the previous cell cycle may determine its
preferential association with Bfalp. If this is the case,
Bfalp should always associate with the ‘old” SPB, even
when SPB inheritance is disturbed. To test this hypothesis,
we performed the experiment shown in Figure 3A but now
using BFAI-GFP SPC42—RFP cells. BFAI-GFP SPC42—-
RFP cells were first treated with o-factor to mark the
mother cell body with a mating projection. These cells
were then diluted into medium with nocodazole to
depolymerize microtubules and to arrest cells in meta-
phase. As previously reported (Pereira et al., 2000), both
SPBs of nocodazole-treated cells carry a Bfalp—GFP
signal (Figure 4, top). When nocodazole was removed, the
spindle reformed along the mother bud axis and finally
elongated into the bud in anaphase. Furthermore, Bfalp
SPB polarity was re-established such that in anaphase cells

Bfalp—GFP was always (n >100; 100%) associated with
the SPB in the bud independently, whether it was the ‘old’
or the ‘new’ SPB (Figure 4, bottom; the ‘old’ SPB is
marked by the RFP signal). Identical results were obtained
for Bub2p, the other component of the GAP and for the
GTPase Temlp, which is regulated by the Bfalp—Bub2p
GAP (not shown). We conclude that Bfalp associates with
the bud-ward-directed SPB even when the ‘old’ SPB stays
in the mother cell body.

Microtubules and not factors associated with the
bud or bud neck determine Bfalp SPB localization
Factors associated with the bud neck or bud may facilitate
Bfalp binding to the bud-ward-oriented SPB. Alternat-
ively, signals transmitted from the cell cortex to the SPB
along cytoplasmic microtubules may determine preferen-
tial association of Bfalp with one of the two SPBs. To
discriminate between both possibilities, we investigated
whether the cellular position of SPBs and cytoplasmic
microtubule functions influence Bfalp SPB localization.

In espi-1 cells, the entire nucleus migrates into the bud
(McGrew et al., 1992). To test whether factors in the bud
or bud neck are determining binding of Bfalp to SPBs,
Bfalp SPB localization was studied in espl-1 BFAI-YFP
SPC42—-CFP cells. We found that in 98% of espl-1 cells,
with one SPB in the bud neck and the other in the bud
(Figure 5A, top) or both SPBs in the bud (Figure 5A,
bottom), only the SPB closest to the bud tip carried a
Bfalp—YFP signal. In 2% of these esp-1 cells, both SPBs
were associated with Bfalp—YFP (not shown). The fact
that the bud-neck-oriented SPB hardly showed
Bfalp—YFP staining in espl-I cells with both SPBs in
the bud argues against a model in which proteins
associated with the bud neck or bud stabilize Bfalp SPB
localization.
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Bfalp is targeted to both SPBs when cells are treated without CDC26 (Acdc26) were used to investigate what
with nocodazole (Figure 4). In response to nocodazole regulates Bfalp SPB binding. Cdc26p is a component of
treatment, microtubules depolymerize, cells arrest in the anaphase-promoting complex and it becomes essential
metaphase and the mitotic checkpoint is activated. Thus, at 37°C for the onset of anaphase (Zachariae et al., 1996).
any of these events may direct Bfalp to both SPBs. Cells Therefore, Acdc26 cells, like nocodazole-treated cells,
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arrest in metaphase. However, in contrast to nocodazole- arrested Acdc26 cells only the bud-ward-oriented SPB was
treated cells, Acdc26 cells contain a short spindle associated with Bfalp—-GFP (Figure 5B, compare
positioned at the mother bud neck. We found that in Bfalp—GFP signal with the SPB marker Spc42p-GFP).

C  Sped2p-CFP+

Tublp-CFP Bfalp-YFP  merged merged+phase

nocodazole arrest

cell cycle progression after nocodazole wash out

/
& 7

4
P4 5
p 3 :

Fig. 5. Microtubules and not factors associated with the bud neck or bud are determinants of Bfalp SPB polarity. (A) Bfalp SPB localization in
espl-1 cells. Cells of espl-1 BFAI-YFP SPC42-CFP were synchronized by o-factor block and released at 37°C. Shown is the Bfalp—YFP SPB
localization of cells in which both SPBs are located in the bud. (B) Bfalp binds to the bud-ward-oriented SPB in arrested Acdc26 cells. o-factor
synchronized Acdc26 BFAI-GFP and Acdc26 SPC42—-GFP cells were shifted to 37°C for 3 h. Nocodazole was then added for 1 h. Spc42p—GFP and
Bfalp-GFP SPB localization were determined by fluorescence microscopy. DNA was stained with DAPI. (C) Bfalp SPB localization after
nocodazole wash out. o-factor-synchronized BFAI-YFP SPC42—CFP CFP-TUBI cells were incubated with nocodazole for 2 h at 30°C (rows 1 and
2). Nocodazole was removed by washing the cells. Spindle formation and Bfalp—YFP at SPBs (marked by Spc42p—CFP) were followed over time
(rows 3-9). (D) Quantification of (C). Only cells in which the spindle assembled in the mother cell body were counted. Abbreviations: D, daughter
cell; M, mother cell. Bars, 5 um.
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However, when Acdc26 (Figure 5B) or Acdc26 Amad2
cells (not shown) were treated with nocodazole both SPBs
showed Bfalp—GFP staining. This suggests that micro-
tubule depolymerization and not cell cycle arrest or
activation of the MAD2-dependent mitotic checkpoint
directs Bfalp to both SPBs.

The role played by microtubules in regulating Bfalp
SPB localization was dissected by following the re-
establishment of Bfalp SPB polarity after nocodazole was
washed out. For this experiment we used BFAI-YFP
SPC42—-CFP CFP-TUBI cells, in which the nuclear and
cytoplasmic microtubules were labelled by CFP-Tublp
and the SPB by Spc42p—CFP. a-factor-synchronized cells
were treated with nocodazole. Both SPBs carried Bfalp—
YFP and Spc42p—CFP signals and no nuclear or cyto-
plasmic microtubules were detectable (Figure 5C, rows 1
and 2). In ~71% of the cells, the two SPBs localized in the
mother cell body (Figure 5C, row 1) while in 29% of cells,
both SPBs resided in the bud (Figure 5C, row 2), probably
depending on which set of cytoplasmic microtubules
depolymerized first. Upon removal of nocodazole, the
SPBs became separated with the reformation of a nuclear
spindle. At this point, no cytoplasmic microtubules were
observed and Bfalp localized to both SPBs (Figure 5C,
rows 3 and 4). Bfalp—YFP SPB polarity became apparent
with the reformation of cytoplasmic microtubules that
positioned the spindle towards the mother bud axis
(Figure 5C, rows 5 and 6). In cells with the two SPBs in
the mother cell body, the SPB closest to the bud neck was
associated with Bfalp—YFP (Figure 5C, row 5). However,
in cells with the SPBs in the bud, the SPB opposite to the
bud neck carried the Bfalp—YFP signal (Figure 5C, row 6).
Eventually the spindle elongated and Bfalp was associ-
ated with the SPB in the bud (Figure 5C, row 7). In
conclusion, SPB polarity is re-established as soon as the
cytoplasmic microtubules position the spindle towards the
mother bud axis. The SPB closest to the bud tip retains
Bfalp independently of the position of the SPBs within
the cell.

A closer inspection of BFAI-YFP SPC42—-CFP CFP-
TUBI cells after nocodazole wash-out revealed that when
cytoplasmic microtubules were organized before nuclear
microtubules, Bfalp was still associated with both SPBs
(Figure 5C, row 8 and D). We also observed cells with a
misaligned nuclear spindle associated with cytoplasmic
microtubules that carried two Bfalp SPB signals
(Figure 5C, row 9 and D). In both cell types, the two
cytoplasmic microtubule bundles were directed into the
same cell body suggesting that no forces were applied onto
the SPBs. This suggests that not simply the presence of
cytoplasmic microtubules but the way they interact with
the cell cortex regulates SPB association of Bfalp. In
summary, cytoplasmic microtubule—cortex interactions
rather than the position of the SPBs may determine SPB
localization of Bfalp.

Interactions of cytoplasmic microtubules with the
cell cortex determine Bfalp SPB localization

Using dkar9 cells, we investigated whether defects in the
interaction of cytoplasmic microtubules with the bud cell
cortex affect Bfalp SPB localization. Cytoplasmic micro-
tubule defects become apparent in Akar9 cells through the
misalignment of the two separated DAPI-staining regions
in the mother cell (Miller et al., 1999; Korinek et al., 2000;
Lee et al., 2000). We confirmed with Akar9 BFAI-YFP
SPC42—-CFP cells that Bfalp is at SPBs even when the
spindle is misaligned in the mother cell body (Figure 6A,
row 1). Bfalp was then analysed in Akar9 BFAI-GFP
cells in which the DNA was stained with DAPIL. In cells
with two DAPI-staining regions orientated along the
mother bud axis, Bfalp-GFP was associated with the
SPB closest to the bud tip (Figure 6A, rows 2—4 and B).
This was regardless of whether the chromosomes were
already segregated into the bud (Figure 6A, row 4) or in
the process of being segregated (Figure 6A, rows 2 and 3).
Only in a few cells with correctly positioned DAPI regions
did both SPBs carry Bfalp (Figure 6B). In contrast, in
Akar9 cells, with the two DAPI regions misaligned in the
mother cell body, both SPBs were always associated with
a Bfalp—GFP signal (Figure 6A, row 5 and B). This result
indicates that Bfalp is probably directed to both SPBs in
response to the failure of cytoplasmic microtubules to
interact with the bud cortex.

Spc72p tethers the y-tubulin complex to the cytoplasmic
side of the SPB. The SPBs of temperature-sensitive
spc72(ts) cells frequently fail to organize cytoplasmic
microtubules resulting in a mixed population of cells
with and without cytoplasmic microtubules (Knop and
Schiebel, 1998). Cells of spc72-7 BFAI-GFP were used to
correlate cytoplasmic microtubule defects with Bfalp SPB
association. In spc72-7 BFAI-GFP cells with a mis-
aligned spindle in the mother cell body, cytoplasmic
microtubules were not detectable and Bfalp was associ-
ated with both SPBs (Figure 6C, row 2). Similarly, in cells
(n = 21) with a correctly positioned anaphase spindle but
with at least one missing cytoplasmic microtubule bundle,
Bfalp—GFP was associated with both SPBs (Figure 6C,
row 3), suggesting a link between defective cytoplasmic
microtubules and Bfalp association with both SPBs. In
support of this notion, cells (n = 23) with a correctly
positioned anaphase spindle and two cytoplasmic micro-
tubule bundles had Bfalp—GFP located only at the bud-
ward-orientated SPB (Figure 6C, row 4), as was observed
in wild-type cells (Figure 6C, row 1). Together, these data
suggest a mechanism controlling Bfalp localization
through cytoplasmic microtubule—cortex interactions.

Discussion

Based on the binding of a Karlp—LacZ fusion protein to
the SPB that migrates into the bud in wild-type cells and to

Fig. 6. Interactions of cytoplasmic microtubules with the cell cortex determine Bfalp SPB localization. (A) Cytoplasmic microtubule—cortex
interactions influence Bfalp SPB localization. Adkar9 BFAI-YFP SPC42—CFP and Akar9 BFAI-GFP cells were analysed by fluorescence microscopy.
DNA was stained with DAPI. Note that the CFP signal is shown in green and the YFP signal in red. (B) Quantification of (A) (n = 200). Only cells
with two separated DAPI-staining regions were counted. (C) SPB localization of Bfalp is dependent on functional cytoplasmic microtubules.
a-factor-synchronized SPC72 BFAI-GFP and spc72-7 BFAI-GFP cells were incubated for 1.5 h at 37°C. Microtubules were visualized by indirect
immunofluorescence. The arrowheads mark cytoplasmic microtubules. Note that the Bfalp—GFP signal is shown in red and the microtubules in green.

Bars, 5 pm.
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the ‘new’ but defective SPB in ndcl-1 cells, it has been
suggested that the new SPB segregates into the bud
(Vallen et al., 1992). However, because the Karlp-LacZ
protein is non-functional and over-produced and SPB
duplication is defective in ndcl-1 cells, these experiments
are difficult to evaluate.

Here, we show by three different approaches that SPBs
have a defined mode of inheritance (Figures 1 and 2). In
98% of yeast cells, the ‘old’ SPB was found to migrate into
the bud dependent upon functional cytoplasmic micro-
tubules (Figures 1-3). In G;-S phase of the cell cycle, the
cytoplasmic microtubules originate from the bridge
between the duplicated SPBs and are directed into the
growing bud (Byers and Goetsch, 1975). Segregation of
the ‘old’ SPB into the bud is probably only ensured
through the bridge-associated cytoplasmic microtubules
staying associated with the ‘old” SPB. Support for this
model comes from the preferential segregation of the
Tub1p-RFP signal, marking the already assembled micro-
tubules with the SPB migrating into the bud, while the SPB
in the mother cell was associated with newly assembled,
non-fluorescent microtubules (G.Pereira, unpublished
data). We propose that cytoplasmic microtubules of the
bridge move to the cytoplasmic side of the ‘old” SPB in
S phase. This movement may be driven by the directed re-
localization of the +y-tubulin complex-binding protein
Spc72p from the bridge to the cytoplasmic side of the
SPB (Pereira et al., 1999). The cytoplasmic microtubules
at the ‘new’ SPB probably form de novo after SPB
separation (Segal et al., 2000).

The property of the Spc42p—RFP molecule to mark the
‘old’ SPB now allows the study of features of the ‘new’ and
the ‘old” SPB in more detail. For example, evidence was
obtained that sister chromatids attach in the absence of the
cohesin Scclp or in mutants of the aurora-like kinase /PL1
preferentially to one spindle pole (Biggins et al., 1999;
Tanaka et al., 2000), raising the question as to whether
there is a preferential binding to the ‘old’ or the ‘new’ SPB.

The mitotic exit network (MEN) is a GTPase-driven
signal transduction cascade that controls inactivation of
cyclin-dependent kinases and thereby the timing of
cytokinesis at the end of anaphase. The Bfalp—Bub2p
GAP complex is part of the SPC that inhibits the MEN
until the nucleus has migrated into the bud, making
cytokinesis dependent on successful chromosome segre-
gation (Bardin et al., 2000; Pereira et al., 2000). The fact
that SPC and MEN components are associated with the
yeast SPB suggests that SPBs are involved in the
regulation of late mitotic events including cytokinesis.
Also, in animal cells, centrioles have a function in
regulating cytokinesis. Completion of cytokinesis coin-
cides with the migration of the mother centriole towards
the cytokinesis site, possibly through its capability to bind
microtubules stably (Piel et al., 2000, 2001). Thus, it
seems that the daughter centriole has to go through an
entire cell cycle to mature into a form that allows
regulation of cytokinesis. In contrast, polar SPB localiza-
tion of the Bfalp—Bub2p complex in yeast is not
determined by the age of the SPB (Figure 4). Instead,
SPB localization of the Bfalp—Bub2p GAP is dependent
on cytoplasmic microtubule—cortex interactions that posi-
tion the spindle along the mother bud axis (Figures 5 and
6). We propose that the differential interactions of
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cytoplasmic microtubules with the mother cell and bud
cortex determine Bfalp-Bub2p GAP association with
SPBs. The fact that the bud-ward-directed SPB migrates
into the bud in anaphase through cytoplasmic microtubule-
transmitted forces while the other SPB stays in the mother
cell (Miller and Rose, 1998; Heil-Chapdelaine et al., 2000;
Farkasovsky and Kiinzel, 2001) indicates that the two
cytoplasmic microtubule sets are different. Their distinct
properties may modulate the SPBs differently, retaining
the Bfalp—Bub2p GAP complex at one SPB but prevent-
ing its binding to the other (Figures 5 and 6). In this
respect, it is interesting that the Bfalp—Bub2p GAP
complex binds to the core SPB protein, Nudlp, which
also has a function in cytoplasmic microtubule organ-
ization (Gruneberg et al., 2000). It is possible that
cytoplasmic microtubules regulate Nudlp, allowing
Bfalp—Bub2p binding accordingly.

Bfalp associates with both SPBs if the binding of
cytoplasmic microtubules to the cell cortex is disturbed, as
in the case of Akar9 and spc72-7 cells (Figures 5 and 6), or
when microtubules are completely depolymerized by
treating cells with nocodazole (Figure 5C and D). It is
likely that only the SPB-associated Bfalp-Bub2p GAP
complex is able to inhibit the MEN (Bardin et al., 2000;
Pereira et al., 2000; Adames et al., 2001). Therefore,
directing Bfalp and Bub2p from a cytoplasmic pool to
both SPBs in response to microtubule defects will increase
the number of active Bfalp—Bub2p GAP complexes, thus
blocking cell cycle progression more efficiently. This is
consistent with the observation that in nocodazole-treated
cells, the GTPase Temlp, which is inhibited by the
Bfalp-Bub2p GAP complex, associates with both SPBs
dependent on Bub2p (Pereira et al., 2000). Furthermore,
evidence was obtained for an increase in Bfalp—-Bub2p
activity when metaphase-arrested cells were treated with
nocodazole (Fesquet er al., 1999). Finally, when cyto-
plasmic microtubules regain their function and start to
align the spindle towards the mother bud axis, Bfalp is
released from the SPB that stays in the mother cell body
(Figure 6). Reformation of Bfalp SPB polarity may be
important for the proper function of the MEN at the end of
anaphase since many components of this pathway are
positioned within the cell in a polar manner (Bardin et al.,
2000; Pereira et al., 2000; Menssen et al., 2001).

A misaligned spindle also delays cell cycle progression
in mammalian and Schizosaccharomyces pombe cells
(O’Connell and Wang, 2000; Gachet et al., 2001), pointing
to a similar control of cell cycle regulators at the
centrosome or SPB in these organisms. Delaying cyto-
kinesis in response to a misaligned spindle will ensure
accurate chromosome segregation and prevent the dele-
terious consequences of chromosome instability, which are
associated with many types of cancer cells. A centrosome-
based checkpoint may also explain the link between
centrosome abnormalities and cancer (Marx, 2001).

Materials and methods

Plasmids, yeast strains and growth conditions

Strains and plasmids used in this study are described in Table 1. An
RFP-KanMX6 cassette for the tagging of genes was constructed by
amplifying RFP of plasmid DSRed1 (Clontech) by PCR. RFP was then
subcloned into pYM12 (Knop et al., 1999). CFP (from T.Davis), GFP
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Table 1. Yeast strains and plasmids

Name Genotype, construction

Source or reference

Yeast strains

ESM356-1 MATa ura3-52 leu2 Al trpl1A63 his3A200 this study

ESM616 MATa ura3-52 leu2 Al trpl A63 his34200 SPC42-GFP-KanMX6 this study

ESM1431 MATa ura3-52 lys2-801 ade2-101 trpl1A63 his3A200 leu2Al BFAI-GFP-His3MX6 this study

ESM1505 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al Acdc26::kITRP BFAI-GFP-His3MX6 this study

ESM1508 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al spc72-7 BFAI-GFP-His3MX6 this study

ESM1509 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al::pSM784 Acdc26::kITRP this study

ESM1596 MATa ura3-52 leu2 Al ::pSM976 trpl1A63 his3A200 SPC42—RFP-KanMX6 this study

ESM1597 MATa ura3-52 leu2 Al trplA63 his3A200 SPC42—-RFP-KanMX6 SPC110-GFP-kITRP Akar9::His3MX6  this study

ESM1598 MATa ura3-52 leu2 Al trplA63 his3A200 SPC42-YFP-His3MX6 pSM1024 this study

ESM1611 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al::pSM976 Akar9::kITRP this study

GPY499 MATa ura3-52 leu2 Al trpl1A63 his3A200 SPC42-RFP-KanMX6 SPC110-GFP-kITRP this study

GPY572 MATa ura3-52::pCFP-TUBI leu2 Al trplA63 his34200 SPC42—-CFP-KanMX6 BFA1-YFP-His3MX6 this study

GPY598 MATa espl-1 ura3 leu2 lys2 trplade2 BFAI-YFP-His3MX6 SPC42::pXHO144 this study

GPY599 MATa ura3-52 leu2 Al trplA63 his3A200 BFAI-YFP-His3MX6 SPC42—-CFP-KanMX6 Akar9::kITRP this study

YPH499 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2 Al Sikorski and Hieter (1989)

Plasmids
p416-GalS ~ pRS416 containing the GalS promotor Mumberg et al. (1995)

pCFP-TUB1 pRS306 carrying CFP-TUB1

pRS304 TRPI-based yeast integration vector

pRS305 LEU2-based yeast integration vector

pSM784 pRS305 carrying SPC42—-GFP

pSM976 pRS305 containing BFAI-GFP

pSM1024 p416-GalS carrying SPC42—-CFP

pXHO144 pRS304 carrying SPC42 (codons 194-363) fused to CFP

Jensen et al. (2001)
Sikorski and Hieter (1989)
Sikorski and Hieter (1989)
this study

this study

this study

He et al. (2000)

(Knop et al., 1999), RFP and YFP cassettes (from T.Davis) were PCR
amplified, and strains were constructed and evaluated as described (Knop
et al., 1999). The URA3-based CFP-TUBI integration plasmid has been
described (Jensen et al., 2001). The GalS—SPC42-CFP plasmid was
constructed by cloning SPC42—CFP into p416-GalS (Mumberg et al.,
1995). To arrest yeast cells in stationary phase, cells were grown for
3-5 days in YPAD medium at 23°C. Cells were allowed to recover in
fresh medium for 2 h before the start of an experiment. Synthetic o-factor
(10 pg/ml) was used to arrest cells in G;. Microtubules were
depolymerized with 15 pg/ml nocodazole.

Time-lapse observation, FRAP, indirect immunofluorescence
and fluorescence microscopy

For time-lapse microscopy, stationary SPC42—RFP SPC110-GFP cells
were mounted onto a glass slide with a 25% gelatin pad containing
complete synthetic medium and 2% glucose. For the FRAP experiment,
the Spc42p—GFP signal of G, cells was photobleached by a laser (488 nm)
using a confocal microscope (Zeiss LSM510). At each time point, GFP
images were collected from 12 Z sections (each 0.3 um apart), which were
converted into a single two-dimensional image by taking the maximum
signal at each pixel (Tanaka et al., 2000). Indirect immunofluorescence
was performed using a standard protocol (Pereira et al., 2000). CFP-,
GFP-, RFP- and YFP-labelled cells were analysed by fluorescence
microscopy after fixing the cells with paraformaldehyde (Pereira et al.,
2000). DNA was stained with DAPI. The relative fluorescence intensity of
RFP-labelled SPBs was measured with the NIH image program as the
difference between the maximal fluorescence at the SPB and the
background fluorescence in the immediate proximity of the SPB.
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