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In the budding yeast Saccharomyces cerevisiae, microtubule-organizing centers called spindle pole bodies
(SPBs) are embedded in the nuclear envelope, which remains intact throughout the cell cycle (closed mitosis).
Kinetochores are tethered to SPBs by microtubules during most of the cell cycle, including G1 and M phases;
however, it has been a topic of debate whether microtubule interaction is constantly maintained or transiently
disrupted during chromosome duplication. Here, we show that centromeres are detached from microtubules
for 1-2 min and displaced away from a spindle pole in early S phase. These detachment and displacement
events are caused by centromere DNA replication, which results in disassembly of kinetochores. Soon
afterward, kinetochores are reassembled, leading to their recapture by microtubules. We also show how
kinetochores are subsequently transported poleward by microtubules. Our study gives new insights into
kinetochore-microtubule interaction and kinetochore duplication during S phase in a closed mitosis.
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To maintain genetic integrity, eukaryotic cells must seg-
regate their chromosomes properly to opposite spindle
poles prior to cell division. Sister chromatid segregation
mainly depends on the forces generated by microtubules,
which extend from microtubule-organizing centers
(MTOCS) and attach to kinetochores, large protein com-
plexes assembled at centromeres on chromosomes (Ma-
iato et al. 2004; Kline-Smith et al. 2005; T.U. Tanaka et
al. 2005). In most metazoan cells, MTOCs (called cen-
trosomes) are located outside the nuclear envelope dur-
ing interphase and, only after the nuclear envelope
breaks down in early M phase (prometaphase), can mi-
crotubules from MTOCS access and capture kinetochoes
(open mitosis) (Bornens 2002; Sazer 2005). In contrast, in
many unicellular eukaryotes such as yeasts, MTOCs
(called spindle pole bodies; SPBs) are embedded in the
nuclear envelope, which remains intact throughout the
cell cycle (closed mitosis) (Jaspersen and Winey 2004;
Sazer 2005). Thus, microtubules from MTOCs may in-
teract with kinetochores before M phase in a closed mi-
tosis. However, it is still elusive how kinetochores in-
teract with microtubules during each cell cycle phase in
a closed mitosis, and which aspects of kinetochore-mi-
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crotubule interaction are similar and dissimilar between
an open and closed mitosis.

Budding yeast Saccharomyces cerevisiae is a well-
studied model organism that undergoes a closed mitosis
(Winey and O’Toole 2001; T.U. Tanaka et al. 2005). In
this organism, centromeres are tethered to spindle poles
by microtubules during most of the cell cycle, including
Gl and M phases (Guacci et al. 1997; Jin et al. 2000;
Winey and O’'Toole 2001; Tanaka et al. 2002) (we pro-
pose that there is no G2 phase in this organism; see Dis-
cussion). Indeed, it has been thought that centromeres
might never detach from microtubules throughout the
cell cycle (see Discussion in Winey and O’Toole 2001). If
this were the case, how would kinetochores be dupli-
cated upon centomere DNA replication in S phase? In
order to maintain kinetochore-microtubule attachment,
kinetochores may have to be duplicated in a conserva-
tive manner similarly to SPBs and centrioles in meta-
zoan cells (Adams and Kilmartin 2000; Pereira et al.
2001; Stearns 2001); i.e., the old one, inherited from the
previous cell cycle, remains intact, while the new one is
generated in the present cycle.

However, recent indirect evidence has suggested that
kinetochores might be transiently disassembled during S
phase, causing centromeres to detach from microtubules
(Pearson et al. 2004; Tanaka 2005; K. Tanaka et al. 2005);
nonetheless, this process has not yet been directly
proven. If centromeres indeed detach from microtubules
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in S phase, direct visualization of this process would help
its characterization.

Here, we demonstrate that centromeres remain adja-
cent to a spindle pole in G1, but detach from microtu-
bules and move away from a spindle pole for 1-2 min
when the centromere DNA replicates during S phase.
Subsequently, centromeres are recaptured by microtu-
bules and transported to the vicinity of a spindle pole.
Such centromere detachment from microtubules is de-
pendent on DNA replication and caused by transient ki-
netochore disassembly at centomeres. These processes
have not been visualized previously because of their ex-
tremely transient nature. Our data resolve a long-stand-
ing controversy on the status of kinetochore-microtu-
bule interaction during S phase in S. cerevisiae, and give
crucial insights into early kinetochore-microtubule in-
teraction that eventually ensures high-fidelity chromo-
some segregation in the subsequent anaphase.

Results

Centromeres are transiently detached from
microtubules and move away from a spindle pole
during S phase

To study centromere behavior with time-lapse micros-
copy, we marked CEN5 and CEN15 by the adjacent in-
sertion of a tet or lac operator array, respectively. These
arrays were bound by Tet repressors fused with three
tandem copies of cyan fluorescent proteins (CFP) and by
Lacl with a single copy of green fluorescent protein
(GFP); thus, CEN5 and CEN15 were visualized as small
CFP and GFP dots, respectively. Microtubules were also
visualized by expression of a-tubulin (TUBI) fused with
yellow fluorescent protein (YFP). Using the JP3 filter set
(see Materials and Methods), CFP/GFP and YFP were
separately visualized, and the two CENs could be distin-
guished because CENI15-GFP showed higher intensity
than CEN5-CFP.

We synchronized the cell cycle of cells with a-factor
treatment and subsequently released them into fresh
medium. Both CEN5 and CEN15 stayed in the vicinity of
a spindle pole (<0.5 pm from the center of the pole) both
during G1 phase (Fig. 1B, white bars) and presumed entry
into S phase (Fig. 1A,B, blue). However, just before bud
emergence, which corresponds to early S phase (see be-
low), both CENs detached from microtubules and moved
away from a spindle pole (Fig. 1A,B [red in A shows
CEN5 detachment]); note that SPBs have not yet sepa-
rated and cells have a single spindle pole in S phase (Lim
et al. 1996). It was very unlikely that CEN “detachment”
from microtubules was an artifactual observation be-
cause (1) we could visualize single microtubules by our
imaging method (Supplementary Note 1), and (2) CENs
moved away from a pole coincidentally upon detach-
ment. While CENs were detached, their distance from a
spindle pole was 1.0 pm on average and was as much as
1.4 pm (Fig. 1B [red], C). After CENs were detached for
1.2-1.4 min on average (Fig. 1C), they were recaptured by
microtubules and subsequently transported to the vicin-
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ity of a spindle pole at an average velocity of 1.5 pm/min
(Fig. 1A [green], C), where they stayed thereafter (Fig.
1A,B, orange).

One might predict that CENs could move around
freely by diffusion in the nucleus while being detached
from microtubules. However, we found that they
showed more restricted motion than expected from free
diffusion (Supplementary Fig. S1). Such restriction was
previously reported for S-phase motion of replication ori-
gins (Heun et al. 2001) and was perhaps due to replica-
tion forks (around CENs) being associated with replica-
tion factories during S phase (Kitamura et al. 2006).

Centromere detachment from microtubules coincides
with its DNA replication

Next, we determined timing of transient detachment of
CEN5 and CEN15 in the cell cycle after release from
a-factor arrest. To reduce photobleaching of YFP-Tubl,
we changed the field of observation every 5 min, and the
percentage of CEN detachment was scored during each
5-min interval (Fig. 2) (cells that had already shown de-
tachment from the beginning of each interval were not
counted). Frequency of CEN5 and CEN15 detachment
showed a peak at 30-35 and 35-40 min, after release
from a-factor arrest, respectively (Fig. 2A, left). This was
shortly after the time that we could detect DNA repli-
cation by FACS analysis (Fig. 2A, right).

Because centomere DNAs replicate in early S phase
(McCarroll and Fangman 1988), we predicted that cen-
tromeres might detach from microtubules upon their
DNA replication. This prediction was consistent with
the result from a genome-wide replication timing study
that found that a CEN5 DNA replicates 4 min earlier
than CEN15 DNA (Raghuraman et al. 2001; Supplemen-
tary Note 2). To test this prediction directly, we evalu-
ated the timing of CEN15 DNA replication with live-cell
imaging in the same cells in which we also observed
CEN15 detachment from microtubules (Fig. 2B; Supple-
mentary Fig. S2). This evaluation was based on our re-
cent finding that DNA replication timing of a chromo-
some locus coincided with the increase in the intensity
of the GFP-Lacl dot on a lac operator array inserted at
this locus (Kitamura et al. 2006). We found that CEN15
detached from microtubules when its dot intensity in-
creased (at mid-point of the increase on the regression
curve), or up to 3 min earlier (Supplementary Note 3),
suggesting that centromere detachment indeed hap-
pened upon its DNA replication.

Centromere detachment from microtubules is
dependent on its DNA replication

We then addressed whether CEN detachment from
microtubules is dependent on CEN DNA replica-
tion. When B-type cyclins CLB5 and CLB6 were deleted,
DNA replication was significantly delayed relative to
bud emergence (Schwob and Nasmyth 1993), and in
such cells, the timing of CEN5 and CEN15 detachment
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Figure 1. Centromeres are transiently de-
tached from microtubules and are dis-
placed away from a spindle pole during S
phase. CEN5-tetOs TetR-3CFP CEN15-
lacOs GFP-Lacl YFP-TUBI1 cells (T4243)
were treated with a-factor and subse-
quently released to fresh medium. After 30
min, CFP/GFP and YFP images were col-
lected every 7.5 sec for 8 min. (A, top) Rep-
resentative time-lapse images show CEN5
and CEN15 in green and microtubules in
red. White arrows, yellow arrows, and
white arrowheads indicate CEN5, CEN15,

0.5 AP ZEY; -10

--0.5

B p<0.0001  p<0.0001
14 = T

1.2
1.0
0.8 4
0.6 - 228

0.4 Jn=130 130

and CENs

—e—Before detachment (0 sec ~)
—o—Detached (150 sec ~)
» Capture & transport (232.5 sec ~)
— After transport (315 ~ 480 sec)

-1.5 and a spindle pole, respectively. Time is
shown in seconds in the montage (0 sec:
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shown at the top is plotted along X- and
Y-axes before detachment from microtu-
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was also delayed relative to bud emergence, but still
happened when DNA replication had started (Fig. 3A; cf.
Fig. 2A).

We next studied whether CEN detached from micro-
tubules in Cdc6-depleted cells. Cdc6 associates with
DNA replication origins (Tanaka et al. 1997) and is re-
quired for DNA replication initiation (Blow and Tanaka
2005). Cdc6-depleted cells do not replicate DNA, but
still undergo other cell cycle events such as bud emer-

tively. “n” denotes the number of time
points of measurement. Error bars show
SD. P values were obtained by comparing
indicated values, separately for CEN5 and
CEN15, using an unpaired t-test. (C) For
CEN5 and CEN15, their maximum dis-
tance from a spindle pole (while CEN was
detached from microtubules), duration of
CEN detachment, and the velocity of CEN
transport (mean = SD) are shown; the data
set obtained in B was analyzed.

gence and bipolar spindle formation (Piatti et al. 1995).
We inhibited CDC6 expression in cells where the only
CDC6 was under control of a galactose-inducible pro-
moter (Piatti et al. 1996). When CDC6 expression was
suppressed and DNA replication inhibited, CEN15 rarely
detached from microtubules either before or during bud
emergence (Fig. 3B). Taken together, we concluded that
CEN detachment from microtubules was dependent on
its DNA replication.
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Figure 2. Centromere detachment from
microtubules coincides with its DNA repli-
cation. (A) Centromere detachment from
microtubules occurs in early S phase. T4243 A
cells (see legend for Fig. 1) were treated with
a-factor and subsequently released to fresh
medium. CFP/GFP and YFP images were col-
lected every 7.5 sec using the JP3 filter set
(see Materials and Methods). To reduce
photobleaching of YFP-Tubl signals, the
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The majority of centromeres show evidence
of detachment only once during S phase

If centromeres detach from microtubules only upon their
DNA replication, detachment should happen only once
for each CEN in an individual cell during the whole S
phase. To test this, we investigated possible CEN15 de-
tachment focusing on a group of cells for a long period
(40 min), starting 20 min after release from a-factor ar-
rest (Fig. 4); this period should have covered most, if not
all, detachment events (see Fig. 2A). The majority of cells
showed CEN15 detachment from microtubules just prior
to bud emergence and most of them showed detachment
only once during observation (Fig. 4). The cumulative
percentage of CEN that had undergone detachment
reached 84 %; a similar cumulative percent (CENS5, 79%;
CEN15, 78%) was also obtained in Figure 2A. Thus, the
majority of centromeres showed evidence of detachment
only once in each cell during the whole S phase. Given
that we set rather rigorous criteria for counting CEN
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detachment to avoid false judgement (Materials and
Methods; Supplementary Note 4), we assume that, in
virtually all cells, CEN detachment from microtubules
happened during S phase.

DNA replication and Aurora kinase Ipl1 facilitate
centromere detachment from microtubule,
independently of each other

We previously suggested that Ipll, the ortholog of Aurora
B kinase in metazoan cells, promotes reorientation of
kinetochore-microtubule interaction in budding yeast
(Tanaka et al. 2002; Dewar et al. 2004). We proposed that
this reorientation occurred in a tension-dependent man-
ner, thus achieving proper sister kinetochore biorienta-
tion on a bipolar mitotic spindle. Indeed, the majority of
ipl1-321 mutant cells showed defects in this reorienta-
tion and had mono-oriented sister kinetochores on a bi-
polar spindle at 35°C, the restrictive temperature for this
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mutant (Biggins et al. 1999; Tanaka et al. 2002). To re-
solve syntelic attachment (i.e., attachment of both sister
kinetochores to microtubules from the same pole) (T.U.
Tanaka et al. 2005), Aurora B/Ipl1 must facilitate detach-
ment of at least one sister kinetochore from micro-
tubules to achieve proper biorientation.

Given that DNA replication also causes centromere
detachment from microtubules, an intriguing question is
whether Ipll also regulates this replication-dependent
detachment. To address this, we investigated CEN5 de-
tachment in wild-type and ipl1-321 cells at 35°C. In both
cells, CEN5 transiently detached from microtubules and
moved away from a spindle pole, with similar frequency
and timing (relative to budding), in the beginning of S
phase (Fig. 5). The period of CEN5 detachment and the
maximum distance of CEN5 from a spindle pole while
detached were also similar between the two cells (data
not shown). Thus, Ipll function is not required for cen-
tromere detachment from microtubules caused by DNA
replication. Moreover, because Ipll can promote reorien-
tation of unreplicated centromeres (Tanaka et al. 2002;
Dewar et al. 2004), Ipll should be able to promote cen-
tromere detachment independently of DNA replication.
Taken together, Ipl1 and DNA replication both facilitate
centromere detachment from microtubules, but inde-
pendently of each other.

Yeast KT-MT interaction in S phase

DNA content

Figure 3. Centromere detachment from microtubules
is dependent on DNA replication. (A) The timing of
centromere detachment is delayed relative to bud emer-
gence when DNA replication is delayed due to deletion
of CLB5,CLB6. clb5A clb6A CEN5-tetOs TetR-3CFP
CEN15-lacOs GFP-Lacl YFP-TUBI cells (T5115) were
treated and images were acquired and analyzed as in
Figure 2A. Symbols and colors are as in Figure 2A. (B)
Cdc6-depleted cells rarely show centromere detach-
ment from microtubules. PGAL-CDC6 cdc6A CEN15-
lacOs GFP-Lacl YFP-TUBI cells (T5118) were grown in
medium containing galactose and raffinose, arrested
with nocodazole treatment, released to medium con-
taining glucose and o-factor, then subsequently rer-
eleased to fresh medium containing glucose, as de-
scribed previously (Severin et al. 2001). Images were
acquired and analyzed as in Figure 2A. Symbols and
colors are as in Figure 2A.

Transient kinetochore disassembly upon centromere
DNA replication

How does DNA replication cause centromere detach-
ment from microtubules and its recapture within a short
period? A simple explanation would be that centromere
DNA replication causes kinetochore disassembly, lead-
ing to centromere detachment, and subsequent kineto-
chore reassembly allows its recapture by microtubules.
To address this, we evaluated the signal intensity of
kinetochore components Mtwl and Ctf19 (Ortiz et al.
1999; Goshima and Yanagida 2000), each fused with four
tandem copies of GFP, which colocalized at CFP-labeled
CENS5 (Fig. 6; Supplementary Fig. S3). The GFP signal
was not detected at CEN5 when it moved away from a
spindle pole, but the GFP signal was subsequently de-
tected before CEN5 returned to the vicinity of a spindle
pole (Fig. 6A).

We then scored the intensity of GFP signals at CENS5.
Soon after CEN5 moved away from a spindle pole (the
first half of “distant from pole”; Fig. 6, framed in purple),
discernible GFP signals (Fig. 6B, bars in orange) of the
kinetochore components were found at CEN5 in only
16% of the time points. Afterward (the second half of
“distant from pole”; Fig. 6, framed in red), GFP signals
were observed more frequently (56%). When CEN5 was
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Figure 4. The majority of centromeres show detachment only
once during S phase. CEN15-lacOs GFP-Lacl GFP-TUBI1 cells
(T5280) were treated with a-factor and subsequently released to
fresh medium. After 20 min, GFP images were collected every
20 sec for 40 min. The colored lines show the percentage of cells
with the following cumulative number of CEN15 detachment
from microtubules: zero (green), once (red,) and twice or more
(blue). The black line shows the percentage of cells with buds.

subsequently transported poleward by microtubules (Fig.
6, framed in green), kinetochore component signals were
observed at CEN5 even more frequently (83%).

In the above experiment, it was not possible to com-
pare the amount of kinetochore components at indi-
vidual centromeres in G1 and S phase, because cen-
tromeres were clustered in the vicinity of a spindle pole
in G1 phase. To visualize kinetochore components
at a single CEN in G1, we regulated the CEN activity by
an adjacently inserted galactose-inducible promoter
(Supplementary Fig. S4; Hill and Bloom 1987). Kineto-
chore component signals (Mtw1-4GFP and Ctf19-4GFP)
were detected soon after the CEN (marked with CFP)
was conditionally activated (before CEN reached the vi-
cinity of a spindle pole by poleward transport) in G1
phase, but later in S phase their amount was reduced
(and subsequently recovered) when the same CEN de-
tached from microtubules in the same cell (Supplemen-
tary Note 5).

Collectively, our data suggest that kinetochores, at
least their outer components (i.e., those supposedly close
to microtubule attachment sites rather than to centro-
mere DNA) (McAinsh et al. 2003) such as Mtwl and
Ctf19, are disassembled upon centromere DNA replica-
tion, leading to centromere detachment from microtu-
bules; soon afterward, kinetochores are reassembled,
causing centromere recapture by microtubules. Inner
kinetochore components might be also disassembled and
reassembled upon centromere DNA replication, consid-
ering that the centromere-specific histone H3 variant
Cse4 shows turnover at centromeres specifically during
S phase (Pearson et al. 2004).

Both lateral sliding and end-on pulling operate
for centromere transport toward a spindle pole
in normal S phase

How are centromeres recaptured by microtubules and
subsequently transported toward a spindle pole? We re-
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cently found that centromeres were initially captured by
the lateral surface of microtubules (K. Tanaka et al.
2005). Subsequent poleward movement occurs in two
distinct ways: lateral sliding, in which centromeres
move along the side of a microtubule, and microtubule
end-on pulling, in which the centromere is tethered to
the end of a microtubule and is pulled poleward as the
microtubule shrinks (Tanaka et al. 2007). Kar3, a kine-
sin-14 family member, is essential to drive poleward lat-
eral sliding, whereas the Daml complex is crucial for
end-on pulling. Indeed, to promote this process, the
Daml complex continuously colocalizes at a centro-
mere during microtubule end-on pulling, while such
continuous colocalization is not found during lateral
sliding (Tanaka et al. 2007). These results were obtained
when we regulated the centromere activity and turned
it on in metaphase-arrested cells (centromere reactiva-
tion system) (K. Tanaka et al. 2005). In addition, in nor-
mal S phase, we also found that Kar3 and the Daml
complex redundantly facilitated poleward centromere
transport after its recapture by microtubules (Tanaka et
al. 2007).

We can distinguish lateral sliding and end-on pulling
using the centromere reactivation system; however, this
has been a difficult task in normal S phase, where short
microtubules frequently overlap with each other. Thus,
it has been unclear whether both lateral sliding and end-
on pulling operate for centromere transport in normal S
phase or whether one mechanism works only as a
backup of the other.
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Figure 5. DNA replication causes centromere detachment
from microtubules independently of Aurora kinase Ipll. IPL1*
(T5052) and ipl1-321 (T5429) cells with CEN5-tetOs TetR-3CFP
GFP-TUB1 were treated as in Figure 2A, except that tempera-
ture for cell culture was shifted to 35°C when cells were re-
leased from a-factor arrest. CFP and GFP images were acquired
as in Figure 2A, but at 35°C and using the JP4 filter set (see
Materials and Methods). Symbols and colors are as in Figure 2A.
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divided the period of CEN5 being displaced from a spindle pole (CEN5-spindle pole distance >0.7 um; during which we estimate CEN5
was detached from microtubules), and “poleward transport” (green), during which CEN5 moved toward a spindle pole. The data from
each individual cell are shown in Supplementary Figure S3. The P value was obtained by testing the possible difference between the
three periods using the GFP signal-intensity data together from the 10 individual cells (rather than the averaged percentages), using

Kruskal-Wallis nonparametric test.

To address this, we distinguished the two processes by
labeling the Dam1 complex component Askl with three
tandem copies of CFP (Fig. 7A). We then scored continu-
ous colocalization of CFP signals with GFP-labeled
CEN15 when CEN15 was transported toward a spindle
pole following displacement from a spindle pole in S
phase. Askl colocalization was found during CEN15
transport (>180 nm toward a spindle pole) in 42% of cells
(10 out of 24; judged as end-on pulling), while it was not
detected in 25% of cells (six out of 24; judged as lateral
sliding). In the remaining cells (33%; eight out of 24),
Ask1-3CFP signals colocalized with CEN15, not in the
beginning, but during the later phase of transport (judged
as conversion from sliding to end-on pulling; Fig. 7B). We
found no cells where colocalization was found in the

beginning of transport, but then subsequently disap-
peared. Furthermore, CEN15 transport velocity was ob-
viously higher during its colocalization with Askl
(judged as end-on pulling) (Fig. 7C).

If scoring Askl colocalization with centromeres is a
suitable method to judge sliding and end-on pulling, we
expect that, when Kar3 is defective, lateral sliding (and
conversion from sliding to end-on pulling) would be-
come less frequent and, instead, end-on pulling would
become more predominant, judged by this method. Us-
ing a kar3 temperature-sensitive mutant, we indeed con-
firmed this was the case (Supplementary Fig. S5).

Collectively, these results suggest that centromeres
are transported poleward by both lateral sliding and end-
on pulling during S phase. Note that, from Figure 7B, one
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Figure 7. Lateral sliding and end-on pulling for centromere transport in S phase. ASK1-3CFP CEN15-lacOs GFP-Lacl GFP-TUBI cells
(T5363) were treated and CFP and GFP images were collected as in Figure 6. (A) Representative time-lapse images show Ask1-3CFP
in red and CEN15-GFP/GFP-Tubl in green. In the bottom image sequence, the Askl signal continuously colocalized, and in the top
image sequence it did not. Time is shown in seconds in the montage (0 sec: start of image acquisition). White arrows and arrowheads
indicate the positions CEN15 and a spindle pole, respectively. Bar, 1 pm. (B) Graphs show motion of CEN15 in each cell. CEN15-
spindle pole distance was plotted as a function of time. “0 sec” indicates the start of CEN15 transport by end-on pulling or sliding.
When the Askl1 signal continuously colocalized (orange) or not (blue) with CEN15 while being transported >180 nm, it was scored as
CEN15 transport by end-on pulling or sliding, respectively. Note that if CEN15 did not colocalize with Askl and did not move >180
nm after it was reassociated with microtubules and before it was transported by end-on pulling (i.e., with Askl colocalization), such
a phase was not scored as sliding and was not included in these graphs. (C) Graphs showing the velocity (mean + SE) of CEN15
transport by end-on pulling (orange) or sliding (blue) toward a spindle pole.

may gain the impression that many cells use only one
mode of transport, either lateral sliding or end-on pull-
ing; however, many cells perhaps use both (lateral sliding
and subsequently end-on pulling), especially if kineto-
chore transport events of distances <180 nm are also
taken into account. Moreover, our new results, obtained
in normal S phase, are consistent with the results re-
cently obtained using the centromere reactivation sys-
tem (Tanaka et al. 2007); namely, that (1) transport ve-
locity is higher during end-on pulling than during lateral
sliding, and (2) lateral sliding is converted to the end-on
pulling, but the opposite conversion is rare.
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Discussion

In the budding yeast S. cerevisiae, SPBs are embedded in
the nuclear envelope and centromeres are tethered at
SPBs via microtubules during G1 phase (Fig. 8, step 1;
Supplementary Note 6; Guacci et al. 1997; Jin et al. 2000;
Tanaka et al. 2002). It has been thought that centromeres
might never detach from microtubules throughout the
cell cycle. In contrast to this notion, we demonstrated
here that centromeres become transiently (for 1-2 min)
detached from microtubules in S phase, leading to cen-
tromere displacement away from a spindle pole (Fig. 8,



SPB Nuclear ¥
1) Envelope G1 phase: 1) =)
o S phase: 2) - 5)] I
Prometaphase: 3) - 6)- £
l Kinetochore Metaphase: 7) 3
disassembly * There is no G2 or prophase
in budding yeast.
6)
o CEN

@ Kinetochore
mm Chromosome
i — Microtubule
Kinetochore reassembly

Re-orientation

Yeast KT-MT interaction in S phase

7) Bi-orientation

Figure 8. Summary of kinetochore-microtubule

interaction from GI1 to metaphase in S. cerevisiae.
\ (Step 1) Kinetochores are attached to microtubules
(perhaps to the ends of microtubules; see Supple-
mentary Note 6) in G1. (Step 2) Kinetochores are
disassembled upon centromere DNA replication,
and centromeres are detached from microtubules
and move away from a spindle pole. (Step 3) Kineto-
chores are reassembled, captured by the lateral sur-
face of microtubules, and transported poleward by
sliding along the microtubule surface. (Step 4) Ki-
netochores are tethered at the ends of microtubules
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step 2). Such centromere motion has been overlooked in
the past, probably because it happens for such a short pe-
riod. By setting a very short time interval of observation for
live-cell imaging, we visualized this process for the first
time. Centromere detachment and displacement are co-
incidental with, and actually dependent on centromere
DNA replication in early S phase. In fact, if DNA repli-
cation was abolished by Cdc6 depletion, even though
other cell cycle events were still ongoing, centromere
detachment and displacement were very rarely observed.

How does DNA replication cause centromere detach-
ment from microtubules, but allows recapture soon af-
terward? Our data suggest that upon centromere DNA
replication, kinetochores are disassembled, causing cen-
tromere detachment from microtubules, and they are
subsequently reassembled, leading to centromere recap-
ture by microtubules (Fig. 8, step 3; Supplementary Note
7). This indicates that, for a short period after CEN DNA
replication, neither of the sister kinetochores is suffi-
ciently intact to support microtubule attachment. In this
regard, duplication of kinetochores following centro-
mere DNA replication does not take place in a conser-
vative manner (i.e., the old one from the previous cell
cycle remains intact, while the new one is generated de
novo in the present cycle) (Supplementary Notes 8, 9), in
contrast to the duplication mechanism of SPBs (Adams
and Kilmartin 2000; Pereira et al. 2001).

When centromeres are recaptured by microtubules,
which SPB (i.e., new or old SPB) organizes these micro-
tubules? The new SPB is formed de novo in the vicinity
of the old SPB that has been inherited from the previous
cell cycle (Adams and Kilmartin 2000; Pereira et al.
2001). SPB duplication proceeds during S phase (Lim et
al. 1996), and therefore the new SPB might be too imma-
ture to generate microtubules when centromeres are
ready for recapture by microtubules. This possibility was
tested using an Ipll kinase mutant, in which the initial

ferent SPBs. (Steps 6, 7) SPBs separate at the end of S
or phase, and reorientation of kinetochore-microtu-

bule attachment leads to sister kinetochore biorien-
tation.

kinetochore-microtubule attachment state could be pre-
served due to a defect in subsequent reorientation
(Tanaka et al. 2002). In this mutant, mono-orientation
(where centromeres attach to microtubules only from
one pole) was preferentially formed at the old SPB, sug-
gesting that the new SPB was indeed immature and the
old SPB usually organized microtubules for centromere
recapture (Fig. 8, step 3). Supporting this notion, when
centromeres were forced to replicate late in S phase so
that more time was given for the new SPB to become
mature, mono-orientation was formed equally at the
new and old SPBs (Tanaka et al. 2002).

As discussed above, centromeres are initially captured
by the lateral surface of microtubules (Fig. 8, step 3; K.
Tanaka et al. 2005). Subsequently, centromeres are
transported poleward in two distinct ways: lateral sliding
and end-on pulling (Fig. 8, steps 3, 4; Tanaka et al. 2007).
Sliding is often converted to end-on pulling, but the op-
posite conversion is rare. By these means, kinetochores
reach the vicinity of a spindle pole, where the micro-
tubule density becomes higher, thus allowing both sister
kinetochores to interact with other microtubules more
efficiently (Fig. 8, step 5). Meanwhile, the new SPB be-
comes mature enough to organize microtubules, and the
Ipll kinase facilitates reorientation of kinetochore-
microtubule attachment (Tanaka et al. 2002). Reorienta-
tion might involve transient detachment of centromeres
from microtubules; nonetheless, this Ipl1-dependent de-
tachment and DNA replication-dependent detachment
of centromeres occur independently of each other. The
Ipl1-dependent reorientation of kinetochore-micro-
tubule attachment is regulated in a tension-dependent
manner (Dewar et al. 2004). Thus, after SPBs separate
and form a bipolar spindle at the end of S phase (Lim et
al. 1996), this reorientation promotes sister kinetochore
biorientation that generates tension at kinetochores
(Fig. 8; steps 6, 7).
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How are kinetochore-microtubule interactions simi-
lar and dissimilar between budding yeast and metazoan
cells? In the open mitosis of metazoan cells, there is a
large temporal gap (G2 phase) between DNA replication
and the initial kinetochore-microtubule interaction, be-
cause MTOCs must wait for the nuclear envelope break-
down in order to organize microtubules for kinetochore
capture (Sazer 2005). In contrast, in the closed mitosis of
budding yeast, MTOCs are connected to kinetochores
via microtubules throughout most of the cell cycle
(Guacci et al. 1997; Jin et al. 2000; Winey and O’Toole
2001; Tanaka et al. 2002), becoming detached only for a
short period in S phase. Considering that centromeres
are recaptured by microtubules already during S phase,
we propose that in budding yeast (1) there is no G2 phase
(and no prophase) and (2) S phase and M phase (prometa-
phase) significantly overlap (Fig. 8, rectangle; Supple-
mentary Note 10).

In spite of such difference, the mechanisms of kineto-
chore-microtubule interaction are remarkably similar in
early mitosis (prometaphase and metaphase) (Lew and
Burke 2003; T.U. Tanaka et al. 2005; Musacchio and
Salmon 2007) between budding yeast and metazoan
cells. In both, centromeres are initially captured by the
lateral surface of microtubules and transported poleward
along microtubules by minus-end-directed motors; sub-
sequently, the Aurora B/Ipll kinase facilitates sister ki-
netochore biorientation, which is monitored by a con-
served mechanism of spindle checkpoint; both biorien-
tation and spindle-checkpoint mechanisms respond to
tension applied on kinetochores, for which the con-
served cohesin complex is required. Comparison of
kinetochore-microtubule interaction between different
organisms will uncover the evolution of regulatory
mechanisms for this fundamental cellular process.

Materials and methods

Yeast genetics and molecular biology

The background of yeast strains (W303) and methods for yeast
culture, a-factor treatment, and FACS DNA content analysis
were as described previously (Amberg et al. 2005; Kitamura et
al. 2006; Tanaka et al. 2007). Constructs of TetR-3CFP (Bressan
et al. 2004), GFP-lacl (Straight et al. 1996), CEN5-tetOs (an array
of 112xtetOs of 5.6 kb inserted at 1.4 kb left of CEN5) (Tanaka
et al. 2000), CEN15-lacOs (an array of 256xlacOs of 10.1 kb
inserted at 1.8 kb left of CEN15) (Goshima and Yanagida 2000),
cIb5 and cIb6 deletion (Schwob and Nasmyth 1993), PcAr-
CDC6 (Piatti et al. 1996), and GFP-TUB1 (Straight et al. 1997)
were described previously. Mutant alleles ipl1-321 and kar3-64
were reported previously (Biggins et al. 1999; Cottingham et al.
1999). MTW1 and CTF19 were tagged with four tandem copies
of GFP (4GFP), and ASK1 was tagged with 4GFP and with three
tandem copies of CFP, at their C termini at their original gene
loci by a one-step PCR method as described previously
(Maekawa et al. 2003; K. Tanaka et al. 2005). GFP-TUB1 and
YFP-TUBI1 (pDH20, obtained from Yeast Resource Center) plas-
mids were integrated at auxotroph marker loci. Strains with the
tagged genes grew normally at temperatures used in this study.
Cells were cultured at 25°C in YP medium containing glucose,
unless otherwise stated.
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Microscopy

The procedures for time-lapse fluorescence microscopy were
described previously (K. Tanaka et al. 2005; Tanaka et al. 2007).
Time-lapse images were collected at 23°C (ambient tempera-
ture) unless otherwise stated. For image acquisition, we used a
DeltaVision RT microscope (Applied Precision), a UPlanSApo
100x objective lens (Olympus; NA 1.40), SoftWoRx software
(Applied Precision), and either a CoolSnap HQ (Photometrics) or
Cascade IT 512B (Roper Scientific) CCD camera. We acquired
five to seven (0.7 ym apart) z-sections, which were subsequently
deconvoluted, projected to two-dimensional images, and ana-
lyzed with SoftWoRx and Volocity (Improvision) software. CFP/
GFP signals were discriminated from YFP using the JP3 filter set
(Chroma). CFP signals were discriminated from either GFP or
YFP using the JP4 filter set (Chroma). To collect GFP signals
alone, the FITC filter (Chroma) was used.

Analyzing dynamics of kinetochores and microtubules

To evaluate the length of microtubules and position of centro-
meres, we took account of the distance along the Z-axis, as well
as distance on a projected image. To avoid false judgement,
detachment of GFP- and CFP-labeled CENs from GFP- or YFP-
labeled microtubules was scored only when CEN signals did not
overlap with microtubule signals for two or more consecutive
time points. In the experiment shown in Figure 2B and Supple-
mentary Figure S2, photobleaching of YFP-Tubl signals was
considerable during the 35-50 min after release from a-factor
arrest; during this period, detachment was also scored when
CEN-spindle pole distance was 700 nm or larger. To score the
percentage of CEN detachment during a 5-min time window in
Figures 2A, 3, and 5, the percentage of observed CEN detach-
ment during the 4-min interval was multiplied by 1.25, and the
last 1 min of each 5-min time window was used to change a
microscopy field and to readjust focus. To measure cellular
DNA content by FACS in Figures 2A and 3, samples were di-
vided between microscopy observation and FACS analyses im-
mediately after release from a-factor arrest; kinetics of bud pro-
gression was similar between the two samples. The start of CEN
transport was defined as the time point from which CEN-
spindle pole distance was first shortened for two or more con-
secutive time points after CEN and microtubule signals had
overlapped again following CEN detachment. The end of CEN
transport was defined as the time point at which CEN reached
within 420 nm from a spindle pole. When microtubules was not
visualized (Fig. 6; Supplementary Figs. S3-S5), the start of CEN
transport was defined as the time point from which CEN-
spindle pole distance was first shortened for two or more con-
secutive time points after CEN had moved away from a spindle
pole (>700 nm), followed by shortening of this distance by 600
nm or more within 30 sec. The intensity of kinetochore com-
ponent GFP signals at CFP-labeled CEN5 (Fig. 6; Supplementary
Figs. S3, S4) was classified as follows: The integral GFP signal
intensity (from each Voxel, volume pixel; with default setting of
Volocity) colocalizing with the CEN5-CFP signal was scored as
“-" for <35, “+” for 35~100, and “+” for >100. Similarly, the
presence of Askl signals at CEN15 (Fig. 7; or CEN5 in Supple-
mentary Fig. S5) was scored when the integral Ask1-3CFP (or
Ask1-4GFP) signal colocalizing with CEN15-GFP (or CEN5-
CFP) signal was >60. Statistical analyses were carried out using
the unpaired ¢-test (Figs. 1B, 7C), nonparametric tests (Mann-
Whitney test or Kruskal-Wallis test) (Fig. 6; Supplementary
Fig. S4) or x> test for trend (Supplementary Fig. S5, using the
Prism (Graph pad) software, as explained in the figure legends.
All P values are two-tailed. For more information, see Supple-
mentary Note 11.
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