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Spindle checkpoint proteins and chromosome-
microtubule attachment in budding yeast
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regulation of mitosis by the spindle checkpoint.

This checkpoint monitors the status of kinetochore—
microtubule attachment and delays the metaphase to
anaphase transition until all kinetochores have formed stable
bipolar connections to the mitotic spindle. Components of
the spindle checkpoint include the mitotic arrest defective
(MAD) genes MAD1-3, and the budding uninhibited by
benzimidazole (BUB) genes BUBT and BUB3. In animal
cells, all known spindle checkpoint proteins are recruited
to kinetochores during normal mitoses. In contrast, we
show that whereas Saccharomyces cerevisiae Bub1p and

ﬁ ccurate chromosome segregation depends on precise

Bub3p are bound to kinetochores early in mitosis as part of
the normal cell cycle, Mad1p and Mad2p are kinetochore
bound only in the presence of spindle damage or kineto-
chore lesions that interfere with chromosome-microtubule
attachment. Moreover, although Mad1p and Mad2p perform
essential mitotic functions during every division cycle in
mammalian cells, they are required in budding yeast only
when mitosis goes awry. We propose that differences in the
behavior of spindle checkpoint proteins in animal cells and
budding yeast result primarily from evolutionary divergence
in spindle assembly pathways.

Introduction

The spindle checkpoint ensures the fidelity of chromosome
transmission by delaying anaphase until all chromatid pairs
have formed proper links to the mitotic spindle. Sister
chromatids attach to spindle microtubules (MTs) via kineto-
chores, which are multiprotein complexes that assemble
on centromeric (CEN) DNA. During spindle assembly, a
kinetochore must be captured by MTs emanating from one
and only one pole of the mitotic spindle, whereas its partner
must be captured by MTs emanating from the opposite
pole. Sister pairs that have not formed bipolar attachments
will not segregate correctly at anaphase. The presence of
even a single kinetochore pair that has not achieved bipolar
attachment is sufficient to engage the spindle checkpoint
and arrest cell-cycle progression (Rieder et al., 1994; Li and
Nicklas, 1995).

Spindle checkpoint genes were first identified in budding
yeast and include the mitotic arrest defective (MAD) genes
MADI-3 (Li and Murray, 1991) and the budding uninhibited
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by benzimidazole (BUB) genes BUB!I and BUB3 (Hoyt et
al., 1991), all of which are well conserved among eukaryotes.
The Bub proteins are thought to be upstream components
of the checkpoint pathway, whereas Mad2p and Mad3p
(called BubR1 in animal cells) are downstream components
that bind to and inhibit the regulatory protein Cdc20p
(for review see Yu, 2002). At the metaphase to anaphase
transition, Cdc20p activates the anaphase promoting complex,
an E3 ubiquitin ligase, thereby promoting ubiquitination and
degradation of the securin protein, Pdslp, and subsequent
destruction of the cohesin complexes that tether sister chro-
matids together (for review see Morgan, 1999). Although the
spindle checkpoint is not essential in budding yeast under
normal growth conditions, it is essential in animal cells
(Basu et al., 1999; Kitagawa and Rose, 1999; Dobles et al.,
2000; Kalitsis et al., 2000).

Spindle checkpoint proteins have been shown to bind to
kinetochores in animal cells and fission yeast (for review see
Cleveland et al., 2003), and functional kinetochores are
required to generate the checkpoint signal in both animal
cells and budding yeast (Rieder et al., 1995; Gardner et al.,
2001). However, the exact nature of the kinetochore lesions

Abbreviations used in this paper: 3D, three-dimensional; BUB, budding
uninhibited by benzimidazole; CEN, centromeric; ChIP, chromatin
immunoprecipitation; MAD, mitotic arrest defective; MT, microtubule;
SPB, spindle pole body.
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sensed by the spindle checkpoint remains uncertain. The
first possibility is that it is the absence of tension across sister
kinetochores that initiates checkpoint signaling (Stern and
Murray, 2001), and the second is that it is a lack of MT at-
tachment itself that is responsible (Rieder et al., 1995). Ten-
sion-based models are appealing because they link check-
point silencing to an event that is absolutely dependent on
bipolar attachment. However, in higher eukaryotes, tension
stabilizes individual kinetochore-MT attachments (Nicklas
and Ward, 1994; King and Nicklas, 2000) and disentan-
gling the effects of tension and MT attachment on check-
point signaling is difficult.

Determining the nature of the events that initiate and si-
lence spindle checkpoint signaling should be less complicated
in organisms such as budding yeast in which each kineto-
chore recruits a single MT. Budding yeast also has the advan-
tage of temperature-sensitive mutants defective in specific
steps of kinetochore-MT attachment. Such lesions include
mutations in subunits of the Ndc80 complex that cause chro-
mosomes to detach from MTs, mutations in the MT binding
component DAM]I and the Aurora B kinase /PL1 that pre-
vent chromosomes from forming bipolar attachments, and
mutations in the MT regulator STU2 that allow chromo-
somes to form bipolar attachments but prevent them from
establishing wild-type levels of tension (Biggins et al., 1999;
Kim et al., 1999; He et al., 2001; Janke et al., 2001; Wigge
and Kilmartin, 2001; Janke et al., 2002; Tanaka et al., 2002).

In budding yeast, only two known kinetochore complexes
are required for spindle checkpoint function: CBF3 and
Ndc80 (Gardner et al., 2001; McCleland et al., 2003). The
CBF3 complex binds directly to CEN DNA and is required
for the assembly of all known kinetochore components on
CEN DNA (for review see McAinsh et al., 2003). In con-
trast, the Ndc80 complex is part of a set of “linker” proteins
that do not bind directly to DNA or MTs but instead appear
to link DNA- and MT-binding components. The Ndc80
complex consists of four essential proteins: Ndc80p, Nuf2p,
Spc24p, and Spc25p. Among these, Ndc80p and Nuf2p are
well conserved among eukaryotes (Wigge and Kilmartin,
2001) and human Ndc80 (Hecl) can functionally substitute
for its yeast counterpart (Zheng et al., 1999). Although loss
of function mutations in SPC24 or SPC25 disable the spin-
dle checkpoint (Janke et al., 2001), mutations in NDC80 or
NUF2 do not (McCleland et al., 2003). These and other data
suggest that the Ndc80 complex may have an important role
in relation to spindle checkpoint signaling.

In this paper, we report that four spindle checkpoint pro-
teins—Bub1p, Bub3p, Madlp, and Mad2p—associate with
Saccharomyces cerevisiae kinetochores. Although Bublp and
Bub3p bind to kinetochores during normal mitoses, Mad1p
and Mad2p are recruited only in the presence of spindle
damage or checkpoint-activating kinetochore lesions. The
kinetochore association of Bublp and Mad2p requires the
function of some, but not all, members of the Ndc80 com-
plex. Our findings suggest that budding yeast kinetochores
rarely, if ever, detach completely from MTs during normal
cell division, and we propose that this aspect of spindle mor-
phogenesis may explain why the checkpoint is not essential
for mitosis in budding yeast under normal growth condi-
tions. Our results also suggest that the release of the Bub
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Figure 1.  Bub1p-GFP and Bub3p-GFP are associated with kineto-

chores. (A—C) Typical images of wild-type mitotic cells expressing the
SPB marker Spc42p-CFP (red) and the spindle checkpoint proteins
Bub1p-GFP or Bub3p-GFP (green) or the kinetochore protein Ndc80p-
GFP (blue). Images represent two-dimensional projections of 3D
image stacks containing 10-15 0.2-pum sections. (D and E) ChIP of
Bub1p-GFP and Bub3p-GFP at CENIV. Cross-linking of Bub proteins
to CEN DNA was assayed in asynchronous wild-type cells, nocoda-
zole-treated wild-type cells, and ndc10-1 cells at 37°C. All cells were
grown to mid-log phase at 25°C, then shifted to 37°C for 3 h before
analysis. The amount of CENIV DNA recovered with immune com-
plexes is shown as a percentage of the amount of CENIV DNA
present in each total cell lysate. Dashed lines represent the percentage
of CENIV DNA recovered with immune complexes from wild-type
cells (a negative control). Error bars show SD for two or more inde-
pendent immunoprecipitations. Absolute differences in the amount of
DNA precipitated among different panels are not considered to be
meaningful. (F and G) ChIP of Bub proteins at CENIV is cell-cycle
regulated. Wild-type cells expressing Bub1p-GFP or Bub3p-GFP
were grown to mid-log phase at 25°C and treated with a-factor (5 g/
ml final) or nocodazole (25 wg/ml final) for 3 h before ChIP analysis.

proteins from kinetochores during normal spindle assembly
is likely to be dependent on a transition from immature to
mature kinetochore-MT attachment rather than on the es-
tablishment of tension across sisters.

Results
Bub1p and Bub3p are recruited to kinetochores during
normal cell cycles

To localize spindle checkpoint proteins in S. cerevisiae, en-
dogenous MAD and BUB genes were linked to GFP at their
COOH termini via homologous recombination. GFP tag-
ging did not interfere with checkpoint function, as assayed



Spindle checkpoint proteins in budding yeast | Gillett etal. 537

Figure 2. Kinetochore association of

Bub proteins is cell-cycle regulated. (A)
Wild-type cells expressing Bub1p-GFP
(green) and the SPB component Spc42p-
CFP (red). Images are representative for
each time point after a-factor release at
25°C. The surface plot below each image
depicts the distribution of GFP (green) and
CFP (red) signal intensities (in arbitrary
units) across the boxed regions of each
image. For the 30-min time point, we

Intensity

included an image representative of the
15% of cells that contained Bub1p-GFP
foci. (B) Images of individual cells ex-
pressing the kinetochore protein Ndc80p-

@ Fluorescence

GFP (blue) and Spc42-CFP (red). Images
and graphs are as described for A. (C)

Fraction of total cells containing Bub1p-
GFP kinetochore foci, metaphase spindles,
and anaphase spindles versus time after
a-factor release at 25°C. Metaphase cells
were those with spindle lengths between
0.8 and 2.2 um and anaphase cells those
with spindles >2.2 pm. At least 40 indi-
vidual cells were scored at each time

point. (D) Fraction of cells containing
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Bub1p-GFP kinetochore foci versus
spindle length after a-factor release at
25°C (n = 281).
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by growth on plates containing the MT-depolymerizing
agent benomyl (Fig. S1, available at htep://www.jcb.org/
cgi/content/full/jcb.200308100/DC1). Spindle pole bodies
(SPBs) were visualized by linking the SPB component
Spc42p to CFP (Spc42p-CFP; Donaldson et al., 2001; He
et al., 2001). Cells expressing GFP-tagged checkpoint pro-
teins and CFP-tagged Spc42p were observed using two-
wavelength three-dimensional (3D) deconvolution micros-
copy (Rines et al., 2002). Cell-cycle state was determined
from the length and position of the mitotic spindle.

When Bublp-GFP and Bub3p-GFP were examined in
early mitotic cells, a distinct pattern of two GFP lobes lying
between the CFP-tagged SPBs was observed (Fig. 1, A and
B). This is the classic localization pattern of kinetochore
proteins such as Ndc80p and reflects the metaphase cluster-
ing of budding yeast kinetochores into two lobes that lie
along the spindle axis and between the spindle poles (Fig. 1
C; He et al., 2000). To demonstrate the kinetochore associa-
tion of Bub1p-GFP and Bub3p-GFP directly, we performed

chromatin immunoprecipitation (ChIP) with primers spe-
cific for CENIV DNA. In asynchronous cultures, both
Bub1p-GFP and Bub3p-GFP exhibited clear CEN binding
by ChIP (Fig. 1, D and E). Binding was specific as neither
protein cross-linked to DNA at the non-CEN URA3 lo-
cus (unpublished data). Moreover, CEN binding required
the core kinetochore complex CBF3, as Bublp-GFP and
Bub3p-GFP ChlIP signals were negligible in ndcl0-1 strains
at 37°C (Fig. 1, D and E).

When cells carrying Bublp-GFP and Bub3p-GFP were
treated with the ant-MT drug nocodazole to activate the
spindle checkpoint, the ChIP signals for Bublp and Bub3p
at CENIV rose 1.5- and 3-fold, respectively, relative to un-
treated asynchronous cells (Fig. 1, D and E). In contrast, in
a-factor arrested G1 cells, ChIP signals for Bublp and
Bub3p fell to background levels (Fig. 1, F and G). From
these data, we conclude that Bublp and Bub3p associate
with CEN DNA during normal cell divisions, that this asso-

ciation requires functional kinetochores, and that it is cell-



538 The Journal of Cell Biology | Volume 164, Number 4, 2004

cycle regulated, being high in nocodazole-treated mitotic
cells and low in G1. Our results with Bub1p in nocodazole-
treated cells are consistent with those of Kitagawa et al.
(2003) and Kerscher et al. (2003), but unlike Kitagawa, we
conclude from imaging and ChIP that little to no Bublp
binds to kinetochores in a-factor—arrested cells.

Kinetochore association by Bub1p occurs
early in mitosis
To determine when during the cell cycle Bub proteins are re-
cruited to kinetochores, the localization of Bublp-GFP was
compared with that of the kinetochore protein Ndc80p-GFP.
Parallel cell cultures were synchronized using a-factor, re-
leased at 25°C, and samples withdrawn and fixed every 15
min. The percentage of cells containing Bublp-GFP or
Ndc80p-GFP foci was determined by analyzing at least 40 in-
dividual cells at each time point. Progression through the cell
cycle was monitored by examining bud size, spindle length,
and spindle position (determined using Spc42p-CFP). In syn-
chronous cultures released from a-factor, very few cells con-
tained kinetochore-localized Bub1-GFP before T = 45 min
(Fig. 2, A and C). Kinetochore binding by Bublp, then rose
dramatically, peaking at T = 60 min, and fell again as mitosis
progressed (Fig. 2 C). In contrast, kinetochore binding by
Ndc80p-GFP was apparent throughout the experiment, giv-
ing rise at early time points to a single GFP cluster in close
proximity to the newly duplicated SPBs and subsequently re-
solving into a bi-lobed metaphase configuration (Fig. 2 B).
Bub1p-GFP foci were first visible around the time of SPB
duplication (during S-phase, at T = 30-45 min; Fig. 2, C
and D). At this point, the patterns of Bublp-GFP and
Ndc80p-GFP localization were very similar, suggesting that
most if not all kinetochores were associated with Bublp. The
peak of Bub1p binding to kinetochores was observed at T =
60 min in cells with spindles that averaged 0.8 pm in length.
Cells at this point in the cell cycle contain duplicated SPBs,
but kinetochores do not yet exhibit a bi-lobed metaphase
configuration (as judged by Ndc80p-GFP). At T = 75 min,
71% of cells contained metaphase-length spindles, but only
38% contained Bublp-GFP foci (Fig. 2 C), indicating that
Bublp is released from kinetochores as metaphase proceeds.
No Bub1p-GFP foci were seen in anaphase cells (Fig. 2 A, 75
and 90 min; Fig. 2 D). Bublp was also absent from kineto-
chores arrested in metaphase by cdc23-1 or ¢de20-1 mutations
(unpublished data). Cells in asynchronous cultures exhibited
a pattern of kinetochore association by Bub1p similar to that
seen in synchronous cultures, showing that our findings were
not an artifact of a-factor release. Moreover, the dynamics of
Bub3p binding to kinetochores were indistinguishable from
those of Bublp-GFP (unpublished data). From these results,
we conclude that the Bub proteins first associate with kineto-
chores during S-phase when cells contain monopolar spin-
dles, but dissociate from kinetochores as mature bipolar MT
attachments are established early in mitosis.

Kinetochore recruitment of the Mad checkpoint proteins
Next, we examined the kinetochore association of Madlp,
Mad2p, and Mad3p in asynchronous and nocodazole-
treated cells. We detected little or no kinetochore-bound
Mad1lp, Mad2p, or Mad3p in asynchronous cells by imag-
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Figure 3. Kinetochore association of spindle checkpoint proteins
in nocodazole-treated cells. (A) ChIP of Mad1p-GFP, Mad2p-GFP,
and Mad3p-GFP at CENIV in cycling and nocodazole-treated cells.
Graphs are as described for Fig. 1 (D-G). (B) Wild-type cell coex-
pressing the SPB protein Spc42p-CFP and the kinetochore protein
Ndc80p-GFP after treatment with 25 pug/ml nocodazole for 1 h at
25°C. Panels show Ndc80p-GFP alone, Spc42p-CFP alone, and
Spc42p-CFP (red) merged with Ndc80p-GFP (blue). (C-E) Wild-type
cells coexpressing Ndc80p-CFP (blue) and Mad1p-GFP, Mad2p-GFP,
or Bub1p-GFP (green) after nocodazole treatment. Panels show CFP
channel alone, GFP channel alone, and CFP merged with GFP.
Orange arrowheads indicate the locations of unattached kinetochores.

ing or ChIP at any stage of the cell cycle (Fig. 3 A, not de-
picted; Iouk et al., 2002). However, ChIP signals were high
for both Madlp-GFP and Mad2p-GFP in nocodazole-
treated cells (Fig. 3 A). The ChIP signal for Mad3p-GFP
was consistently just above background levels in nocodazole-
treated cells (Fig. 3 A), but we have been unable to confirm
kinetochore association by microscopy (not depicted). From

these data we conclude that Mad1p, Mad2p, and Mad3p do



not associate significantly with kinetochores in cycling cells
but that Mad1lp and Mad2p are kinetochore bound in the
presence of spindle damage.

Nocodazole treatment interferes with MT polymeriza-
tion and causes mitotic spindles to collapse (Jacobs et al.,
1988). When we imaged nocodazole-treated cells coexpress-
ing Ndc80p-GFP and Spc42p-CFP, we found that the major-
ity of kinetochores remained in a large cluster close to the col-
lapsed SPBs (Fig. 3 B). However, most cells also contained
one or two dim Ndc80p kinetochore foci =1 pm away from
the SPBs (Fig. 3 B, arrowheads). Data from live-cell chromo-
some tracking experiments in nocodazole-treated cells suggest
that these dim Ndc80p foci represent kinetochores that are
detached from spindle MTs (unpublished data). Foci of
Mad1p-GFP, Mad2p-GFP, and Bub1p-GFP colocalized spe-
cifically with the weaker Ndc80p kinetochore foci that were
distant from SPBs (Fig. 3, C-E). Some Mad1p-GFP also re-
mained on the nuclear periphery (Fig. 3 D; Iouk et al., 2002).
From these data, we conclude that treating cycling cells with
nocodazole causes some, but not all, kinetochores to detach
from spindle MTs and that spindle checkpoint proteins are
recruited selectively to the detached kinetochores.

A functional checkpoint pathway is required for
kinetochore recruitment of Mad1p and Mad2p

Epistasis analysis has suggested that Bublp and Bub3p are
upstream components of the checkpoint pathway, whereas
Mad2p is a downstream effector (Farr and Hoyt, 1998). To
determine if interdependencies for CEN binding by check-
point proteins mirrored their proposed order in the check-
point signaling pathway, ChIP of Madlp, Mad2p, Bublp,
and Bub3p was performed in cells deleted for other check-
point components. CEN association of Madlp and Mad2p
was assayed in cells treated with nocodazole, whereas that of
Bublp and Bub3p was assayed in asynchronous cells. We
observed that CEN association by Mad2p-GFP was abol-
ished in Abubl and Abub3 cells, as well as in cells lacking
MADI, but not in cells lacking MAD3 (Fig. 4 A). CEN asso-
ciation by Mad1p-GFP exhibited a similar set of dependen-
cies, requiring BUBI, BUB3, and MAD2, but not MAD3
(Fig. 4 B). In contrast, both Bub1p-GFP and Bub3p-GFP
associated with CEN DNA in cells lacking MADI, MAD2,
or MAD3 (Fig. 4, C and D). Finally, although Bub1p-GFP
did not bind to kinetochores in cells lacking BUB3, Bub3p-
GFP could still be cross-linked to CEN DNA in Abubl cells
(Fig. 4, C and D). In all but one case (Bub3p-GFP), results
from imaging matched those from ChIP (Fig. 4 E). High
levels of autofluorescence in Abubl cells may have masked
Bub3p-GFP kinetochore signals. Overall, our data show
that kinetochore binding by checkpoint components is de-
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Figure 4. Interdependencies of checkpoint proteins for kinetochore

binding. (A) ChIP of Mad2p-GFP at CENIV in wild-type and check-

point-delete cells in the presence of 25 wg/ml nocodazole. (B) ChIP
of Mad1p-GFP at CENIV in wild-type and checkpoint-delete cells in

the presence of nocodazole. (C and D) ChIP of Bub1p-GFP or Bub3p-
GFP at CENIV in wild-type and checkpoint delete cells. ChIP signals
from deletion strains were normalized to the ChIP signal obtained

from the wild-type strain. Dashed lines show the amount of CEN
DNA precipitated using untagged wild-type cells (negative control).
(E) Summary of the interdependencies of checkpoint protein kineto-
chore binding as assayed by imaging. Mad1p-GFP and Mad2p-GFP
were examined in the presence of nocodazole, whereas Bub1p-GFP
and Bub3p-GFP were examined in asynchronous cells.

pendent on the presence of proteins upstream in the signal-
ing pathway: kinetochore binding by Mad1p and Mad2p re-
quires BUBI and BUB3 but not MAD3; Bublp requires
BUBS3 but not the MAD genes; and Bub3p is independent

of all other checkpoint proteins.

Bub1p and Mad2p bind to kinetochores in ndc80-1
cells but not in spc25-7 cells

The structural proteins that recruit checkpoint components
to kinetochores are unknown. The best candidates are those
kinetochore components whose loss disables spindle check-
point signaling. One such protein is Spc25p, a component of
the Ndc80 complex. Kinetochores detach from spindle MT's

A B Mad2p c Bublp Witz Figure 5. ChIP of Bub1p and Mad2p in Ndc80
= = =x] PaCRD-1 nacan-1 complex mutants. (A-C) ChIP of (A) Bub1p-GFP,
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2 PRy i | CENIV in wild-type, ndc80-1, and spc25-7 cells at
B I = 1 e 37°C. ChIP of (D) Bub1p-GFP and (E) Nuf2p-myc in
H N i 0] iy an ndc80-1 background at 25°C and 37°C. Graphs
& 3 _m_ -J- ”z n i AN e are as described in Fig. 1 D.
_\bdqz 06@0'\ g}a"'ﬁ o 5 ¢ B°
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Figure 6. Bub1p and Mad2p localization in dam1-1
and ipl1-321 cells. (A-C) dam1-1 cells expressing
the SPB protein Spc42p-CFP and Ndc80p-GFP,
Bub1p-GFP or Mad2p-GFP at nonpermissive tem-
perature. Cells were grown at 25°C to mid-log phase
and shifted to 37°C for 1 h before fixation. Panels
show Spc42p-CFP alone; Ndc80p-GFP, Bub1p-GFP,
or Mad2p-GFP; and Spc42p-CFP (red) merged with
Ndc80p-CFP (blue), Bub1p-GFP (green), or Mad2p-
GFP (green). (D-F) ipl1-321 cells expressing Spc42p-
CFP and Ndc80p-GFP, Bub1p-GFP, or Mad2p-GFP
at nonpermissive temperature. Cells were arrested
in a-factor for 2 h, shifted to 37°C for 10 min and
released at 37°C for 2 h before fixation. (G and H)
Fraction of budded cells containing Bub1p-GFP and
Mad2p-GFP for dam1-7 cells after 1 h at 37°C and
ipl1-321 cells after 2 h at 37°C after a-factor release.
n = number of budded cells counted.
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in spc25-7 cells but the spindle checkpoint is not activated
(He et al., 2001; Janke et al., 2001; Wigge and Kilmartin,
2001; McCleland et al., 2003). Consistent with this, neither
Bub1p-GFP nor Mad2p-GFP is associated with CEN DNA
in spe25-7 cells at 37°C (Fig. 5, A and B). In contrast, kineto-
chores also detach from spindle MTs in #dc80-1 cells at
37°C, but the checkpoint is engaged (Janke et al., 2001; Mc-
Cleland et al., 2003) and we found that Bub1lp-GFP and
Mad2p-GFP are associated with CEN DNA in this mutant
(Fig. 5, A and B). In a control experiment, we observed that
CEN binding by the Cep3p component of CBF3 was equally
high in wild-type, spc25-7, and ndc80-1 cells (Fig. 5 C).

To confirm that the 7dc80-1 mutant was effectively dis-
rupting kinetochore structure under our experimental condi-
tions, we performed ChIP experiments using ndc80-1 cells
coexpressing Bublp-GFP and myc-tagged Nuf2p, a protein
known to require functional Ndc80p for CEN association
(He et al,, 2001). Although Bublp-GFP and Nuf2p-myc
could be cross-linked to CEN DNA in ndc80-1 cells at
permissive temperature, only Bublp-GFP remained CEN
bound at 37°C (Fig. 5, D and E). From these results, we con-
clude that the association of Bublp and Mad2p with unat-
tached kinetochores in budding yeast is dependent on kinet-
ochore components that assemble properly in 7dc80-1 cells
but not in spc25-7 cells. Differences between kinetochores in

nde80-1 and spc25-7 cells are likely to be quite subtle, and it
is possible that Spc25p or other subunits of the Ndc80 com-
plex may directly bind to Mad and Bub proteins.

Mad2p is recruited to kinetochores in dam1-1 but not
ipl1-321 cells

The existence of kinetochore mutants with distinct effects
on chromosome dynamics affords an opportunity to investi-
gate which types of lesions recruit checkpoint proteins to ki-
netochores. In damI-1 and ip/1-321 cells, kinetochores can-
not form stable bipolar attachments to spindle MTs, sister
chromatid pairs each remain associated with a single SPB,
and chromosome congression fails (Biggins et al., 1999; Kim
et al., 1999; He et al., 2001; Janke et al., 2002; Tanaka et
al., 2002). Interestingly, although damI-I mutants engage
the spindle checkpoint, 7p/1-321 mutants do not (Biggins
and Murray, 2001; Cheeseman et al., 2001; He et al., 2001;
Jones et al., 2001; Janke et al., 2002). To determine whether
checkpoint proteins are recruited to kinetochores in dam1-1
and ip/1-321 mutants, we examined the localization of
Ndc80p-GFP, Bublp-GFP, and Mad2p-GFP in mutant
cells coexpressing the SPB marker, Spc42p-CFP. Although
it has been reported previously that kinetochores preferen-
tially associate with the old SPB when subunits of the Dam1
complex are inactivated (Janke et al., 2002), we find the
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Figure 7. Bub1p and Mad2p localization in stu2-279 cells. (A-C) stu2-279 cells coexpressing the SPB protein Spc42p-CFP and Bub1p-GFP,
Mad2p-GFP, or Ndc80p-GFP. Panels show Spc42p-CFP alone; Bub1p-GFP, Mad2p-GFP, or Ndc80p-GFP alone; and Spc42p-CFP (red)
merged with Bub1p-GFP (green), Mad2p-GFP (green), or Ndc80p-GFP (blue). Cells were grown at 25°C to mid-log phase and shifted to 37°C
for 2 h before fixation. Orange arrowheads denote unattached kinetochores. (D and E) stu2-279 cells coexpressing the kinetochore protein
Ndc80p-CFP and Bub1p-GFP or Mad2p-GFP. Panels show Ndc80p-CFP alone; Bub1p-GFP or Mad2p-GFP alone; and Ndc80p-CFP (blue)
merged with Bub1p-GFP (green) or Mad2p-GFP (green). Images are as described in Fig. 1 A. Red X’s denote the inferred positions of SPBs.
(F and G) ChIP of Bub1p-GFP and Mad2p-GFP at CENIV in asynchronous wild-type cells, nocodazole-treated wild-type cells, and stu2-279
cells, all at 37°C. Graphs are as described in Fig. 1 (D-G). (H-K) Spatial distribution of kinetochore protein foci for (H) Ndc80p-GFP in wild-
type cells with attached kinetochores, (I) Mtw1p-GFP in ndc80-1 cells with unattached kinetochores (at 37°C), and (J and K) Bub1p-GFP or
Mad2p-GFP in stu2-279 cells (also at 37°C). Distances were measured from each GFP focus to the center of the spindle. Spindle orientation
and length was determined using Spc42p-CFP. Only cells with spindles between 0.75 and 1.50 pm were included. Lines represent normal
distributions for attached (red, p = 0.40 wm; o = 0.15) or unattached kinetochores (green, u = 1.01 pm; o = 0.52). The number of cells (n)
and number of kinetochore foci (m) analyzed are listed on each graph.

asymmetric distribution of kinetochores in dami-1 cells to  bility is that kinetochore-MT links in ip/1-321 cells prevent
be somewhat variable. In many cells, similar numbers of =~ Mad2p binding. It has been proposed that Ipllp plays an es-

chromosomes were bound to each SPB (Fig. 6 A). In con-  sential role in releasing syntelic attachments that form early
trast, the asymmetric distribution of kinetochores in 7p/I-  in the cell cycle when both kinetochores in a pair of sister
321 cells was dramatic and consistent (Fig. 6 D). By imag- chromatids bind to MTs emanating from the same SPB

ing, we found that Bub1p-GFP was present on kinetochores (Tanaka et al., 2002). We speculate that yeast Mad2p is not
at nonpermissive temperature in both dami-1 and ip/1-321 recruited to kinetochores in #p/1-321 cells because they have
cells (Fig. 6, B, E, G, and H). Although Mad2p-GFP ap- syntelic MT attachments. In contrast, monotelic attachments

peared to be kinetochore bound in the majority of dami-1 (in which one kinetochore is attached, whereas its partner is
cells after 1 h at 37°C (Fig. 6, C and G), Mad2p-GFP was unattached) likely predominate in damI-1 cells, and Mad2p
rarely detected on kinetochores in ip/1-321 cells at nonper-  is therefore recruited to the unattached kinetochore. By this
missive temperature (Fig. 6, F and H). ChIP analysis con-  reasoning, the inability of ip//-321 cells to engage the spindle
firmed these findings (unpublished data). checkpoint does not reflect a role for /PLI in checkpoint sig-

Why do daml-1 kinetochores recruit Mad2p, whereas  naling, but rather the failure of 7p/1-321 cells to generate a ki-
1pl1-321 kinetochores do not? One possibility is that Ipllp is  netochore structure that the checkpoint can recognize.
an upstream component of the checkpoint pathway required o . .
for the activity of Mad2p (Biggins and Murray, 2001). This  Loss of tension is not sufficient to recruit Bub1p or
is not strictly true, however, as Mad2p binding to CEN DNA Mad2p to kinetochores in stu2-279 cells
could be detected by imaging and ChIP in ip/1-321 cells A major question in the study of mitosis is whether it is the
treated with nocodazole (unpublished data). A second possi- absence of tension or the loss of MT attachment that is ulti-
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Figure 8. Bub1p localization in mcd1-1 cells. (A-F)

Typical images of mcd7-1 and wild-type cells coex-

pressing Bub1p-GFP (green) and Ndc80p-CFP (red) at 60,

75, and 90 min after a-factor release at 37°C. (G) Fraction
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chore foci at 15-min time points after a-factor release at B
37°C. At least 60 individual cells were analyzed at each

time point.

prometaphase (60 min)
[ Bublip| [

wild type

mcdl-1

wild type

mecdi-1

N wild type

medi1-1

G —swild type *—mcdl-1
0.8 1
pot AT
E o
=
f“— 0.6
oo
|
23
g‘n 0.4
Ba
8%z,
o

mately responsible for activating checkpoint signaling. Our
data show that kinetochores that remain attached to col-
lapsed spindles in nocodazole-treated cells do not recruit
Mad and Bub proteins (Fig. 3, C-E). As it is mechanically
impossible for collapsed spindles to impose tension on chro-
matids, these results suggest that loss of tension does not re-
cruit high levels of Mad or Bub proteins to kinetochores. To
determine if checkpoint proteins are kinetochore bound in
cells in which tension has been eliminated by other means,
we examined cells carrying mutations in the MT-associated
protein Stu2p (He et al., 2001). szu2-279 cells arrest in a
checkpoint-dependent fashion with kinetochores that have
bipolar attachments but are not under detectable tension (He
etal., 2001; Severin et al., 2001a). When stx2-279 cells coex-
pressing the SPB marker Spc42p-CFP and Ndc80p-GFP,
Mad2p-GFP, or Bub1p-GFP were examined by imaging and
ChIP at nonpermissive temperatures, one or two bright GFP
foci were visible (Fig. 7, A and B) and both Mad2p and
Bublp were CEN associated by ChIP (Fig. 7, F and G).
However, almost all Mad2p-GFP and Bublp-GFP foci lay
=1 wm from the spindle axis (Fig. 7, A and B), whereas the
majority of kinetochores, as monitored by Ndc80p-GFP, lay
between the SPBs (Fig. 7 C). In most cells, one or two dim
Ndc80p-GFP foci were also visible =1 pm from the spindle
axis (Fig. 7 C). The analysis of stu2-279 cells coexpressing

Ndc80p-CFP and either Bub1p-GFP or Mad2p-GFP made
it clear that the dim Ndc80p-CFP foci distant from the spin-
dle axis were coincident with the bright Bublp-GFP and
Mad2p-GFP foci (Fig. 7, D and E). Thus, it appears that
Bublp and Mad2p are specifically recruited only to a subset
of kinetochores in stu2-279 cells. Similar results were ob-
tained with a sz#2-277 mutant (unpublished data).

What distinguishes kinetochores that recruit Bublp and
Mad2p in stu2 cells from those that do not? One possibility
is that kinetochores that lie off of the spindle axis, and that
bind to Bublp and Mad2p, are not correctly attached to
MTs. Although we had not anticipated that stu2 cells would
contain unattached kinetochores, MTs are known to be
fewer in number and less dynamic in sz2 mutants (Kosco et
al., 2001) and it is likely that the spindle’s ability to capture
kinetochores and maintain kinetochore—-MT attachments is
compromised in these cells. Moreover, although we only de-
tected attached chromosomes in our initial studies of stx2
cells (He et al., 2001), recent live-cell data indicate that a
subset of kinetochores do detach from spindle MTs in stu2
mutants (unpublished data).

To better characterize the state of chromosome-MT at-
tachment in stu2 cells, we profiled the spatial distributions of
Bublp and Mad2p foci within the nuclei of these cells and

compared them to the spatial distribution of kinetochores



known to be attached (as determined from the positions of
Ndc80p-GFP foci in metaphase wild-type cells) and those
known to be unattached (as determined from the positions
of Mtwlp-GFP foci in ndc80-1 cells). In each case, spatial
kinetochore distributions were profiled by measuring the
distances from each GFP focus to the center of the spindle.
Although attached kinetochores exhibited a narrow distribu-
tion with a mean of 0.4 pm (Fig. 7 H), unattached kineto-
chores showed a broad distribution with a mean of 1.0 pm
and a maximum of 2.3 pm (Fig. 7 I). Importantly, the dis-
tribution of Bublp-GFP and Mad2p-GFP foci in stu2-279
cells was very similar to that of unattached kinetochores,
strongly suggesting that checkpoint proteins are recruited to
kinetochores that have become detached from the spindle in
stu2-279 cells (Fig. 7, ] and K). We conclude that, in stu2
mutants, the majority of kinetochores are attached to MT's
and lack detectable Bub1p and Mad2p, despite a lack of ten-
sion. However, a subset of kinetochores, perhaps one or two
per cell, are not attached to MTs, and these kinetochores se-

lectively recruit high levels of Bublp and Mad2p.

Bub1p binds kinetochores in the absence of sister
cohesion but Mad2p does not

Another method by which tension across kinetochores can
be eliminated is by inactivating sister cohesion. A tempera-
ture-sensitive mcdl-1 cohesin mutant disables sister pairing
and allows chromatids to segregate independently of one an-
other (Guacci et al., 1997). Although mcdI-1 cells experi-
ence a slight checkpoint-dependent cell-cycle delay, they
appear to undergo a morphologically normal anaphase (Big-
gins and Murray, 2001; Severin et al., 2001b). We were un-
able to detect Mad2p on kinetochores in mcdl-1 cells by
ChIP or imaging (unpublished data), even though the
cell-cycle delay in mcdi-1 cells is known to be MAD2 de-
pendent. We cannot tell if this reflects an off-kinetochore
function for Mad2p in response to lack of tension (Martin-
Lluesma et al., 2002), or if Mad2p is present transiently at
kinetochores below our limit of detection. However, it is
clear that the lack of tension on kinetochores in mcdl-1 cells
is not sufficient to recruit the high levels of Mad2p seen on
unattached kinetochores.

A comparison of wild-type and mcd1-1 cells coexpressing
Bub1p-GFP and Ndc80p-CFP revealed that Bublp binding
to kinetochores was very similar from 0 to 60 min after
a-factor release (Fig. 8, A, B, and G). However, the dissocia-
tion of Bub1p from kinetochores was delayed ~15 min relative
to wild-type cells (Fig. 8 G). Interestingly, mcd1-1 cells with
longer spindles almost always contained a heterogeneous
population of Bublp-positive and -negative kinetochores
(Fig. 8 B, compare Ndc80p with Bublp), suggesting that
Bublp binding is likely to depend on the attachment status
of individual kinetochores. From these data, we conclude
that Bublp is recruited properly to kinetochores in mcdi-1
mutants early in mitosis and is then lost as mitosis progresses.
Thus, bipolar attachment and tension are not absolutely re-
quired to release Bub1p from kinetochores. At this point, it is
not clear if delayed release of Bublp from kinetochores in
medl-1 cells is a consequence of lack of tension per se, or
rather of problems in establishing mature chromosome-MT
attachments due to a lack of sister pairing,
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Discussion

In this paper, we show that spindle checkpoint proteins in S.
cerevisiae are recruited to centromeres in a kinetochore-
dependent manner, just as they are in animal cells. Despite
the high degree of conservation in Mad and Bub proteins
through evolution, however, our data also show that interac-
tions between kinetochores and spindle checkpoint proteins
in yeast and animal cells differ in several significant ways.
Budding yeast Bublp and Bub3p are like their mammalian
counterparts in that they bind to kinetochores during nor-
mal cell division. This binding is cell-cycle regulated, being
highest early in mitosis around the time of SPB duplication
and falling as mitosis proceeds. In contrast, although mam-
malian Madl and Mad2 are bound to kinetochores during
prometaphase in normally dividing cells, yeast Madlp and
Mad2p are kinetochore bound only in cells in which chro-
mosome-MT attachment is inhibited. We propose that or-
ganism-specific differences in the behavior of spindle check-
point proteins are likely to reflect evolutionary divergence in
the mechanics of spindle assembly rather than extensive dif-
ferences in the pathways of checkpoint signaling.

Several key features distinguish spindle assembly in animal
cells and budding yeast. Animal cells undergo an open mito-
sis and prometaphase chromosomes are initially free of spin-
dle MTs after nuclear envelope breakdown. High levels of
Mad and Bub proteins are present on these unattached ki-
netochores, but Mad1 and Mad2, in particular, dissociate as
chromosome—MT attachments form (Waters et al., 1998).
In contrast, budding yeast cells undergo a closed mitosis in
which kinetochores remain closely associated with SPBs
throughout the cell cycle (Jin et al., 2000; unpublished
data). Although we find Madlp and Mad2p on unattached
S. cerevisiae kinetochores in cells with spindle damage or ki-
netochore lesions, yeast kinetochores do not recruit high lev-
els of these proteins during normal mitosis, which is consis-
tent with the idea that yeast chromosomes are continuously
linked to MTs. The maintenance of kinetochore-MT at-
tachments throughout the yeast cell cycle may make spindle
assembly more efficient, a property that could explain why
yeast MAD?2 is not required for normal cell growth (Li and
Murray, 1991), whereas murine Mad?2 is essential (Dobles et
al., 2000). Interestingly, yeast Mad2p appears to be impor-
tant for chromosome biorientation during the first meiotic
division (Shonn et al., 2000, 2003), which implies that ki-
netochore binding by Mad2p might be a normal feature of
meiosis. Therefore, it will be interesting to determine if
Mad2p-positive chromosomes are generated during meiotic
bouquet formation (Trelles-Sticken et al., 1999).

The Ndc80 complex and spindle checkpoint signaling

An important issue in the study of spindle checkpoint signal-
ing is determining how spindle checkpoint proteins bind to
kinetochores. The best candidates for proteins that link Mad
and Bub proteins to kinetochores are those whose inactiva-
tion disrupts checkpoint signaling without completely dis-
rupting kinetochore assembly. Although mutations in almost
all known kinetochore components engage the checkpoint
(Gardner et al., 2001), loss of function mutations in subunits

of the CBF3 complex (which consists of Ndc10p, Cep3p,
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Ctf13p, and Skplp) and some subunits of the Ndc80 com-
plex (which consists of Spc24p, Spc25p, Ndc80p, and
Nuf2p) have the special property of abolishing the check-
point (Goh and Kilmartin, 1993; Gardner et al., 2001; Janke
etal., 2001; McCleland et al., 2003). However, protein—pro-
tein and protein—-DNA associations among kinetochore pro-
teins are hierarchical; whereas loss of CBF3 function prevents
all known kinetochore proteins from associating with CEN
DNA (Goh and Kilmartin, 1993; He et al., 2001), loss of
Ndc80 function disrupts the assembly of only a small subset
of kinetochore components (He et al., 2001; Janke et al.,
2001; De Wulf et al., 2003). It has been suggested that the
CBF3 subunit, Skplp, mediates the binding of Bublp to ki-
netochores (Kitagawa et al., 2003), but our data show that
the spc25-7 mutation prevents Bublp and Mad2p from
binding to kinetochores at nonpermissive temperature with-
out altering the level of CEN-bound CBF3 (Fig. 5 C, as mea-
sured using the CBF3 component, Cep3p). This evidence
strongly suggests that CBF3, and hence Skplp, cannot be
sufficient for the recruitment of Bub1p to kinetochores.

Mutant analysis suggests the link between checkpoint sig-
naling and mutations in subunits of the Ndc80 complex is
fairly complex: spc24-2 and spc25-7 mutants abrogate the
checkpoint, whereas 7ndc80-1 and nuf2-457 mutants engage
the checkpoint (He et al., 2001; Janke et al., 2001; Wigge and
Kilmartin, 2001; McCleland et al., 2003). We have found
that these functional differences are reflected in the extent to
which Mad and Bub proteins are recruited to kinetochores.
Gene and allele-specific differences among spc24, spc25,
ndc80, and nuf2 mutations may be a simple consequence of
differences in allelic strength: in the case of CBF3, Burke and
colleagues have elegantly demonstrated that hypomorphic al-
leles engage the checkpoint, whereas complete loss of function
mutations inactivate it (Doheny et al., 1993; Strunnikov et
al., 1995; Connelly and Hieter, 1996; Tavormina and Burke,
1998; Gardner et al., 2001); and the results of McCleland et
al. (2003) suggest that 7dc80-1 may indeed be a hypomorphic
allele. Alternatively, it is also possible that some subunits of
the Ndc80 complex are required for the recruitment of Mad
and Bub proteins to kinetochores, whereas other subunits are
not. Either way, the requirement for a functional Ndc80 com-
plex in checkpoint signaling and the evolutionary conserva-
tion of the Ndc80 complex (human Ndc80/HECI can func-
tionally substitute for yeast NDC80; Zheng et al., 1999) are
suggestive of important functional connections between the
Ndc80 complex and the spindle checkpoint.

Attachment, tension, and the spindle checkpoint

in budding yeast

Two main hypotheses exist regarding what features of kinet-
ochore-MT attachment are monitored by the spindle check-
point. The tension hypothesis posits that the checkpoint
monitors tension across paired sister kinetochores (Stern and
Murray, 2001), whereas the attachment hypothesis suggests
that the checkpoint monitors the occupancy of kinetochore—
MT attachment sites (Rieder et al., 1995). In budding yeast,
Madlp, Mad2p, Bublp, and Bub3p are recruited to unat-
tached kinetochores in 74c80-1 cells and to kinetochores
with monopolar attachments in damI-1 cells. However, in
no context have we observed high levels of checkpoint pro-

teins bound to kinetochores that have achieved bipolar at-
tachment but lack tension. Although cells carrying a muta-
tion in the kinetochore-associated MAP, Stu2p, contain
attached tension-free kinetochores as well as unattached ki-
netochores, high levels of Bublp and Mad2p are recruited
only to the latter. Similarly, although a few kinetochores de-
tach from spindle MTs in cells treated with the anti-MT
drug nocodazole, the majority of kinetochores remain at-
tached to very short MTs and in close proximity to the
collapsed SPBs. Although the collapsed spindles in nocoda-
zole-treated cells cannot generate tension across sister kinet-
ochores, Bublp and Mad2p are found only on unattached
kinetochores. Finally, Mad2p is not detectable on kineto-
chores in medI-1 cells that lack sister cohesion and bipolar
tension. Thus, the absence of tension on paired sister chro-
mosomes is not sufficient to recruit high levels of Mad or
Bub proteins to kinetochores. Overall, our data are most
consistent with the attachment hypothesis, but it remains
possible that lack of tension may cause the transient binding
of Bub and Mad proteins to kinetochores at levels that are
below our limit of detection.

Role of the Bub proteins during normal spindle assembly
High levels of Bub1p and Bub3p, but not Mad1p or Mad2p,
are recruited to kinetochores during normal mitosis, suggest-
ing that Bublp and Bub3p play a role in spindle assembly
that the Mad proteins do not share. Several additional pieces
of evidence support this hypothesis. First, budding yeast cells
deleted for BUBI or BUB3 experience much more severe
chromosome loss than do cells deleted for MAD1, MAD2, or
MAD3 (Warren et al., 2002). Second, extra copies of BUBI
or BUB3 suppress the chromosome-MT attachment defects
generated by mbl1-729 mutant, independent of MAD2-
dependent signaling (Abruzzi et al., 2002). Third, although
the conserved kinase domain of Bublp is not required for
nocodazole arrest in yeast (Sharp-Baker and Chen, 2001;
Warren et al., 2002) or the recruitment of downstream
checkpoint proteins to kinetochores in Xenopus (Sharp-Baker
and Chen, 2001; Warren et al., 2002), it is required for sup-
pression of attachment defects in tub1-729 cells (Abruzzi et
al., 2002) and for accurate chromosome transmission in
wild-type cells (Warren et al., 2002).

We find selective binding of Bub proteins, but not Mad
proteins, to kinetochores in three contexts: wild-type cells
carly in mitosis, ip/1-321 cells, and med1-1 cells. Early during
spindle assembly, kinetochores are thought to form transient
syntelic attachments in which both sister kinetochores are
linked to the old SPB. Syntelic attachments resolve to bipolar
attachments early in spindle assembly in wild-type cells, but
persist in ipl1-321 cells (Tanaka et al., 2002). Although
Bubl1p is recruited to kinetochores with syntelic attachments
in #p/1-321 cells, it is also recruited to kinetochores in mcd1-1
cells, which are necessarily unpaired and therefore unable to
form syntelic attachments. What feature is common to 7p/I-
321 and mcdi-1 chromosome—MT attachments as well as to
wild-type attachments early in the cell cycle? It is known that
kinetochores in animal cells initially bind to the sides of MT's
during spindle assembly (Merdes and De Mey, 1990), and
MT binding assays have demonstrated that reconstituted
budding yeast kinetochores form “lateral” attachments to the



sides of MTss in vitro (Sorger et al., 1994). Therefore, we pro-
pose that Bub proteins are recruited in yeast to kinetochores
that have attached to the sides rather than the ends of M T, as
well as to kinetochores that lack MT attachment altogether.

Summary

In summary, our analysis of spindle checkpoint proteins in
budding yeast reinforces the idea that Bublp and Bub3p
have a role during spindle assembly that Mad1p and Mad2p
do not share. Although the Bub proteins appear to respond
to changes in chromosome-MT attachment that occur dur-
ing the course of normal spindle assembly, Mad proteins re-
spond primarily to chromosome-MT detachment, a condi-
tion that does not exist in normally growing yeast cells. Our
data help to explain why the spindle checkpoint is nonessen-
tial in budding yeast as well as why deletions of BUBI or
BUB3 have more dramatic effects on cell growth and chro-
mosome loss than do deletions of MADI-3. More broadly,
our findings support the hypothesis that it is changes in the
state of chromosome-MT attachment rather than in tension
across sister kinetochores that is responsible for recruiting
checkpoint proteins to kinetochores and, presumably, for
initiating checkpoint signaling.

Materials and methods

Yeast strains and manipulations

Strains were derived from W303 or S288C parental stocks. Proteins were
tagged with GFP or CFP by linking a 300-800-bp COOH-terminal PCR
gene fragment to the coding sequence for EGFP or ECFP in pRS306 or
pRS304. Endogenous genes were replaced using one-step gene replace-
ment and correct integrants were verified by PCR.

Microscopy analysis

Images of fixed cells carrying CFP and GFP fusion proteins were collected
at RT using a fluorescence microscope (Deltavision with Nikon TE200
base), Plan Apo 100X/1.40 oil objective, and a camera (model CoolSnap
HQ); Photometrics) with Chroma 86002 JP4 (CFP) and 41018 (GFP) filters.
3D image acquisition, deconvolution, and maximum intensity two-dimen-
sional projections were done using softWoRx software. Fixed cells were
treated with 2% formaldehyde for 5-10 min followed by 0.1 M phosphate
buffer, pH 6.6, for at least 5 min and imaged at RT.

Chip

ChIP was performed as described previously (Megee et al., 1999) except
that cells were cross-linked with formaldehyde for 2 h at RT, lysed using
glass beads in a Bio101 FastPrep FP120, sonicated until DNA was an aver-
age of 200-500 bp in length, and centrifuged to remove cellular debris.
Immunoprecipitations were performed using anti-GFP (CLONTECH Labo-
ratories, Inc.), anti-myc (Santa Cruz Biotechnology, Inc.), and anti-Cep3p
(Sorger laboratory) antibodies. PCR amplifications of 200-bp fragments of
URA3 and CENIV were performed on serial dilutions (to determine linear-
ity) of two or more independent immunoprecipitations; error bars show
SDs (Figs. 1, 3-5, and 7).

Online supplemental material

Benomyl sensitivity assays of strains expressing GFP-tagged proteins are
shown in Fig. S1. A summary of kinetochore localization by spindle check-
point proteins can be found in Table S1. Online supplemental material is
available at http://www.jcb.org/cgi/content/full/jcb.200308100/DC1.
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