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Introduction

Proper chromosome segregation depends on the assembly of a 
bipolar spindle, which physically separates each pair of repli-
cated sister chromatids towards opposite poles. Kinetochores 
assemble onto centromeric DNA and bind to microtubules of 
the mitotic spindle. Because the interactions between kineto-
chores and microtubules are stochastic, errors in kinetochore 
attachment occur and must be corrected prior to cell division 
in order to prevent chromosome missegregation. Biorientation, 
i.e. attachment of sister kinetochores to microtubules from oppo-
site spindle poles, generates tension between sister kinetochores 
and is required for correct segregation. The spindle checkpoint 
is responsible for detecting errors in kinetochore attachment and 
preventing the metaphase to anaphase transition until all chro-
mosomes are correctly bioriented and under tension.

The checkpoint proteins Mad1 and Mad2 are sequestered at 
nuclear pore complexes during interphase and recruited to unat-
tached kinetochores during mitosis, where they function as key 
components of the spindle checkpoint response.1-3 In mammalian 
cells, Mad2 is transported away from the kinetochore by dynein 
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once a connection to microtubules is established.4 If microtubule 
attachments are subsequently lost, Mad2 rebinds kinetochores.5 
In budding yeast, Mad1 and Mad2 do not localize to kinetochores 
during an unperturbed cell cycle, presumably because kineto-
chores remain in close proximity to the spindle poles and attach 
rapidly to the forming spindle.6 However, both Mad1 and Mad2 
are bound to kinetochores that have been detached by treatment 
with the microtubule depolymerizing drug nocodazole.6

Mutations in budding yeast that allow attachment to the 
spindle but prevent establishment of tension between sister 
kinetochores cause a checkpoint-mediated cell cycle delay that 
is dependent on Ipl1 (Aurora kinase B) and the three other 
chromosomal passengers Sli15 (INCENP), Bir1 (survivin) and 
Nbl1 (borealin).7-10 The latter three proteins colocalize with 
Ipl1/Aurora kinase B throughout the cell cycle and are required 
for proper Ipl1/Aurora kinase B localization and function.9-14 
Ipl1/Aurora kinase B has been shown to promote correction of 
kinetochore-microtubule connections that correlate with a lack 
of tension between sister kinetochores, but is not required for a 
checkpoint-dependent cell cycle arrest in response to unattached 
kinetochores.7,15-17
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alanine and aspartic acid substitutions at this site reproduce the 
DAM1-765 kinetochore localization and synthetic lethality with 
spc110-226. Colocalization of the kinetochore proteins Dam1, 
Nuf2 and Ndc10 is not affected by the DAM1-765 mutation.27 
Here, we examined whether the DAM1-765 mutant kinetochores 
also contain other known kinetochore complexes. We fluores-
cently tagged the kinetochore components Mtw1 and Spc105 
and showed that they colocalize with Nuf2 at metaphase in 
both wild-type and DAM1-765 cells (Fig. 1A). Combined with 
our previous work, we have examined the localization of at least 
one component from each of the major kinetochore complexes, 
from Ndc10 in the inner kinetochore to Dam1 in the outer 
kinetochore.27 Our results suggest that the DAM1-765 kineto-
chores contain all the major complexes that comprise wild-type 
kinetochores.

Microtubule associated proteins are not sufficient for 
microtubule length control in the absence of end-on kineto-
chore attachments. In wild-type cells, kinetochore microtubule 
lengths are maintained such that kinetochores cluster within 
their respective half-spindles.27-29 In contrast, the kinetochores 
in DAM1-765 are tightly clustered near the spindle poles, while 
microtubules are nearly random in length and often extend across 
the spindle equator.27 We examined whether loss of microtubule 
length control in the DAM1-765 mutant could be explained by 
mislocalization of plus-end binding proteins or motors such as 
Bik1, Cin8, Kip3 and Stu2, which have been described to regu-
late microtubule dynamics and/or kinetochore position.30-36 In 
wild-type cells, the plus-end binding proteins (Bik1, Bim1 and 
Stu2) and plus-end directed motors (Cin8 and Kip3) each local-
ize into two peaks of fluorescence that overlap with the two peaks 
of kinetochore fluorescence (Fig. 1B and C). These localizations 
are consistent with an enrichment of these proteins at microtu-
bule plus ends, where the kinetochores attach.30,37-40

In contrast, DAM1-765 kinetochores are uncoupled from 
microtubule ends and accordingly, some plus-end binding pro-
teins and plus-end directed motors display reduced colocaliza-
tion with kinetochores (Fig. 1B and C). As shown previously, the 
plus-end binding protein Bik1 localizes randomly along DAM1-
765 spindles instead of colocalizing with kinetochores.27 The 
plus-end directed motor Kip3, which can bind centromeric DNA 
independently of microtubules,39 also fails to colocalize with 
DAM1-765 kinetochores. Instead, Kip3 is randomly distributed 
along the spindle, consistent with the distribution of microtu-
bule plus ends in DAM1-765 (Fig. 1C; reviewed in ref. 27). Stu2 
can be found both colocalized with kinetochores and along the 
spindle in DAM1-765 (Fig. 1B). This result is consistent with 
the observed localization in wild-type cells and with previous 
reports that Stu2 binds the kinetochore independently of micro-
tubules.26,40 Cin8 localizes along the DAM1-765 spindle, and in 
some cells also colocalizes with kinetochores, as it does in wild-
type cells (Fig. 1C). Fluorescently tagging the C-terminus of the 
plus-end binding protein Bim1 impaired growth of DAM1-765 
cells and reduced formation of bipolar spindles, preventing deter-
mination of Bim1 localization in the mutant (data not shown). 
Our data suggest that Stu2, Bik1, Cin8 and Kip3 remain properly 
associated with microtubules in DAM1-765, but are not sufficient 

The checkpoint proteins Bub1 and Bub3 localize to unat-
tached kinetochores, but additionally label unaligned kineto-
chores during the early stages of mitosis and leave kinetochores as 
metaphase progresses.6,18-23 The correlation between Bub1 kinet-
ochore localization and chromosome alignment could indicate a 
role for Bub1 in sensing tension or end-on attachment, and there 
is evidence for both roles. Mammalian Bub1 has been shown to 
localize to kinetochores in response to reduced tension caused 
by low levels of microtubule poisons, supporting a role for Bub1 
in monitoring tension.18,19 In other experiments, depletion of 
Bub1 or Bub3 results in an increased number of laterally attached 
kinetochores, indicating a role for the two checkpoint proteins in 
the formation of end-on attachments.24,25

In budding yeast, Bub1 is recruited to kinetochores in some, 
but not all, situations in which tension at kinetochores is absent 
and is proposed to localize to laterally attached kinetochores.6 
However, because yeast chromosomes remain in close proxim-
ity to spindle poles and quickly become attached to the spindle, 
studies of lateral attachment have been restricted to rare natural 
occurrences or chromosomes that have intentionally been posi-
tioned away from the spindle.26 In previous work, we isolated a 
kinetochore mutant, DAM1-765, which biorients and segregates 
its chromosomes despite a lack of stable kinetochore attach-
ment to the ends of microtubules.27 Although these attachments 
may not be identical to the lateral attachments characterized by 
Tanaka et al.26 for simplicity we will refer to the non-end-on 
attachments in DAM1-765 as lateral attachments. Here we show 
that localization of the microtubule-associated proteins Bik1, 
Stu2, Cin8 and Kip3 to DAM1-765 microtubules is not suffi-
cient for normal microtubule length regulation in the absence 
of end-on kinetochore attachments. The lateral attachments 
in DAM1-765 cells are recognized by the spindle checkpoint 
protein Bub1, but not by Mad1. Consistent with the ability of 
DAM1-765 cells to biorient their kinetochores under tension, 
the chromosomal passenger Bir1 is not present at metaphase 
kinetochores. Furthermore, the DAM1-765 mutation rescues the 
temperature sensitivity of an ipl1-321 mutant and DAM1-765 
cells display normal rates of chromosome loss. Therefore, the 
novel spindle architecture in the DAM1-765 mutant, where sis-
ter kinetochores are bioriented despite being laterally attached, 
satisfies all checkpoints and allows cell cycle progression with 
little delay.

Results

DAM1-765 kinetochores contain all examined kinetochore 
components. In previous work, we showed that a mutation 
(DAM1-765; S221F) in the outer kinetochore protein Dam1 
allows kinetochore attachment to microtubules but prevents 
stable interaction with the microtubule end.27 This mutation dis-
rupts a site of phosphorylation by Mps1 kinase and was isolated 
as a dominant mutation in a synthetic lethal screen with a fragile 
spindle pole body mutant (spc110-226 ). In the presence of wild-
type SPC110, DAM1-765 cells grow normally and do not require 
the spindle checkpoint for survival at 30°C, despite the absence 
of stable end-on kinetochore attachments to microtubules. Both 
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caused by nocodazole, even in the DAM1-765 mutant, but is not 
recruited to laterally attached kinetochores in DAM1-765 cells.

Bub1 is retained on DAM1-765 kinetochores at metaphase. 
Bub1 has been proposed to localize to laterally attached kinet-
ochores, although this has not been demonstrated directly in 
yeast.6 To determine whether Bub1 is enriched on DAM1-765 
kinetochores, we measured the amount of Bub1 present at kinet-
ochores in small budded cells prior to kinetochore separation and 
in metaphase spindles with well-separated kinetochore clusters. 
Prior to kinetochore separation, the amount of Bub1 on DAM1-
765 kinetochore clusters (3,500 ± 100 arbitrary units (a.u); mean 
± SEM, N = 97) was similar to wild-type (3,200 ± 100 a.u., N 
= 100) (Fig. 3A). At metaphase, however, the amount of Bub1 
per kinetochore cluster was significantly higher (p < 0.0001) in 
DAM1-765 cells (2,800 ± 100 a.u., N = 158) compared to wild 
type cells (1,400 ± 100 a.u.; N = 260) (Fig. 3B). Roughly 60% of 
DAM1-765 cells exhibited Bub1 localization on both kinetochore 
clusters, while 35% showed Bub1 enrichment predominantly on 
one of the two kinetochore clusters. An asymmetrical kinetochore 
distribution has been described previously for human Bub1.19 The 

for proper microtubule length control when the kinetochores are 
not at the microtubule plus-ends.

The checkpoint protein Mad1 does not localize to DAM1-765 
kinetochores. Yeast Mad1 localizes to unattached kinetochores 
created by the microtubule depolymerizing drug nocodazole, 
but not to transiently unattached kinetochores that form dur-
ing a normal cell cycle.6 To test whether the prolonged lateral 
attachments in DAM1-765 recruit Mad1, we compared Mad1 
kinetochore localization in wild-type and DAM1-765 spindles. 
Mad1-GFP was seen to colocalize with at least one Nuf2-mCherry 
labeled kinetochore cluster in 5% of both wild-type (N = 39) and 
DAM1-765 (N = 52) spindles (Fig. 2A). In both strains, Mad1 
localization was consistent with previously described nuclear pore 
localization.2,3 Upon treatment with nocodazole, 46% of DAM1-
765 (N = 50) cells showed Mad1 associated with a Nuf2-mCherry 
focus (Fig. 2B). This is consistent with previous results showing 
that Mad1 and Mad2 only localize to unattached kinetochores, 
which often exhibit fainter kinetochore fluorescence than the 
main kinetochore cluster that remains attached to the depolymer-
ized spindle.6 Thus, Mad1 is recruited to unattached kinetochores 

Figure 1. Localization of kinetochore and microtubule-binding components in wild-type (left) and DAM1-765 mutant spindles (right). Each spindle 
component was GFP-tagged in a strain expressing Nuf2-mCherry. Fluorescence distributions were analyzed as described in Materials and Methods. 
The black line in each part represents the average Nuf2 (kinetochore) distribution. The center of the x-axis represents the spindle equator, with the 
spindle poles approximately at positions 0 and 1. The error bars in each part represent the standard error of the mean for the component with the 
fewest spindles analyzed. (A) Core kinetochore components: Mtw1 (red, MSY255-1C, MSY255-15C), Spc105 (blue, MSY267-2A, MSY267-7D). (B) Plus-end 
binding proteins: Bik1 (red, PWY266-8B, MSY58), Bim1 (blue, MSY304-18C), Stu2 (green, MSY307-16C, MSY307-18D). (C) Plus-end directed motors: Cin8 
(blue, MSY306-5C, MSY305-14C), Kip3 (red, MSY263-23B, MSY263-46D).
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re-examine the cell cycle in DAM1-765. We found that 
DAM1-765 cells grow at 30°C with a doubling time (92 
± 1 min; mean ± SEM) that is 7% longer than wild-
type cells (86 ± 1 min). When monitored in synchro-
nous cultures, the delay was detectable but less than the 
10 min interval between time points (Fig. 5A). Thus, 
the absence of stable end-on attachments in DAM1-
765, although recognized by the Bub1 protein, has little 
impact on the rate of cell cycle progression.

DAM1-765 cells do not exhibit increased chromo-
some loss. The slight cell cycle delay in DAM1-765 cells 
prompted us to examine whether the lack of stable end-
on attachments causes cells to missegregate chromo-
somes at a higher rate. We measured the frequency with 
which diploid cells lost one copy of Chromosome III 
and found the frequencies for wild-type (2.2 x 10-6) and 
DAM1-765 (2.7 x 10-6) to be similar. Consistent with 
our previous results that DAM1-765 cells biorient their 
chromosomes as well as wild-type cells,27 we find that 
DAM1-765 cells do not exhibit an elevated rate of chro-
mosome loss. Additionally, DAM1-765 cells were via-
ble even after deletion of the checkpoint protein genes 
BUB1, MAD2 or MAD1 (data not shown; reviewed in 
ref. 27), demonstrating that DAM1-765 cells are not 
relying on the spindle checkpoint for survival.

The lateral attachments in DAM1-765 cells satisfy 
the tension checkpoint. In wild-type cells, the lack of tension 
caused by defects in biorientation results in a cell cycle delay 
that depends on the chromosomal passengers. The lack of a sig-
nificant delay in DAM1-765 cells suggests that either the later-
ally attached kinetochores support enough tension to satisfy the 
tension-dependent checkpoint or the cells do not have a func-
tional tension checkpoint. To test whether the tension checkpoint 
operates properly even in the presence of lateral attachments, we 
examined the ability of DAM1-765 cells to delay the cell cycle 
in response to a loss of tension in a cohesin mutant (mcd1-1). At 
the restrictive temperature, cohesin is inactivated and this causes 
a cell cycle delay dependent on the chromosomal passengers.7,8 
We found that the tension checkpoint was still active in the pres-
ence of DAM1-765; DAM1-765 mcd1-1 cells delayed with large-
budded cells and a 2N DNA content (Fig. 5B). This delay was 
Ipl1-dependent, as a DAM1-765 mcd1-1 ipl1-321 triple mutant 
showed a reduced delay (Fig. 5B).

Previously, we showed that the chromosomal passengers 
Ipl1, Sli15 and Bir1 are not localized to metaphase kinetochores 
in wild-type cells but that kinetochore localization of Bir1 is 
enhanced in the absence of tension.13 To determine whether 
lateral attachments might retain chromosomal passengers at 
metaphase kinetochores, we examined whether Bir1 was local-
ized to DAM1-765 kinetochores. We compared the fluorescence 
distribution of Bir1 at metaphase to that of the kinetochore 
component Nuf2. Similarly to wild-type cells, Bir1 was local-
ized along the spindle between DAM1-765 kinetochores (Fig. 
6A; reviewed in ref. 13). This is in contrast to an mcd1-1 cohe-
sin mutant, in which kinetochores are also positioned close to 
the spindle poles, but not under tension, and Bir1 is strongly 

checkpoint protein Bub3 also showed increased localization to 
DAM1-765 kinetochores, however Bub3 fluorescence was weaker 
than Bub1 (data not shown). Localization of Bub1 to DAM1-765 
kinetochores suggests that Bub1 recruitment to kinetochores may 
be correlated with the absence of end-on attachments.

The mechanism by which Bub1 detects lateral attachments is 
unclear, however one possibility is that Bub1 monitors interac-
tions between kinetochores and microtubule plus-end associated 
proteins. Because Bik1 and Kip3 do not colocalize with kineto-
chores in the DAM1-765 mutant, we hypothesized that loss of 
an interaction between Bik1 or Kip3 and the kinetochore could 
be responsible for Bub1 recruitment. We therefore examined 
whether deletion of Bik1 or Kip3 is sufficient to recruit Bub1 to 
kinetochores even in cells with the wild-type DAM1 allele. We 
measured the total amount of Bub1-GFP fluorescence on meta-
phase spindles in strains expressing the spindle pole body marker, 
Spc110-mCherry. Consistent with the above results, the total 
amount of Bub1 on DAM1-765 spindles (4,000 ± 200 a.u; mean 
± SEM, N = 116) was significantly higher (p < 0.0001) than on 
wild-type spindles (2,500 ± 100 a.u, N = 349) (Fig. 4A). Neither 
bik1Δ (2,600 ± 200 a.u, N = 97, Fig. 4B) nor kip3Δ (3,200 ± 200 
a.u, N = 137, Fig. 4C) elevated Bub1 fluorescence to DAM1-765 
levels. Thus, disrupting the interaction of either Bik1 or Kip3 
with kinetochores is not sufficient to recruit Bub1 to the extent 
seen in DAM1-765 cells.

DAM1-765 cells exhibit a slight cell cycle delay. Previously 
we showed that DAM1-765 cells are not temperature-sensitive 
and progress through the cell cycle at the same rate as wild-type 
cells.27 Because checkpoint protein localization to kinetochores 
is associated with an activated spindle checkpoint, we decided to 

Figure 2. Mad1 does not localize to kinetochores in unperturbed DAM1-765 cells. 
Kinetochores are labeled with Nuf2-mCherry (red) and Mad1 is labeled with GFP 
(green). Bars are 1 μm. (A) Mad1-GFP localizes to the nuclear envelope in both 
wild-type (MSY198-11D) and DAM1-765 (MSY197-3B) cells. (B) Mad1-GFP local-
izes to unattached DAM1-765 kinetochore clusters generated by treatment with 
nocodazole, but not to the main kinetochore cluster, which is presumably still 
attached to the spindle.
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= 100), only slightly higher than wild-type (3%, N = 104) or 
DAM1-765 alone (3%, N = 99). This suggests that biorientation 
in DAM1-765 shows a reduced requirement for Ipl1-dependent 
corrective activity.

Discussion

Kinetochore attachment to the ends of kinetochore microtu-
bules has been observed in several organisms and is believed to 
be essential for proper chromosome segregation. In our previous 
work, we characterized a yeast kinetochore mutation, DAM1-765, 
that disrupts the stable interaction between kinetochores and the 
ends of microtubules without impairing the cell’s ability to prop-
erly biorient and segregate its chromosomes.27 Here we provide 
further evidence that the kinetochores in DAM1-765 cells not 
only contain all of the examined kinetochore components, but 
also exhibit changes in the organization of microtubule-binding 

localized to kinetochores.13 Together these results indicate that 
the DAM1-765 cells possess a functional tension checkpoint 
and that laterally attached kinetochores are able to satisfy the 
checkpoint.

DAM1-765 reduces the temperature sensitivity and chro-
mosome missegregation of an ipl1-321 mutant. Interestingly, 
lateral attachments in DAM1-765 not only satisfy the tension 
checkpoint, but also appear to reduce dependence on Ipl1 activ-
ity. Cells carrying both the DAM1-765 allele and a temperature-
sensitive ipl1-321 allele were able to grow at higher temperatures 
than cells with the ipl1-321 allele alone (Fig. 6B). Cells carry-
ing the ipl1-321 allele exhibit chromosome missegregation at the 
non-permissive temperature.13,17,41 We found that 25% of ipl1-321 
cells (N = 106) incorrectly segregate a pair of fluorescently tagged 
centromeres to the same spindle pole after 60 min at the non-
permissive temperature.13 Combining the ipl1-321 allele with 
DAM1-765 reduced the frequency of missegregation to 8% (N 

Figure 3. Bub1 localizes to DAM1-765 metaphase kinetochores. Bub1 fluorescence at kinetochores was analyzed as described in Materials and Meth-
ods for (A) small-budded cells and (B) metaphase spindles. In merged images, Nuf2-mCherry is in red and Bub1-GFP is in green. Bars are 1 μm. Histo-
grams of total kinetochore (Nuf2) and Bub1 fluorescence for wild-type (solid grey, MSY202-8C) and DAM1-765 (black outline, MSY201-4C) kinetochore 
clusters are plotted.
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affects microtubule dynamics.34,42,43 Additionally, both 
the kinetochore and Stu2 have been shown to alter micro-
tubule dynamics independently of one another, suggest-
ing kinetochores and plus-end binding proteins cooperate 
to properly regulate microtubule length.34

Despite their laterally attached kinetochores, DAM1-
765 cells delay the cell cycle in response to a lack of tension. 
Furthermore, although the kinetochores in DAM1-765 
cells are not stably associated with the ends of microtu-
bules, Bir1 is not localized to metaphase kinetochores. 
Therefore, the mechanisms underlying proper Bir1 local-
ization and the Ipl1-dependent tension checkpoint do 
not depend on formation of stable end-on attachments. 
The absence of a significant cell cycle delay in DAM1-
765 cells during normal growth suggests that biorienta-
tion and tension are sufficient to prevent detachment of 
laterally attached kinetochores by the Ipl1 kinase. In fact, 
the DAM1-765 mutant displays a reduced requirement for 
Ipl1 activity, suggesting that the DAM1-765 kinetochores 
may be more likely to achieve biorientation on the first 
attempt than wild-type kinetochores. Alternatively, the 
DAM1-765 kinetochore attachments may be less stable 
prior to proper biorientation and tension-dependent sta-
bilization. Whereas mono-oriented end-on attachments 
must be detached by Ipl1, mono-oriented DAM1-765 
kinetochores may be more likely to detach on their own, 
thus reducing the requirement for Ipl1 activity.

Bub1 localization to kinetochores in DAM1-765 
cells supports a role for yeast Bub1 in monitoring lat-
eral attachments. Consistent with previous results, Bub1 
recruitment to kinetochores is not sufficient to cause a 
metaphase arrest,6 supporting the idea that a full check-
point arrest may require the presence of unattached 
kinetochores, which have failed to attach to the spindle or 
had their incorrect attachments severed by the corrective 
activity of Ipl1. This is consistent with recent work show-
ing that a cell cycle arrest can be bypassed by prevent-
ing detachment of incorrect attachments.44 Because each 
budding yeast kinetochore attaches to a single microtu-
bule, arresting the cell cycle solely in response to unat-
tached kinetochores can be effective when coupled with 
a tension-dependent detachment mechanism. It will be 
important to determine how the expanded repertoire of 
spindle checkpoint components monitors kinetochore-
microtubule attachment in higher eukaryotes, where 
kinetochores attach to multiple microtubules.

Materials and Methods

Plasmids and strains. All strains were derived from W303 and 
are listed in Table 1. All fluorescent tags were introduced by PCR 
at the 3' end of the target genes with plasmids from the Yeast 
Resource Center as described (depts.washington.edu/yeastrc 
“Plasmids and Protocols”, reviewed in ref. 45).

Fluorescence microscopy. Live cells were mounted for micros-
copy as described.46 Images of cells with fluorescent tags were 

components that are consistent with a disruption of the attach-
ments between kinetochores and microtubule plus ends.

Despite localization of microtubule plus-end associated 
proteins such as Stu2, Bik1, Cin8 and Kip3 to microtubules, 
microtubule lengths in DAM1-765 cells are misregulated. This 
suggests that the examined microtubule regulators are not suf-
ficient for proper microtubule length control in the absence of 
end-on kinetochore attachments. Indeed, members of the Dam1 
and Ndc80 kinetochore complexes have been shown to exert 
direct effects on plus-end behavior, and a mutation in Ndc10 also 

Figure 4. Deletion of BIK1 or KIP3 does not reproduce DAM1-765 levels of Bub1 
recruitment to kinetochores. Total Bub1 fluorescence on metaphase spindles 
was analyzed as described in Materials and Methods. (A) Histograms of total 
Bub1 fluorescence for wild-type (solid grey, MSY319-1D) and DAM1-765 (black 
outline, MSY318-7A) spindles are plotted. The DAM1-765 histogram is shifted 
toward higher Bub1 fluorescence values relative to wild-type. (B) Histograms 
of total Bub1 fluorescence for bik1Δ (solid black bars, MSY331-2D), wild-type 
(solid grey bars) and DAM1-765 (black outline) spindles are plotted. The bik1Δ 
histogram overlaps with wild-type. (C) Histograms of total Bub1 fluorescence for 
kip3Δ (solid black bars, MSY317-10C), wild-type (solid grey bars) and DAM1-765 
(black outline) spindles are plotted. The kip3Δ histogram is shifted relative to 
wild-type, but does not reproduce the high levels of Bub1 fluorescence mea-
sured in DAM1-765 spindles.
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separated into two clusters. For each AOI, the amount of fluores-
cence was measured in both color channels and background was 
subtracted.

For the quantification of Bub1 at metaphase kinetochores, 
spindles were identified by the kinetochore marker, Nuf2, using 
the Fluorcal program described above with the following modi-
fications: the signal to background for each AOI was ≥1.2, the 
FWHM of the Gaussian fit was ≤6.0, the size of the AOI was 9 
pixels x 9 pixels and the background fluorescence was calculated 
from a concentric ring 2 pixels away from the AOI. The trend 
was similar, regardless of kinetochore separation, so kinetochore 
separations of 12–17 pixels (0.8–1.1 μm) were analyzed. For each 
spindle, the amount of fluorescence was measured for each AOI 
in both color channels and background was subtracted.

For the quantification of Bub1 across the entire metaphase 
spindle, spindles were identified by the spindle pole body marker, 
Spc110, using the Fluorcal program with the following modifi-
cations. The signal to background for each AOI was ≥1.5, the 
FWHM of the Gaussian fit was ≤4.7, the minimum distance 
between AOIs was 12 pixels (0.76 μm), the size of the AOI was 5 

taken with a 100x, 1.35 numerical aperture oil objective 
lens, an Olympus IX-70 inverted fluorescence micro-
scope and a CoolSnap HQ camera (Photometrics) 
managed by softWorX software (Applied Precision). 
Exposures were typically 0.4–0.5 s at a single focal 
plane, with 1 x 1 binning, except as otherwise noted.

Metaphase distribution of spindle compo-
nents. Spindles were identified by the kinetochore 
marker, Nuf2, using the cutup.m program as previ-
ously described13 or a collection of integrated Matlab 
scripts developed for the analysis of fluorescent images 
(Fluorcal) based on Fretscal.47 Fluorcal is available upon 
request. Briefly, 12-bit softWoRx data were converted 
to 8- and 16-bit TIFF images using R3DConverter as 
previously described.13 The Fluorcal program allows the 
user to specify criteria that are used to identify peaks 
of fluorescence as areas of interest (AOIs) in the 16-bit 
TIFF images. These criteria were chosen such that AOIs 
were identified solely in the channel representing kinet-
ochore (Nuf2) fluorescence, the signal to background 
was ≥1.25, the full width at half maximum (FWHM) 
of the Gaussian fit was ≤5.6 for wild-type and ≤5.3 for 
DAM1-765, which has tighter kinetochore clusters. 
The minimum distance between AOIs was 8 pixels 
(0.51 μm), the size of the AOI was 7 pixels x 7 pixels 
and the background fluorescence was calculated from 2 
concentric rings beginning 2 pixels away from the AOI. 
Pairs of AOIs within 25 pixels (1.6 μm) of each other 
were identified and visually screened to ensure that each 
pair represented an in-focus mitotic spindle. The fluo-
rescence distributions were then analyzed using calc.m 
as previously described,13 with a pushout factor of 0.75. 
Metaphase kinetochore cluster separations were 14–17 
pixels (0.9–1.1 μm) for wild-type and 12–16 pixels 
(0.8–1.0 μm) for DAM1-765. Spindle profiles were 
normalized to a constant length. Half-spindle profiles 
were averaged and then mirrored to produce a symmetric plot of 
the average profile across the whole spindle.

Metaphase Bir1 distribution was analyzed as described above 
with longer (1 s) exposures and 2 x 2 binning due to the relatively 
low levels of fluorescence. As a result, metaphase kinetochore 
cluster separations were 7–8.5 pixels (0.9–1.1 μm) for wild-type 
and 6–8 pixels (0.8–1.0 μm) for DAM1-765.

Nocodazole treatment. Cells were grown to mid-log phase 
in YPD liquid medium48 containing 75 μg/ml adenine, resus-
pended at a density of 25 klett units and incubated at 30°C with 
15 μg/ml nocodazole for 2 hr and 15 min.

Quantitative analysis of Bub1 fluorescence. For measure-
ments of Bub1 fluorescence prior to kinetochore separation, 
Fluorcal was used to identify AOIs based on the kinetochore 
marker, Nuf2, with the following criteria. The signal to back-
ground for each AOI was ≥1.25, the FWHM of the Gaussian 
fit was ≤13.0, the size of the AOI was 11 pixels x 11 pixels and 
the background fluorescence was calculated from 2 concentric 
rings 2 pixels away from the AOI. Images were visually screened 
to identify small-budded cells, in which kinetochores have not yet 

Figure 5. (A) Flow cytometry of DAM1-765 cells reveals a slight cell cycle delay. 
Cells were synchronized with alpha factor, released at 30°C and re-arrested with 
alpha factor in the following G1. Samples were fixed for flow cytometry every 10 
minutes. The fraction of cells with a 2N DNA content at each time point was deter-
mined as described in Materials and Methods. The graph represents the average 
of two experiments, with the strains aligned according to when 50% of the cells 
reached a 2N DNA content. Wild-type, dashed line, circles (MSY216-1A); DAM1-765, 
solid line, squares (MSY165-19B). (B) DAM1-765 cells delay in response to lack of ten-
sion caused by mcd1-1 and the delay is Ipl1-dependent. Cells were synchronized 
at 25°C with alpha factor, released at 37°C and re-arrested with alpha factor in the 
following G1. Samples were fixed for flow cytometry every 10 minutes. DAM1-765 
mcd1-1, solid line, squares (MSY289-32D), DAM1-765 mcd1-1 ipl1-321 dashed line, 
circles (MSY312-12B).
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pixels x 5 pixels and the background fluorescence was calculated 
from concentric rings 3–4 pixels away from the AOI. Spindles 
were identified and Bub1 fluorescence analyzed as described 
above for the metaphase distribution of spindle components, 
with a pushout factor of 0.3. Total fluorescence was calculated 
using summation.pl as previously described.13

Flow cytometry. Cells were synchronized in G
1
 with alpha 

factor at 30°C (25°C for mcd1-1 strains) and released (at 37°C 
for mcd1-1 strains). DNA content was monitored by flow cytom-
etry to compare progression through the cell cycle. To facilitate 
comparison of the metaphase to anaphase transition, alpha factor 
was added back after release into the cell cycle to re-arrest cells 
in the following G

1
. Cells were fixed with two volumes of 100% 

ethanol at 22°C overnight and stained with propidium iodide. 
Fluorescence was analyzed using a Becton Dickinson FACSCAN 
flow cytometer and data were collected with Cell Quest software. 
The fraction of cells with 2N DNA content was determined 
using Flowjo software. The fraction of 2N cells represents the 
number of cells in the 2N peak divided by the total number of 
cells in the 1N and 2N peaks.

Chromosome loss assays. The rates at which diploid cells 
lost a tagged Chromosome III were measured as described pre-
viously.49 Nineteen single colonies were picked after growth for 
2 days on YPD at 25°C and each colony was suspended in 1 
ml of distilled H

2
O. Suspensions were sonicated and 100 μl of 

each suspension was plated onto 19 separate YPD plates con-
taining 2 μg/ml cycloheximide. Equal volumes from each of the 
19 suspensions were pooled and the pooled sample was serially 
diluted on YPD plates to determine the average number of col-
ony forming units per suspension. After incubation at 30°C for 
4 days, cycloheximide-resistant colonies were tested for mating 
ability, to differentiate between chromosome loss and recombi-
nation events. The rate of chromosome loss was calculated by 
the method of the median.50 The median number of mating 
colonies per suspension was used to determine the median num-
ber of chromosome loss events per original colony. This number 
was divided by the average number of colony forming units per 
suspension to obtain a frequency of chromosome loss per cell 
division.
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Figure 6. (A) Bir1 localizes between metaphase kinetochores in both 
DAM1-765 and wild-type cells. Wild-type and DAM1-765 strains carrying 
Nuf2-CFP and Bir1-Venus (MSY279-6C and MSY279-7B) were imaged 
and fluorescence distributions analyzed as described in Materials 
and Methods. The solid lines represent average Nuf2 (kinetochore) 
fluorescence and the dashed lines represent average Bir1 fluorescence. 
Error bars are the standard error of the mean. (B) DAM1-765 rescues 
ipl1-321 temperature-sensitivity. The indicated yeast strains were grown 
in liquid culture at 25°C to mid-log phase (MSY216-1A, MSY165-19B, 
PWY261-2B, PWY261-3D, SFY233-2D). Cells were diluted to a density 
equal to approximately 5 Klett units. 5-fold serial dilutions were spotted 
(3 μl per spot) onto YPD plates and grown at the indicated tempera-
tures for 2–3 days.
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Table 1. Yeast strains

Strain Genotype Reference

EMY84-6C MATa lys2Δ::HIS3 51

MSY58 MATa ade3Δ BIK1-GFP::TRP1 DAM1-765-13xmyc::KanMX lys2Δ::HIS3 NUF2-mCherry::HphMX URA3 27

MSY165-19B MATa ade3Δ DAM1-765-13xmyc::KanMX

MSY197-3B Matα ade3Δ lys2Δ::HIS3 DAM1-765-myc::KanMX MAD1-GFP::HIS3MX6 NUF2-Cherry::hphMX URA

MSY198-11D Mata ade3Δ lys2Δ::HIS3 DAM1-myc::KanMX MAD1-GFP::HIS3MX6 NUF2-Cherry::hphMX 

MSY201-4C MATa ade3Δ BUB1-GFP::HIS3MX6 DAM1-765-13xmyc::KanMX NUF2-mCherry::HphMX

MSY202-8C MATa ade3Δ BUB1-GFP::HIS3MX6 DAM1-myc::KanMX NUF2-mCherry::HphMX

MSY216-1A MATa ade3Δ DAM1-13xmyc::KanMX

MSY255-15C MATa ade3Δ cyh2r DAM1-765-13xmyc::KanMX MTW1-GFP::HIS3MX6 NUF2-mCherry::HphMX

MSY255-1C MATa ade3Δ cyh2r MTW1-GFP::HIS3MX6 NUF2-mCherry::HphMX

MSY263-23B MATa ade3Δ KIP3-GFP::HIS3MX6 NUF2-mCherry::HphMX

MSY263-46D MATa ade3Δ DAM1-765-13xmyc::KanMX KIP3-GFP::HIS3MX6 NUF2-mCherry::HphMX

MSY267-2A MATa ade3Δ NUF2-mCherry::HphMX SPC105-GFP::HIS3MX6

MSY267-7D MATa ade3Δ DAM1-765-13xmyc::KanMX NUF2-mCherry::HphMX SPC105-GFP::HIS3MX6

MSY279-6C MATa ade3Δ BIR1-Venus::KanMX NUF2-CFP::HphMX

MSY279-7B MATa ade3Δ BIR1-Venus::KanMX DAM1-765-13xmyc::KanMX NUF2-CFP::HphMX

MSY298-32D MATa DAM1-765-13xmyc::KanMX mcd1-1 PDS1-3xHA::URA3

MSY304-18C MATa ade3Δ BIM1-GFP::NatMX DAM1-13xmyc::KanMX NUF2-mCherry::HphMX

MSY305-14C MATa ade3Δ CIN8-GFP::HIS3MX6 DAM1-765-13xmyc::KanMX NUF2-mCherry::HphMX

MSY306-5C MATa ade3Δ CIN8-GFP::HIS3MX6 DAM1-13xmyc::KanMX NUF2-mCherry::HphMX

MSY307-16C MATa ade3Δ NUF2-mCherry::HphMX STU2-GFP::HIS3MX6

MSY307-18D MATa ade3Δ cyh2r DAM1-765-13xmyc::KanMX NUF2-mCherry::HphMX STU2-GFP::HIS3MX6

MSY312-12B
MATa DAM1-765-13xmyc::KanMX his3-11::pCUP1-GFP12lacI12::HIS3 ipl1-321 mcd1-1 PDS1-

3xHA::URA3 trp1-1::URA3::lacO::TRP1

MSY317-10C MATa ade3Δ BUB1-GFP::HIS3MX6 kip3Δ::HIS3 SPC110-mCherry::HphMX

MSY318-7A MATa ade3Δ BUB1-GFP::HIS3MX6 DAM1-765-13xmyc::KanMX SPC110-mCherry::HphMX URA3

MSY319-1D MATa ade3Δ BUB1-GFP::HIS3MX6 SPC110-mCherry::HphMX

MSY331-2D MATa ade3Δ bik1Δ::NatMX BUB1-GFP::HIS3MX6 cyh2r SPC110-mCherry::HphMX

MSY346-1C MATa ade3Δ mad2Δ::NatMX cyh2r

MSY351-1B MATa ade3Δ DAM1-765-13xmyc::KanMX mad2Δ::NatMX

MSY351-3D MATα ade3Δ DAM1-765-13xmyc::KanMX mad2Δ::NatMX cyh2r

PWY247-30C MATa Chr8::CEN-lacO::TRP1 his3-11::pCUP1-GFP12-lacI12::HIS3 SPC110-mCherry::HphMX 13

PWY261-2B MATa DAM1-765-13xmyc::KanMX ipl1-321

PWY261-3D MATα DAM1-765-13xmyc:KanMX ipl1-321

PWY266-8B MATα ade3Δ BIK1-GFP::TRP1 lys2Δ::HIS3 NUF2-mCherry::HphMX

PWY277-44C
MATa Chr8::CEN-lacO::TRP1 DAM1-765-13xmyc::KanMX his3-11::pCUP1-GFP12-lacI12::HIS3 SPC110-

mCherry::hphMX

PWY277-3A
MATa Chr8::CEN-lacO::TRP1 DAM1-765-13xmyc::KanMX his3-11::pCUP1-GFP12-lacI12::HIS3 ipl1-321 

SPC110-mCherry::hphMX

PWY286-23A MATa Chr8::CEN-lacO::TRP1 his3-11::pCUP1-GFP12-lacI12::HIS3 ipl1-321 SPC110-mCherry::hphMX 13

SFY145 MATa ade3Δ DAM1-765-13xmyc::KanMX lys2Δ::HIS3 URA3

SFY233-2D MATa ipl1-321 13

W303 ade2-1oc can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1
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