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Note 1: GFP-Marked CEN5 also Showed Frequent

Mono-orientation when Mps1 Was Inactivated
The strain used in this experiment (Figure 1A) had CEN3-
tetOs under the galactose-inducible GAL1-10 promoter
(PGAL-CEN3-tetOs), because we also wanted use the
same strain in the next experiment (Figure 1B). In
Figure 1A, we always cultured the cells in glucose-
containing media, i.e., CEN3 was always active. None-
theless, we wanted to confirm that our results in
Figure 1A were not influenced by the presence of the
GAL1-10 promoter in the vicinity to CEN3. To this end,
we inserted a tet operator array adjacent to CEN5 but
without any further alteration of this centromere (i.e.,
no regulation by the GAL1-10 promoter), and we estab-
lished otherwise the same MPS1+ and mps1-as1 strains
as used in Figure 1A. After these strains were treated as
in Figure 1A, the majority (about 70%) of GFP-marked
CEN5 showed separation on the bipolar spindle in
MPS1+ cells but a much lower percentage of separation
(about 20%) in mps1-as1 cells. Most of nonseparated
CEN5 signals located at a spindle pole; they therefore
showed mono-orientation on the spindle.

Note that we use the word ‘‘mono-orientation’’ here
and in main text with the following definition [S1]. In
monotelic attachment, one of the sister kinetochores
attaches to microtubules whereas the other does not at-
tach to any microtubules. In syntelic attachment, both
sister kinetochores attach to microtubules extending
from one spindle pole. As a result of monotelic or syn-
telic attachment, sister kinetochores show mono-orien-
tation; that is, they are connected to only one spindle
pole directly or indirectly.
Note 2: The Bi-orientation Defect in mps1-as1 Mutant
Was Not an Artifact Resulting from Use of cdc34-2

We subsequently addressed whether a similar defect in
mps1-as1 could also be found without using cdc34-2.
To this end, we conducted two experiments as follows.
First, we tried to inactivate mps1-as1 after SPB duplica-
tion, for which Mps1 is also required [S2], but before
establishment of sister-kinetochore bi-orientation, with-
out using cdc34-2. To find the right timing for Mps1 inac-
tivation, we released cells from a-factor arrest and
added 1NM-PP1 to inactivate mps1-as1 at various times
(Figure S3). After addition of the inhibitor 45 min after
release from a-factor arrest, 69%–71% of mps1-as1
cells were able to establish a bipolar spindle (i.e., SPB
duplication occurred; Figure S3B, red). However, 40%–
43% of mps1-as1 cells showed no sister CEN3 separa-
tion in spite of having a bipolar spindle (Figure S3C,
green), a higher percentage than of those not treated
with the inhibitor, suggesting a defect in bi-orientation
in a subpopulation of cells.
Second, we treated mps1-as1 cells with nocodazole
to disrupt spindle microtubules and then washed it
out, allowing cells to reform a bipolar spindle (Figure S4).
1NM-PP1 was added prior to washout of nocodazole to
inactivate mps1-as1. Because Cdc20 was depleted after
the nocodazole washout (and before it), cells did not
enter anaphase after reforming bipolar spindle (Fig-
ure S4A). MPS1+ cells were also treated in the same
way as a control. After nocodazole treatment (Figure
S4B, 0 min), microtubules were almost completely de-
polymerized and sister-centromere separation was not
found in MPS1+ and mps1-as1 cells. When bipolar spin-
dles were recovered 90 min after nocodazole washout
(Figure 4B, 90 min), 71% MPS1+ cells, but only 32%
mps1-as1 cells, showed separated CEN3 GFP dots
(p < 0.0001; Figure 4C). These results suggest that the
bi-orientation defect in mps1-as1 mutant is also found
without using cdc34-2 and therefore is not an artifact
resulting from use of cdc34-2.
Note 3: Mps1 Inactivation Leads to Defects

in Bi-orientation before Spindles Abnormally
Elongate and Become Discontinuous

Did elongated and discontinuous spindles play any
causative roles in centromere mono-orientation upon
Mps1 inactivation? For example, re-orientation of kinet-
ochore-spindle pole connections may become less effi-
cient because of a longer distance between two poles or
discontinuity of the spindle. We first observed how
these abnormal spindles occurred in mps1-as1 cells,
by using live-cell imaging, when the cells were released
from cdc34-2 arrest and rearrested by Cdc20 depletion
(Figure S1; data not shown). The length of spindles grad-
ually became larger at later time points (Figure S1C).
After spindles elongate, they gradually became sparse
(i.e., microtubule signals became weak between the
two spindle poles) and even discontinuous in the mid-
dle. The frequency of discontinuous spindles increased
up to 25% during our observation (Figure S1B).

Although the majority of spindles became sparse and
discontinuous after a prolonged arrest (>2 hr after
release from cdc34-2 arrest) by Cdc20 depletion, many
bipolar spindles still had abundant microtubule signals
during our observation (<2 hr after release from cdc34-
2 arrest). Thus, appearance of sparse and discontinuous
spindles might have occurred more slowly than that ob-
served by Jones et al. [S3] (they reported that virtually all
spindles became sparse and discontinuous in mps1-as1
cells). This possible discrepancy, if it exists, might be
due to the method used for observation. In fact, we ob-
served abnormal spindles less frequently with live-cell
imaging (used for Figure 1A and Figure S1) than in fixed
cells (used by Jones et al. [S3]).

To address whether elongated or sparse/discontinu-
ous spindles played any causative roles in centromere
mono-orientation upon Mps1 inactivation, we observed



Figure S1. Observation of the Mitotic Spin-

dles after Mps1 Is Inactivated upon Release

from cdc34-2 Arrest

Supplement to Figure 1A. MPS1+ (T4195) and

mps1-as1 (T4174) cells with PGAL-CEN3-te-

tOs TetR-GFP YFP-TUB1 cdc34-2 PMET3-

CDC20 (PGAL and PMET3 stand for the

GAL1-10 promoter and the MET3 promoter,

respectively) were treated as in Figure 1A.

(A) Schematic showing how cells were

treated. Note that, in cdc34-2 arrest, SPBs

are duplicated but not yet separated, and

DNA replication is not yet initiated [S3, S56].

In metaphase arrest (Cdc20 depletion), a bi-

polar spindle is formed, and sister centro-

meres separate frequently on the spindle (in

MPS1+ cells: see Figure 1A).

(B) Graphs show the percentage of cells with

a monopolar spindle (SPBs not yet sepa-

rated; blue), a bipolar spindle (SPBs are sep-

arated; red), and discontinuous spindles (i.e.,

those in which microtubule signals are dis-

continuous somewhere between two spindle

poles; green).

(C) Graphs show the length of the bipolar

spindles (mean 6 SD) at each time point.

S2
centromere behavior soon after establishment of the bi-
polar spindle in MPS1+ and mps1-as1 cells. In the repre-
sentative MPS1+ cell shown in Figure S5A, sister CEN3s
have transiently separated 1 min after bipolar spindle
establishment and showed continuous separation at 3
min and onward. In the representative mps1-as1 cell,
the spindle length was similar to, or only slightly longer
than, the MPS1+ cell within 5 min after bipolar spindle
establishment, but sister CEN3s never separated on
the bipolar spindle. We studied whether sister CEN3
dots separate immediately upon bipolar spindle
Figure S2. When Mps1 Is Inactivated, Cells Undergo DNA Replication Nor

MPS1+ (T4384) and mps1-as1 (T4356) cells with cdc34-2 PMET3-CDC20 (s

dropout medium at 37�C for 2.5 hr, leading to arrest because of cdc34-2. Su

2 arrest) in YP medium, containing 10 mM 1NM-PP1 (to inactivate mps1-as

culture processes, cells were sampled and fixed with ethanol every 30 min a

start of culture at 25�C.
establishment (0 min) and 1 min after it (Figure S5B) in
a number of cells; a considerable number of MPS1+ cells
(0 min, 9/63; 1 min, 12/63) showed sister CEN3 separa-
tion, whereas such separation was never found in
mps1-as1 cells (0 min, 0/69; 1 min, 0/69). At 0 min, the
average spindle length was almost the same in MPS1+

and mps1-as1 cells. At 1 min, the spindle length distribu-
tions of the two strains overlapped considerably. At
these time points, sparse/discontinuous spindles were
rarely found in MPS1+ or mps1-as1 cells. We concluded
that mps1-as1 cells showed defects in bi-orientation
mally

ee Figure 2A for complete genotypes) were incubated in methionine

bsequently they were incubated at 25�C (to release cells from cdc34-

1) and additional 2 mM methionine (to deplete Cdc20). During these

nd subjected to FACS DNA content analyses. Time 0 is defined as the



Figure S3. Mps1 Inactivation Causes Bi-orientation Defects after Release from a Factor Arrest

mps1-as1 PGAL-CEN3-tetOs TetR-GFP YFP-TUB1 PMET3-CDC20 cells (T3869) were incubated in methionine dropout medium containing a fac-

tor. After 3 hr, they were washed (defined as time 0) and split into six cultures in YP medium containing 2 mM methionine (to deplete Cdc20). At

time 0, 45, 60, 90, and 150 min, 10 mM 1NM-PP1 was added to each culture to inactivate mps1-as1. In one culture, 1NM-PP1 was not added (no

addition) as a control. All media contained glucose, which kept CEN3 always active during the experiment. Samples were fixed with paraformal-

dehyde at time points indicated in the graphs.

(A) Graphs show the percentage of cells with buds (green). Arrows indicate timing of 1NM-PP1 addition.

(B) Graphs show the percentage of cells with monopolar (blue) and bipolar (red) spindles.

(C) Graphs show the percentage of cells with unseparated sister CEN3s on monopolar (blue) and bipolar (green) spindle, and separated sister

CEN3s on bipolar spindle (red).
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before abnormal spindle elongation and discontinuity,
which therefore cannot be the sole reason for centro-
mere mono-orientation.

Rather, we suspect that the abnormal spindles are the
outcome of extensive centromere mono-orientation in
mps1-as1 cells. Consistent with this notion, bi-oriented
sister kinetochores on the metaphase spindle seem to
limit the length of metaphase spindle to the normal level.
Indeed, cohesion between sister chromatids is neces-
sary for this limitation [S4], probably by resisting the
force to elongate the spindle length, which is generated
between antiparallel microtubules that extend from the
opposite poles and overlap at the middle of the spindle
[S5].

Note 4: Once Sister-Kinetochore Bi-orientation Is
Established, It Is Maintained after Mps1 Is Inactivated

Mps1 is necessary to establish sister-kinetochore bi-
orientation; then, once bi-orientation is established, is
Mps1 still required for its maintenance? To test this,
we arrested MPS1+ and mps1-as1 cells in metaphase
by shutting off expression of Cdc20 (under control of
MET3 promoter). As a control, we also treated the
ask1-3 mutant, which is defective in maintenance of
bi-orientation at the restrictive temperature, in the
same way (ask1-3 behaves similarly to spc34-3 [S6];
both Ask1 and Spc34 are components of the Dam1 com-
plex that is a kinetochore subcomplex in metaphase
[S7]). When Cdc20 was depleted in these three strains
at the permissive temperature without 1NM-PP1, sister
CEN3s marked with GFP were found separated in
67%–82% of cells (Figure S6); centromere bi-orientation
was therefore established in the majority of cells. We
then shifted the temperature of the cell culture to 37�C
and simultaneously added 1NM-PP1 to inactivate both
mps1-as1 and ask1-3 in the same culture conditions.
After 45 min, the percentage of separated CEN3 on the
bipolar spindle decreased to less than 10% in ask1-3
cells, whereas the percentage remained almost con-
stant in MPS1+ and mps1-as1 cells (Figure S6). We can-
not make a definite conclusion that Mps1 is not required
for maintenance of bi-orientation once it is established,
because mps1-as1 treated by 1NM-PP1 may still have
residual Mps1 function. Nonetheless, the result makes
a sharp contrast with the extensive mono-orientation,
shown in Figure 1A. Thus, Mps1 might not be required
for maintenance of bi-orientation once it is established.
We previously obtained a similar result for Ipl1: i.e., by
using ipl1-321 temperature-sensitive mutants, we found
that bi-orientation was still maintained in metaphase-ar-
rested cells after the temperature of the cell culture was
shifted to 37�C [S8].

Note 5: Studying Tension-Dependent Bi-orientation

by Making an Unreplicated Dicentric
Minichromosome

To facilitate sister-kinetochore bi-orientation on the
metaphase spindle, syntelic attachments must be either



Figure S4. Mps1 Inactivation Causes Bi-orientation Defects after Nocodazole Treatment and Subsequent Washout

MPS1+ (T3531) and mps1-as1 (T3869) cells with PGAL-CEN3-tetOs TetR-GFP YFP-TUB1 PMET3-CDC20 were incubated in methionine dropout

medium containing a factor. After 2.5 hr, they were washed and cultured in YP medium containing 2 mM methionine (to deplete Cdc20) and no-

codazole (30 mg/ml; to depolymerize microtubules). 1NM-PP1 (10 mM; to inactivate mps1-as1) was added when 70% cells showed bud emer-

gence. Subsequently, nocodazole was washed out (defined as time 0), 90 min after addition of 1NM-PP1. Cells were further incubated in YP me-

dium containing 2 mM methionine and 1NM-PP1 for recovery of microtubules. All media contained glucose, which kept CEN3 always active

during the experiment. GFP and YFP images were acquired at time 0 and 90 min.

(A) Schematic showing how cells were treated.

(B) Images of representative cells. White lines outline cell shapes. Scale bar represents 3 mm.

(C) Graphs show the percentage of cells with bipolar spindle, which has separated GFP signals (red) and a nonseparated signal (blue).
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avoided or corrected [S1]. Avoidance could be depen-
dent on the back-to-back sister-kinetochore geometry
such that they face in opposite directions. Error correc-
tion, by contrast, is thought to stem from stabilization of
kinetochore-spindle pole connections by tension, aris-
ing from bi-orientation but not syntelic attachment [S9,
S10]. To investigate the error-correction mechanism,
we previously developed an unreplicated circular mini-
chromosome harboring two centromeres [S10]. The
two centromeres on this minichromosome are not sis-
ters born from DNA replication; therefore, the geometry
mechanism would not work. However, tension-depen-
dent error correction should still work as they are con-
nected by chromatin DNA. Because such an unrepli-
cated minichromosome is extremely unstable for
transmission to daughter cells upon cell division, we
generated it by a two-step induction procedure from
a stably transmitted minichromosome, as illustrated in
Figure 3A [S10]; we placed the sole replication origin
(ARS) of this minichromosome between two recombina-
tion sites [S11] and shut off the second centromere by
placing it under control of the galactose inducible
GAL1-10 promoter [S12]. We first removed the replica-
tion origin by inducing recombinase [S11] from the
MET3 promoter, and subsequently activated the second
centromere by shutting off the GAL1-10 promoter. The
minichromosome was visualized by the insertion of
a tet operator array bound by TetR-GFP [S13]. In wild-
type cells, the two centromeres on this unreplicated di-
centric minichromosome always bi-oriented efficiently
[S10], suggesting that a tension-dependent mechanism
suffices for their bi-orientation.

Note 6: Studying Kinetochore Detachment from

a Spindle Pole by Making Cells with Four SPBs and
an Unreplicated Minichromosome

If Mps1 is indeed involved in a tension-dependent error-
correction mechanism, we may see the role of Mps1 in
detaching a centromere from one SPB and attaching it
to another SPB when tension is not applied on this
centromere-SPB connection. This re-orientation should
occur with unreplicated monocentric minichromosomes
during metaphase. However, such re-orientation was
relatively low (about 10% in the condition used in



Figure S5. When Mps1 Is Inactivated, Bi-orientation Defects Become Evident before the Bipolar Spindle Elongates Abnormally

MPS1+ and mps1-as1 cells (T4195 and T4174, respectively; see Figure 1A) were treated and images were acquired, as in Figure 1A.

(A) In a representative MPS1+ (top) and mps1-as1 (bottom) cell, the length of the spindle is plotted against time (0 min; establishment of bipolar

spindle, i.e., the first time point at which SPB separation was observed), and sister CEN3 separation is marked in red (an arrow, and an area below

the line). Note that sister CEN3 separation was not found in the mps1-as1 cell during observation.

(B) The length of the spindle is plotted in MPS1+ (blue) and mps1-as1 (orange) cells, 0 and 1 min after bipolar spindle establishment. A red circle

indicates a cell showing separated sister CEN3s on the spindle. A black line shows the mean of the spindle length in each group. Note that sister

CEN3 separation was found in none of the mps1-as1 cells at these time points.
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[S10]) between two SPBs, even in MPS1+ cells, probably
because the minichromosome often returned rapidly to
the original SPB after it detached, rather than changing
its SPB partner. To increase the chance of detecting
re-orientation between different SPBs, we observed
the movement of unreplicated monocentrics in cells
containing four instead of two SPBs [S10]. Under this
circumstance, three rather than one SPBs competed
with the SPB currently in possession of the minichromo-
some. We created cells with four SPBs, as illustrated in
Figure 4A [S10]; by using the GAL1-10 promoter, we ex-
pressed a mutant of cohesin Scc1 that is resistant to
cleavage by separase [S14]. These haploid cells failed
to segregate chromosomes, but re-entered the next
cell cycle because they lacked BUB2 gene, which would
have otherwise blocked the exit from mitosis of those



Figure S6. Once Sister-Kinetochore Bi-orientation Is Established, It Is Maintained after Mps1 Is Inactivated

MPS1+ ASK1+ (T3531), mps1-as1 (T3869), and ask1-3 (T2997) cells with PGAL-CEN3-tetOs TetR-GFP YFP-TUB1 PMET3-CDC20 cells were in-

cubated in YP medium containing additional 2 mM methionine (to deplete Cdc20) at 25�C. After 3.5 hr, they were incubated at 37�C in the same

medium but containing 10 mM 1NM-PP1 (to inactivate both mps1-as1 and ask1-3). All media contained glucose, which kept CEN3 always active

during the experiment. Time 0 is defined as the start of culture at 37�C. Samples were fixed with paraformaldehyde at time points indicated in the

graphs. GFP and YFP images were acquired from fixed cells. Graphs show the percentage of cells with nonseparated (green) and separated (red)

sister CEN3s on the bipolar spindle, in which tubulin signals are continuous between two spindle poles. We did not score sister CEN3 separation

at 60 min or later in ask1-3 cells because in the majority of them, tubulin signals were not continuous between two spindle poles at these time

points.
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cells whose SPBs had not entered the buds [S15]. Redu-
plication of chromosomes and SPBs during the next cell
cycle created diploid nuclei with four (or three when two
of them are fused) instead of two SPBs. Subsequently
1NM-PP1 was added to inactivate mps1-as1. The
mps1-as1 inactivation did not make the inter-SPB dis-
tance larger than that in MPS1+ cells (data not shown),
probably because sister-kinetochore bi-orientation had
been already established prior to this inactivation and
was maintained thereafter (see note 4). Our starting cells
contained a GFP-marked minichromosome whose sole
replication origin was flanked by two recombination
sites. Prior to induction of noncleavable Scc1, we
removed the replication origin by inducing recombinase
from the MET3 promoter (Figure 4A).

Note 7: Localization of Mps1 Is Not Substantially

Altered in an ipl1 Mutant and vice versa
We studied whether Mps1 and Ipl1 localization is altered
in ipl1 and mps1 mutants, respectively. First, by using
live-cell imaging, we compared localization of GFP-
tagged Mps1 in IPL1+ and ipl1-321 cells at 37�C, a re-
strictive temperature for ipl1-321 (Figure S7). In the
same cells, Mtw1 and Ndc80 were fused with CFP to vi-
sualize kinetochores [S16], and Spc42 was fused with
RFP to visualize SPBs [S17]. In IPL1+ cells with one
SPB signal (i.e., cells in G1 or S phase; Figure S7A,
top), kinetochore signals overlapped with SPB signals
in most cells, and Mps1 signals were found colocalizing
with the kinetochore and SPB signals (i.e., with kineto-
chores at some time points and also with SPBs at the
same or other time points; in 76% of cells; 25/33). In
IPL1+ metaphase cells (Figure S7A, middle and bottom)
where SPB signals have separated but not yet segre-
gated to the bud, Mps1 signals colocalized with kineto-
chore and SPB signals, as previously reported by immu-
nostaining in fixed cells [S18]. The Mps1 localization
dynamically changed, and the signals were often found
only at kinetochores (Figure S7A, middle) or SPBs
(Figure S7A, bottom; Mps1 signals were generally
weak and may have not reached the detectable level
at both sites). Nonetheless, most (96%; 26/27) of IPL1+

metaphase cells showed signals at kinetochores at
some time points and also at SPBs at the same or other
time points (see Supplemental Experimental Proce-
dures). Thus, Mps1 localized at kinetochores and
SPBs, as previously reported [S18]. We found that, in
ipl1-321 cells (Figure S7B), the Mps1 signals still local-
ized at both kinetochores and SPBs (in 79% of cells
with one SPB signal, 31/39; in 90% of metaphase cells,
18/20), and the Mps1 signal intensity was not consider-
ably altered, relative to that in IPL1+ cells.

We next compared localization of GFP-tagged Ipl1 in
MPS1+ and mps1-as1 cells, both treated with 1NM-PP1
following the release from cdc34-2 arrest (Figure S8). In
the same cells, kinetochores (Mtw1, Ctf19, and Ndc80
[S16]) and SPB (Spc42) were visualized with CFP and
RFP, respectively. In MPS1+ cells with one and two



Figure S7. Mps1 Localization Is Not Substantially Altered in ipl1-321 Mutant Cells

IPL1+ (T6108) (A) and ipl1-321 (T6107) (B) cells with MPS1-GFP NDC80-3CFP MTW1-3CFP SPC42-RFP were treated with a factor at 25�C. After

2.5 hr, they were washed and further cultured at 37�C in the absence of a factor. Upon bud emergence and 30 min thereafter, cells were collected

to observe Mps1 localization in G1-S phase (top) and in metaphase (middle, bottom), respectively. GFP (green), CFP (blue), and RFP (red) signals

were acquired separately every 15 s for 5 min. Representative images are shown.
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(but not yet segregated to the bud) SPB signals
(Figure S8A), Ipl1 signals colocalized with kinetochore
signals (in 96% of cells with one SPB signal, 45/47; in
86% of metaphase cells, 24/28). When SPB signals
were separate from kinetochore signals in metaphase
cells, Ipl1 colocalized with kinetochores but not with
SPBs, which is consistent with the previous reports
[S8, S19, S20]. We found that, in mps1-as1 cells, Ipl1



Figure S8. Ipl1 Localization Is Not Substantially Altered in mps1-as1 Mutant Cells

MPS1+ (T5485) (A) and mps1-as1 (T5481) (B) cells with cdc34-2 IPL1-GFP NDC80-3CFP MTW1-3CFP CTF19-3CFP SPC42-RFP were incubated

at 37�C for 2.5 hr, leading to arrest because of cdc34-2. Subsequently they were incubated at 25�C (to release cells from cdc34-2 arrest) in the

presence of 10 mM 1NM-PP1 (to inactivate mps1-as1). After 20 min and 40 min after the washout, cells were collected to observe Mps1 local-

ization in G1-S phase (top) and in metaphase (bottom), respectively. GFP (green), CFP (blue), and RFP (red) signals were acquired separately

every 30 s for 10 min. Representative images are shown.
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signals still localized at kinetochores (in 94% of cells
with one SPB signal, 34/36; in 71% of metaphase cells,
17/24) and Ipl1 signal intensity was not substantially
changed (Figure S8B).

Note 8: Mps1 and Ipl1 Kinase Do Not Appear to
Regulate Each Other’s Kinase Activity

We investigated a possible change in Mps1 and Ipl1 ki-
nase activity in each other’s mutant. We immunoprecip-
itated GFP-tagged Mps1 from IPL1+ and ipl1-321 cells at
37�C (ipl1-321 shows no detectable kinase activity
in vitro at this temperature [S21]) and compared the ki-
nase activity in vitro using GST-fused Dam1 as a sub-
strate [S22] (Figure S9A). The ipl1 mutant did not sub-
stantially change the amount of immunoprecipitated
Mps1 protein (Figure S9A, bottom) or its kinase activity
(Figure S9A, top). Conversely, we immunoprecipitated
GFP-tagged Ipl1 from MPS1+ and mps1-as1 cells in
metaphase, both treated with 1NM-PP1 after the release
from cdc34-2 arrest, and compared the kinase activity
in vitro by using GST-fused Dam1 as a substrate [S23]
(Figure S9B). The inactivation of Mps1 kinase did not
substantially change the amount of immunoprecipitated
Ipl1 protein (Figure S9B, bottom) or its kinase activity
(Figure S9B, top).
Note 9: The Role of Mps1 in Bi-orientation Is Not
Secondary to Its Function in SPB Duplication and

Spindle-Assembly Checkpoint

It has been known that Mps1 kinase plays at least two
important roles in mitosis [S2]: first, Mps1 is required
for the spindle-assembly checkpoint as demonstrated
in various organisms including budding yeast [S24,
S25]; second, Mps1 is also crucial for duplication of
SPBs in budding yeast [S26], although, in humans, there
is conflicting evidence regarding Mps1 requirement for
centrosome duplication [S27, S28]. How are these two
Mps1 functions relevant to its role in sister-kinetochore
bi-orientation? Does Mps1 facilitate bi-orientation inde-
pendently of its function in spindle-assembly check-
point and SPB duplication? We find that extensive
mono-orientation still occurs after Mps1 fulfils its re-
quirement for SPB duplication and is subsequently inac-
tivated. Thus, the role of Mps1 in bi-orientation should
be separate from that in SPB duplication. Moreover,
the abolishment of the spindle-assembly checkpoint
(e.g., by deletion of MAD2) does not lead to such exten-
sive mono-orientation in budding yeast [S29]. Indeed,
we confirmed that mad2-deleted cells do not show
a bi-orientation defect on the metaphase spindle (data
not shown), after arrest with cdc34-2 and subsequent



Figure S9. The Kinase Activity of Mps1 Is Not

Substantially Altered in ipl1 Mutant Cells and

vice versa

(A) IPL1+ cells with MPS1 (no tag; K699) or

MPS1-GFP (T5964), and ipl1-321 cells with

MPS1-GFP (T5869) were cultured at 37�C

for 2 hr and subjected to in vitro kinase assay

with GST-Dam1 as a substrate.

(B) MPS1+ IPL1 (no tag; T5901), MPS1+ IPL1-

GFP (T5879), and mps1-as1 IPL1-GFP

(T5872) cells with cdc34-2 PMET3-CDC20

were treated as in Figure 2A. 2.5 hr after re-

lease from cdc34-2 arrest, cells were sub-

jected to in vitro kinase assay with GST-

Dam1 as a substrate.

In both (A) and (B), 32P-labeled GST-Dam1

(left, top), Coomassie-stained GST-Dam1

(left, middle), and immunoprecipitated GFP

fusion proteins (detected by an anti-GFP

blot; left, bottom) are shown. Kinase activity

was quantified and calibrated (right), as de-

scribed in Supplemental Experimental Proce-

dures; the graphs show the average and SEM

from two (A) and three (B) independent exper-

iments.
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release to medium containing 1NM-PP1 (note that mps1-
as1 shows extensive mono-orientation under these con-
ditions). Furthermore, at least one mps1 mutant allele
causes a clear defect in spindle-assembly checkpoint
but no growth problem in unperturbed cell culture (there-
fore no bi-orientation defect) [S18]. Thus, the role of
Mps1 in bi-orientation is not secondary to its role in the
spindle-assembly checkpoint. On the other hand, given
that Mps1 promotes re-orientation of a kinetochore-
spindle pole connection (see Figure 4), it may transiently
create kinetochores lacking microtubule attachment (as
suggested for Ipl1 [S8, S30]), which could then activate
the spindle-assembly checkpoint in the absence of ten-
sion [S31]. However, the role of Mps1 in the spindle-as-
sembly checkpoint cannot be fully explained by this,
because Mps1 is also required to activate the checkpoint
when microtubules are depolymerized by nocodazole
treatment [S24]. Thus, the role of Mps1 in activating
the checkpoint upon loss of microtubule attachment
to kinetochores must be independent of its role in bi-ori-
entation.

Note 10: Mps1 Overexpression and Spindle-

Assembly Checkpoint Activation
Spindle-assembly checkpoint is activated by cell-cycle
perturbation such as spindle disruption or syntelic kinet-
ochore-microtubule attachment where tension is not
generated [S15, S32]. Intriguingly, when Mps1 is overex-
pressed, the spindle-assembly checkpoint is activated
without additional cell-cycle perturbation [S33]. Given
that Mps1 facilitates detachment of kinetochores from
a spindle pole in the absence of tension (see Figure 4),
this detachment may happen even for bi-oriented kinet-
ochores when Mps1 is overexpressed, which might lead
to spindle-assembly checkpoint activation.
Note 11: Mono-orientation Shows a Bias toward the
Bud-Facing SPB when Mps1 Is Inactivated, Similarly

to ipl1 Mutants
Duplication of SPBs takes place in a conservative man-
ner; i.e., the old one, inherited from the previous cell cy-
cle, remains intact while a new one is generated in the
present cycle [S34]. In the subsequent anaphase, the
old SPB enters the bud while the new one remains in
the mother cell body [S35]. We previously found that
mono-orientation of sister kinetochores is more fre-
quently formed at the old SPB than at the new SPB, in
ipl1 mutant cells that had undergone DNA replication
[S8]. We explained this bias as follows [S8, S36]: centro-
mere DNA replication occurs during early S phase [S37]
and might be completed before the new SPB becomes
fully functional [S38]. As a result, the majority of nascent
kinetochores, assembled on replicated centromeres,
might be initially connected to the old SPB even in
wild-type cells. When the new SPB becomes functional,
re-orientation of kinetochore-spindle pole connections
happens between new and old SPBs, facilitated by
Ipl1. However, in ipl1 mutants, the initial connection to
the old SPBs would remain. If this explanation were cor-
rect, the rate of mono-orientation at the old SPB would
decrease in ipl1 mutants when centromere DNA replica-
tion is delayed and more time is given for maturation of
the new SPB. We have indeed proven this by comparing
the behaviors of early- and late-replicating minichromo-
somes [S8, S36].

Given that Mps1 facilitates sister-kinetochore bi-ori-
entation with a similar mechanism to Ipl1, one can pre-
dict that, when Mps1 is inactivated, mono-orientation
of sister kinetochores is also formed more frequently
at the old SPB than at the new SPB. However, after
Mps1 was inactivated upon release from cdc34-2 arrest,



Figure S10. Mono-oriented Centromeres

Show a Bias toward the Bud-Facing SPB

when Mps1 Was Inactivated after Release

from a Factor Arrest

MPS1+ (T3531) and mps1-as1 (T3869) cells

with PGAL-CEN3-tetOs TetR-GFP YFP-TUB1

PMET3-CDC20 were released from a factor

arrest as in Figure S3. At 45 min after this re-

lease, 1NM-PP1 was added to inactivate

mps1-as1. At 180 min after release from a fac-

tor arrest, cells were fixed with paraformalde-

hyde. All media contained glucose, which

kept CEN3 always active during the experi-

ment. Separation and nonseparation of sister

CEN3s were scored in cells with bipolar spin-

dle (top). In cells with unseparated sister

CEN3s on bipolar spindle, it was also scored

whether CEN3s localized in close proximity in

either spindle pole or somewhere between

the two poles (bottom). n designates the

number of samples. p value (0.0015) shown

for mps1-as1 was obtained by comparing

76/29 with 52/52 (i.e., equal distribution of

the same number of samples between the

two categories) by Fisher’s exact test. If we

compare the distribution between MPS1+

(15/14) and mps1-as1 (76/29) cells with the

same statistic method, p value is 0.044.
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mono-orientation was found with similar frequency at
the old SPB (the SPB facing the bud during metaphase
arrest, assuming that Mps1 inactivation does not
change SPB inheritance pattern) and the new SPB
(data not shown, Figure 2A), in agreement with a recent
report [S3]. We reason that, because cdc34-2 arrest
does not prevent SPB duplication, the new SPB might
become functionally mature during this arrest (note
that Mps1, required for SPB duplication, is not yet inac-
tivated during the arrest). Thus, after centromere DNA
replication after release from cdc34-2 arrest, kineto-
chores might be captured with similar frequency by mi-
crotubules from the old and new SPBs, leading to mono-
orientation equally at the two SPBs.

Such result and consideration prompted us to ad-
dress possible asymmetry of mono-orientation toward
the bud with inactive Mps1, after cells were released
from a-factor arrest and rearrested at metaphase by de-
pletion of Cdc20 (Figure S3). When 1NM-PP1 was added
45 min after the release from a-factor arrest, a larger per-
centage of mps1-as1 cells showed nonseparated sister
CEN3s on a bipolar spindle than MPS1+ cells, indicative
of the defect in bi-orientation (see note 2). In this condi-
tion, the new SPB would not become mature before
kinetochore capture of microtubules after centromere
DNA replication; indeed, ipl1 mutants showed a bias of
mono-orientation toward the old SPB (toward the bud)
after release from a-factor arrest [S8]. When Mps1 was
inactivated, we indeed found that mono-orientation
took place more frequently at a spindle pole facing the
bud than at the other pole (Figure S10). We concluded
that mono-orientation showed a bias toward the bud
when Mps1 was inactive, similarly to ipl1 mutants.

Note 12: Mps1 Could Promote Re-orientation of
Microtubule Kinetochore-Spindle Pole Connections

at Kinetochores or at Spindle Poles
Given that bi-orientation is facilitated by re-orientation
of kinetochore-spindle pole connections, how does
this re-orientation proceed? To complete re-orientation,
an old connection must be replaced with a new one. To
make a new connection, kinetochores are captured by
new microtubules extending from a spindle pole [S39,
S40]. How, then, is the old one removed? For this, two
different mechanisms are suggested, based on obser-
vations in two different types of cells. First, in human
HeLa cells, the old connection is abolished at kineto-
chores, in a step dependent on Aurora B kinase,
followed by establishment of the new connection in its
place [S41]. Second, in grasshopper spermatocytes,
the old connection is released earlier at the spindle
pole than at the kinetochore, while a new connection is
established at the kinetochore [S42, S43]. Among these
steps of re-orientation, which is the one dependent on
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the Mps1 kinase? If a new kinetochore-spindle pole con-
nection (replacing an old one) is generated in a similar
way to the very initial kinetochore-microtubule interac-
tion, it is unlikely to be dependent on Mps1, which is
not required for the very initial interaction (Figure 1B).
Instead, Mps1 may be required to remove the old con-
nection. Intriguingly, in contrast to Ipl1 kinase, which
localizes at kinetochores but not at SPBs [S19], Mps1
localizes at both kinetochores and spindle poles in bud-
ding yeast [S18] (Figure S7); therefore, Mps1 may pro-
mote removal of the old connection at either or both of
these two sites.

Note 13: Is Dam1 Phosphorylation by either Mps1 or

Ipl1 Kinase Important for Bi-orientation?
It has been reported that both Ipl1 and Mps1 phosphor-
ylate Dam1 protein [S22, S23], a key kinetochore com-
ponent that mediates kinetochore-microtubule interac-
tion in metaphase [S7, S44]. However, the two kinases
phosphorylate Dam1 at different sites in the protein
[S22, S23]. Are the Dam1 phosphorylations by Ipl1 and
Mps1 important for bi-orientation? Dam1 mutants, in
which phosphorylation sites by Ipl1 are mutated to
mimic constitutive dephosphorylation, are lethal and
actually show segregation defects similar to ipl1 mu-
tants, suggesting that these phosphorylations by Ipl1
are indeed involved in bi-orientation [S23]. On the other
hand, Dam1 mutants mimicking constitutive dephos-
phorylation at Mps1-dependent phosphorylation sites
are not lethal and do not show obvious defects in bi-ori-
entation [S22]. Instead, it is suggested that these
mutants show defects in coupling kinetochores to
microtubule plus ends. Nonetheless, because this cou-
pling could be an important feature of bi-orientation (dis-
cussed in [S44]), it is still possible that phosphorylation
of Dam1 by Mps1 kinase has an important role in bi-ori-
entation; however, this process might be somehow
rescued by Mps1-dependent phosphorylation of other
Dam1 complex components or other substrates.

Note 14: How Is the Role of Mps1 in Bi-orientation
Evolutionarily Conserved?

Interestingly, the Mps1 ortholog in fission yeast is not an
essential gene, and its deletion shows defects in a spin-
dle-assembly checkpoint but not in bi-orientation [S45].
When Mps1 is depleted in human cells, chromosome
congression is frequently defective in metaphase, and
chromosomes often missegregate in anaphase [S28,
S46]. The congression defect might be due to impaired
CENP-E loading at kinetochores [S25, S28, S46, S47];
and chromosome missegregation could be due to pre-
mature entry into anaphase, caused by an impaired
spindle-assembly checkpoint [S2, S25, S48]. However,
it is not yet clear whether the bi-orientation defect is
also involved in these phenotypes. Comparison of
Mps1 function between different organisms will shed
more light on the evolution of mechanisms ensuring
sister-kinetochore bi-orientation on the mitotic spindle.

Supplemental Experimental Procedures

Yeast Genetics and Molecular Biology

The background of yeast strains (W303), yeast culture media (YP

medium, methionine-dropout medium etc.), and methods for
a-factor treatment, FACS DNA content analysis, and fixation by

paraformaldehyde were as described previously [S44, S49]. The

amount of glucose, galactose, and raffinose in culture media was

2%. Constructs of PGAL-CEN3-tetOs [S40], TetR-GFP [S13],

PMET3-CDC20 [S50], CEN5-tetOs (an array of 112 3 tetOs of

5.6 kb inserted at 1.4 kb left of CEN5; [S4]), TetR-3CFP [S51],

CEN15-lacOs (an array of 256 3 lacOs of 10.1 kb inserted at 1.8 kb

left of CEN15; [S52]), GFP-lacI [S53], PGAL-SCC1 [S54], PMET3-R

[S10], and PGAL-SCC1DD [S14] were previously described. SPC42

and IPL1 were tagged with RFP and GFP, respectively, at their C ter-

mini at their original loci [S8, S55]. MPS1 was tagged with GFP and

NDC80, CTF19, and MTW1 were tagged with three copies of CFP at

their C termini at their original loci by a one-step PCR method [S49].

Minichromosomes pT431 and pT323 were constructed as described

previously [S8, S10] and introduced to yeast strains by transforma-

tion [S49]. Mutant alleles of mps1-as1 [S3], cdc34-2 [S56], ipl1-321

[S57], and ask1-3 [S58] were previously reported. YFP-TUB1 plas-

mid (pDH20, obtained from Yeast Resource Centre, Seattle, WA)

were integrated at an auxotroph marker locus. 1NM-PP1 (4-

Amino-1-tert-butyl-3-(10-naphthylmethyl) pyrazolo (3,4-d) pyrimi-

dine) was purchased from Merck Biosciences. Cells were cultured

at 25�C in YP medium containing glucose, unless otherwise stated.

Microscopy

The procedures for time-lapse fluorescence microscopy were de-

scribed previously [S40, S44]. Time-lapse images were collected

at 23�C (ambient temperature) unless otherwise stated. For image

acquisition, we used a DeltaVision RT microscope (Applied Preci-

sion), a UPlanSApo 100 3 objective lens (Olympus; NA 1.40), Soft-

WoRx software (Applied Precision), and either a CoolSnap HQ

(Photometrics) or Cascade II 512B (Roper Scientific) CCD camera.

We acquired 5–7 (0.7 mm apart) z-sections, which were subsequently

deconvoluted, projected to two-dimensional (2D) images, and ana-

lyzed with SoftWoRx and Volocity (Improvision) software. GFP and

YFP signals were discriminated with the JP3 filter set (Chroma).

CFP, YFP, and RFP signals were discriminated with the 89006 filter

set (Chroma).

Analyzing Dynamics of Kinetochores and Microtubules

To evaluate the length of microtubules and position of centromeres,

we took account of the distance along the z-axis as well as distance

on a projected image. In the experiment that studied the behavior of

two centromeres (Figure 2A), when both sister centromere signals

(separated or nonseparated) were located within 20% of the spindle

length from the same SPB (distance was measured between the

centers of the two signals), they were scored to be in the vicinity

of that SPB as shown by cartoons in the figure. In Figure 2A, a small

number of the following cells were categorized in the groups shown

in parentheses: cells with both sister CEN5s and sister CEN15s be-

ing located between two SPBs, one or both of them showing nonse-

parated signals (the left-most category); cells with one pair of sister

CENs in the vicinity of an SPB but with the other pair, showing non-

separated signals, between two SPBs (the second category from the

left). In the experiment of Scc1 depletion (Figure 2B), when CEN5

was located within 20% of the spindle length from an SPB, the

CEN5 was scored to be in the vicinity of the SPB. In Figure 2B, the

right-most category also included a small number of cells with sister

CEN5 signals nonseparated and being located between two SPBs.

The behavior of an unreplicated dicentric minichromosome (mono-

oriented or bi-oriented; Figure 3) was scored as follows: when the lo-

cation of the minichromosome was not more than 20% of the spindle

length from an SPB at any consecutive two time points, they were

scored as ‘‘mono-oriented;’’ when its location was more than 20%

of the spindle length from both SPBs at the majority of time points

or it moved vigorously between two SPBs (often with GFP signals

stretched), it was scored as ‘‘bi-oriented.’’ A small number of cells

with the spindle 4 mm or longer were not included in scoring in Fig-

ure 3. In the experiment shown in Figure 4, we scored it as re-orien-

tation, when an unreplicated minichromosome moved from the

vicinity of one SPB to that of another SPB (here ‘‘vicinity of one

SPB’’ meant that the distance from the center of a minichromosome

signal to that of a SPB signal was not more than 20% of the distance

from the SPB to its closest SPB). In this experiment, the SPB and

minichromosome signals overlapped at least partially in the majority
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of time points with the signal intensity/contrast used to make the

figure. When studying the behavior of an unreplicated minichromo-

some (Figures 3 and 4), any rare replicated minichromosomes could

be distinguished because of the greater intensity of the GFP signal

and were not scored. In Figure 4, a small number of cells with five

or more SPB signals or with more than one copy of minichromo-

somes were not included in scoring. In Figures 1B, 3, and 4, mps1-

as1 cells were also treated in the same way but in the absence of

1NM-PP1, as a control; they showed similar phenotypes to MPS1+

cells. Appearance of bipolar spindle was scored in Figures S1 and

S3, based on the observation of microtubule signals; a monopolar

spindle showed a microtubule signal like a comet or a chicken’s

footprint (where a single or 2–3 microtubules extended from a spin-

dle pole, respectively) whereas a bipolar one showed a microtubule

signal like a bipolar rod (or a sausage). In Supplemental Results and

Discussion (note 7), colocalization of Mps1-GFP signals with the

kinetochore or SPB signals was scored as positive if 80% or more

of the GFP-positive area (i.e., above the background level) overlap-

ped with the kinetochore or SPB signals in images projected to 2D at

two or more time points out of the initial five time points of time-lapse

observation. Colocalization of Ipl1-GFP with the kinetochore signals

was also scored in the same way; note that Ipl1-GFP signals, found

along microtubules in cells with one SPB signal after release from

cdc34-2 arrest, were not taken into account in scoring colocalization

with kinetochores. Statistical analyses in Figures 3C and 4C and

Figures S4C, S5B, and S10 were carried out with the Fisher’s

exact test with the Prism (Graph pad) software. All p values are

two-tailed.
In Vitro Kinase Assay

GST-DAM1 was constructed, expressed in E. coli, and purified with

glutathione sepharose, as described previously [S59]. In vitro kinase

assay was carried out as described previously [S20], except that we

used an GFP antibody (Roche) to immunoprecipitate GFP-tagged

proteins and used GST-Dam1 (5 mg for each condition) as a sub-

strate. 25% and 75% of immunoprecipitated samples were used

for kinase assay and a western blot to detect GFP proteins, respec-

tively. Western blots were scanned by a photo-scanner and GFP

proteins were quantified with Image J (NIH). 32P-labeled GST-

Dam1 was detected and quantified with a phosphorimager (Fuji).

The Mps1 kinase activity was quantified and calibrated as follows:

the intensity of 32P-labeled GST-Dam1 in cells without GFP tag

was subtracted from that in MPS1-GFP cells, and the outcome

was divided by the intensity of MPS1-GFP detected by the GFP

antibody; in order to compare results from multiple experiments,

this was expressed as the percentage of the averaged value in cells

with IPL1+ and ipl1-321. The Ipl1 kinase activity was also quantified

and calibrated in the same way.
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