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High-fidelity chromosome transmission is fundamental in controlling the quality of the cell division cycle.
The spindle pole-to-pole distance remains constant from metaphase to anaphase A. We show that fission yeast
sister centromere-connecting proteins, Mis6 and Mis12, are required for correct spindle morphogenesis,
determining metaphase spindle length. Thirty-five to sixty percent extension of metaphase spindle length
takes place in mis6 and mis12 mutants. This may be due to incorrect spindle morphogenesis containing
impaired sister centromeres or force unbalance between pulling by the linked sister kinetochores and
kinetochore-independent pushing. The mutant spindle fully extends in anaphase, although it is accompanied
by drastic missegregation by aberrant sister centromere separation. Hence, metaphase spindle length may be
crucial for segregation fidelity. Suppressors of mis12 partly restore normal metaphase spindle length. In mis4

that is defective in sister chromatid cohesion, metaphase spindle length is also long, but anaphase spindle
extension is blocked, probably due to the activated spindle checkpoint. Extensive missegregation is caused in
mis12 only when Mis12 is inactivated from the previous M through to the following M, an effective way to
avoid missegregation in the cell cycle. Mis12 has conserved homologs in budding yeast and filamentous fungi.

[Key Words: Cell cycle control; checkpoint; fission yeast; kinetochore; chromosome segregation; sister
chromatid cohesion]

Received March 22, 1999; revised version accepted May 14, 1999.

The centromere is a specialized chromosomal DNA seg-
ment that serves as the site for protein–DNA and pro-
tein–protein interactions to form the kinetochore struc-
ture and ensures high-fidelity chromosome segregation
in mitosis and meiosis (see e.g., Karpen and Allshire
1997; Saitoh et al. 1997; Clarke 1998; Moore et al. 1998;
Williams et al. 1998). The smallest centromere is that of
the budding yeast Saccharomyces cerevisiae, which has
been the subject of extensive studies to identify indi-
vidual components necessary for proper centromere
functions (for example, see Espelin et al. 1997; Meluh et
al. 1998). Similar studies have been done on different
organisms with larger centromeres such as the fission
yeast Schizosaccharomyces pombe, Drosophila, and
mammals (see e.g., Chen et al. 1996; Ekwall et al. 1997;
Sun et al. 1997; Csink and Henikoff 1998; Ikeno et al.
1998; Willard 1998). However, little is understood of
how faithful chromosome segregation is accomplished
in mitotic cells. During replication, the centromere se-

quence is duplicated, forming sister centromeres that are
held together tightly. Kinetochore microtubules are as-
sociated with the kinetochores at one end and with the
spindle poles at the other end during mitosis, and exert a
pulling force on the sister chromatids to bring them to-
ward the opposite poles (see e.g., Rieder and Salmon
1998). The loss of sister chromatid cohesion (Miyazaki
and Orr-Weaver 1994) might be a positive factor in driv-
ing sister chromatid separation, and concerted separa-
tion of multiple chromosomes may be accomplished by
cooperative pulling and dissociation of sister chroma-
tids.

How is the onset of anaphase initiated? Ubiquitin-me-
diated and destruction box (DB)-dependent Cut2 prote-
olysis is necessary to initiate anaphase in fission yeast
(Funabiki et al. 1996a); Pds1 is a counterpart in budding
yeast (Cohen-Fix et al. 1996; Yamamoto et al. 1996).
These are collectively called securin (Nasmyth 1999).
Cut2 appears to inhibit Cut1 (Esp1 in budding yeast, and
a gene family name of separin) by direct association, and
Cut2/Pds1/securin proteolysis may activate Cut1/Esp1/
separin (Funabiki et al. 1996b; Ciosk et al. 1998; Kumada
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et al. 1998; Nasmyth 1999). For polyubiquitination, the
anaphase-promoting complex (APC)/cyclosome, which
is essential for polyubiquitination of mitotic cyclin and
Cut2, must be activated (King et al. 1995; Sudakin et al.
1995; Yamano et al. 1996; Yamashita et al. 1996; Fun-
abiki et al. 1997; Yamada et al. 1997; Kim et al. 1998). In
fission yeast mutants defective in APC/cyclosome sub-
units (Hirano et al. 1988; Yanagida 1998) or in protea-
some (Gordon et al. 1993), cells are arrested at a meta-
phase-like stage with the short spindle and highly con-
densed chromosomes. Cyclin and Cut2 remain without
anaphase proteolysis in these mutants. The onset of ana-
phase is thus regulated by ubiquitin-mediated proteoly-
sis and this is thought to ensure harmonious chromo-
some segregation.

At least three evolutionarily conserved groups of pro-
teins are responsible for sister chromatid cohesion.
Rad21/Mcd1p/Scc1p (Guacci et al. 1997; Michaelis et al.
1997; Losada et al. 1998; Uhlmann and Nasmyth 1998)
forms the complex called cohesin with two other pro-
teins (Smc1p and Smc3p) of the SMC family. The second
type of chromatid cohesion molecule is Mis4/Scc2p,
called adherin (Furuya et al. 1998). These become essen-
tial during the S phase and appear to link two sister chro-
matids together until anaphase. The third is Ctf7p/
Eco1p, which is required for the establishment of cohe-
sion during DNA replication (Skibbens et al. 1999; Toth
et al. 1999). The loss of these cohesion molecules appar-
ently leads to the failure to hold sister chromatids after
replication, and therefore sister chromatids are prema-
turely separated. Esp1p was shown to be essential for the
removal of Scc1p from sister chromatids in anaphase (Ci-
osk et al. 1998), but similar events have not been found
in fission yeast (T. Nakamura, K. Kumada, and M.
Yanagida, unpubl.). Cut1 protein appeared to be needed
for activating the anaphase spindle on Cut2 proteolysis
(Kumada et al. 1998); loading of Cut1 onto the anaphase
spindle required the carboxy-terminal-conserved amino
acids.

More restricted sister chromatid linking has been re-
ported for fission yeast Mis6, which is required to con-
nect the sister centromeres in metaphase-arrested cells
(Saitoh et al. 1997). Whereas sister chromatid cohesion
molecules such as Rad21 and Mis4 locate along the en-
tire length of chromatids, Mis6 tagged with GFP is visu-
alized only at centromeres. Fission yeast centromeres are
large and complex (see e.g., Takahashi et al. 1992), and
Mis6 is shown to associate with the inner regions essen-
tial for precise segregation. In temperature-sensitive
mis6-302 cultured at the restrictive temperature (36°C),
sister chromatids are separated but radically missegre-
gated (Takahashi et al. 1994). Mis6 is necessary to con-
struct specialized chromatin present in the inner centro-
meres; smeared nucleosome ladders obtained by the in-
ner centromere DNA probes were abolished in mis6
mutant (Saitoh et al. 1997). Drastic missegregation phe-
notype in anaphase is produced only after cells proceed
across from G1/S to M at 36°C. Mis6 normally acts dur-
ing G1 or at the onset of S phase but may be functionally
restored at a later stage. If mis6 mutant cells are cultured

at 36°C from G1 and then arrested at metaphase, sister
centromeres are already separated, but other parts of
chromatids are associated, suggesting that Mis6 is in-
volved in linking sister centromeres. If, however, the sis-
ter cohesion protein Mis4 is inactivated, the entire
length of chromatids including centromeres are prema-
turely separated in the presence of Mis6 (Furuya et al.
1998). Mis4 is independently needed for sister centro-
mere connection.

In fission yeast, behavior of centromeric DNA during
mitosis has been visualized in living cells with GFP–
LacI-NLS, which can bind to the LacO repeats integrated
near the cen1 (Nabeshima et al. 1998). Combined with
the images obtained by GFP–Sad1, a GFP-tagged spindle
pole body (SPB) protein, spindle, and centromere dynam-
ics in mitosis in the wild-type cells are now fairly well
understood. Spindle dynamics in S. pombe consists of
three phases: Phase 1 is the duration of spindle forma-
tion, whereas in phase 2, the spindle has a constant
length. Sister chromatid separation occurs at the end of
phase 2. Phase 2 consisting of the stages similar to met-
aphase and anaphase A in higher eukaryotes is crucial for
understanding the onset of anaphase. Spindle elongation
(similar to anaphase B) occurs in phase 3. The durations
of phases 1, 2, and 3 are, respectively, 2.5, 7.0, and 15 min
at 26°C and 1.4, 4.0, and 6.2 min at 36°C.

Among 12 mis (minichromosome instability) genetic
loci identified (Takahashi et al. 1994), only 3, mis4,
mis6, and mis12, gave rise to the missegregation pheno-
type of regular chromosomes at 36°C. We were inter-
ested in how regular chromosomes in mis12-537 mutant
cells were missegregated and undertook to characterize
the phenotypes of mis12-537 and identify the gene prod-
uct. Mis12 plays a unique role in regulating the func-
tional centromeres during the cell cycle.

Results

Expansion of the metaphase spindle in mis12-537

To determine whether spindle formation and elongation
was normal in the mis12-537 mutant, the gene for Sad1–
GFP, the SPB protein (Hagan and Yanagida 1995) tagged
with GFP (Nabeshima et al. 1998), was expressed by
multicopy plasmid in wild-type and mis12-537 at 36°C.
Time-lapse images of living cells in the culture medium
at 36°C (images taken after 3.5–8 hr because the pheno-
type was produced in the second mitosis, see below)
were taken at 30-sec intervals by a confocal microscope
(Nabeshima et al. 1997). The elevated dosage of Sad1–
GFP results in extra localization at the nuclear envelope,
a convenient marker for the shape of the nucleus. More
than 20 living mis12 cells and 6 wild-type cells were
observed. Two living mis12 cells and one wild-type con-
trol cell are shown, respectively, in Figure 1, A and B (the
number indicates minutes). The spindle is fully extended
in the mutant, although daughter nuclei produced are
unequal in size (see nuclear images at 16.5 and 10.5 min).

Another striking anomaly was discovered in mutant
cells with regard to spindle length of phase 2, the period
corresponding to metaphase to anaphase A in higher eu-
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karyotes. Phase 2 is crucially important for understand-
ing mitosis as the duration and length of the phase-2
spindle appears to be precisely regulated (Nabeshima et
al. 1998). Centromeres move quickly back and forth
along the spindle in phase 2. Time course of the pole-to-
pole distance (defining spindle length) for three mis12
sample cells (#1–3, Fig. 1C) demonstrates that the three
phases of spindle dynamics clearly exist in mis12, but
the spindle in phase 2 is much longer than that of wild
type. In Figure 1D, the data for all mis12 cells examined
are shown: the average pole-to-pole distance (3.7 ± 0.7
µm) is 60% longer in mis12 (solid columns) than that of
wild type (open column, 2.3 ± 0.2 µm). Pear-shaped (6–10
min in the left cell of Fig. 1A) or ellipsoidal (2.5–4.5 min
in the right cell) nuclei were seen in mis12 cells during
phase 2. One end of the spindle often protruded from the
nuclear envelope, causing the pear-shaped nuclei. These
extended nuclei were rarely observed in the wild-type
phase 2, in which length of the phase-2 spindle was the
same as the diameter of the spherical nucleus. We con-
cluded from these results that Mis12 was required for
correct spindle morphogenesis in metaphase.

The other phenotype aberrance in mis12 was that the
duration of phase 2 was much more heterogenous in the
mutant (average 5.4 ± 4.2 min) than the wild type
(4.3 ± 0.9 min) (Fig. 1E), indicating that the occurrence of
the end of phase 2 could be premature or delayed. Under
the permissive condition, however, these spindle pheno-
types of mis12 were reversed to the normal ones (data
not shown). As detailed in the results described later, the
defective phenotype of mis12 was revealed in the second

mitosis at 36°C and the first mitosis (images taken 0–3
hr after the shift of asynchronous culture to 36°C) pro-
duced normal, wild-type-like mitosis indistinguishable
from that shown in Figure 1B (data not shown).

Aberrant centromere separation in mis12

To gain more information about the phenotype of mis12,
it was observed how the sister centromeres (cen) behaved
during mitosis. For this procedure, the cen1–GFP probe
used previously (Nabeshima et al. 1998) was applied to
visualize cen DNA. Briefly, LacI–GFP was expressed in
S. pombe cells integrated with the tandem LacO se-
quences near the cen1. LacI–GFP bound to the LacO site
was an appropriate marker for the cen1 DNA. As the
cen1–GFP signal was very faint at 36°C compared with
Sad1–GFP, simultaneous observation of cen1–GFP and
Sad1–GFP at 36°C has not been successful (it was pos-
sible at 26–30°C; Nabeshima et al. 1998). In 8 of 13 cells
undergoing the second mitosis, the cen1–GFP signal was
rapidly split in mis12 apparently as in wild type (Fig. 1F
left, 0–1 min). In other cases (5/13), the centromere sig-
nal movement was abnormal. Four cells showed the
movement of cen1–GFP to one direction without split-
ting, followed by separation (right, 6 min), leading to two
cen1–GFP signals in one divided nucleus (indicated by
the arrowheads). As S. pombe cells contain three haploid
chromosomes, aberrant centromere movement, if it oc-
curred for each chromosome at the same frequency,
could explain the lethality of mis12 cells by their pro-
duction of aneuploidy cells (see Discussion).

Figure 1. The metaphase spindle is ex-
panded in mis12. (A) Two living mis12-

537 cells expressing Sad1–GFP cultured at
36°C for 7–8 hr and observed at 0.5 min
intervals by a confocal microscope. The
number indicates minutes. Asymmetric
nuclear division is evident for both cells.
Bar, 10 µm. (B) A wild-type control. (C)
Time-course of the pole-to-pole distance
measured for three mis12 (#1–#3) and one
wild-type (WT) cell. Three phases are
clearly distinguished (see text). (D) The
pole-to-pole distances in the spindle of
phase 2 measured for 22 mis12 (solid bars)
and 6 wild-type cells (open bar) are plotted.
Frequencies are expressed as the number
of living cells for which mitosis was ana-
lyzed. (E) Plot of duration of time for phase
2 measured for the same number of mis12

(shaded bars) and wild-type cells (open
bars). (F) Two mis12 mutant cells cultured
at 36°C for 5 hr (left) and 8 hr (right) and
expressing the cen1–GFP. The number in-
dicates minutes.
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Aberrant metaphase spindle size in the mis6 mutant

A similar set of experiments was done with mis6-302.
Fifteen mutant cells analyzed all revealed the three dis-
tinct spindle phases as in mis12. Time-lapse images of
Sad1–GFP in one mis6 cell at 36°C are shown in Figure
2A. Aberrant pear-shaped nuclear formation (seen at 9
min in A) followed by unequal nuclear division (at 13.5
min) is also seen in the mutant cells. Two mutant cells
after 6.0 and 4.2 hr at 36°C (#1 and #2, respectively) in
Figure 2B (left) showed expansion of the phase-2 spindle.
Average length of the phase-2 spindle in mis6 (3.1 ± 0.5
µm; Fig. 2B, right, solid columns) was 35% longer than
that of wild type (open column, 2.3 ± 0.2 µm). Mis6 is
thus also required for correct spindle morphogenesis at
metaphase. The duration of phase 2 (4.9 ± 1.7 min) in
mis6 was more variable than the wild type. To further
confirm that metaphase spindle length was extended in
the mis6 mutant, spindle length of metaphase-arrested
cut9 mis6 and cut9 cells was measured (cut9 is defective
in polyubiquitination of mitotic cyclin and Cut2; Fun-
abiki et al. 1996a). Single and double mutants were first
arrested in G1 by nitrogen starvation and then released to
the complete medium at 36°C. After 8 hr, metaphase
cells were accumulated because of the inactivation of
Cut9 mutant protein. In metaphase-arrested cut9 mis6
double mutant, sister centromeres were prematurely dis-

sociated because of the inactivation of the Mis6 mutant
protein, but not in the single cut9 (Saitoh et al. 1997). At
that time, the metaphase spindle length of cut9 mis6
was 25% longer than that of single cut9 mutant (data not
shown).

Spindle extension blocked in a sister chromatid
cohesion mutant, mis4

Spindle length in phase 2 was normal in top2 and cut14
mutants at 36°C (Nabeshima et al. 1998), respectively,
and both were defective in chromosome condensation
and separation. In nuc2 and cut9 mutants blocked at
metaphase because of the defects in anaphase promoting
proteolysis (Yamada et al. 1997), spindle length was
similar to that of wild-type metaphase cells. In contrast,
spindle length in phase 2 was aberrant in mis4-242. The
phase-2 spindle formed in mis4 was twice (4.6 ± 0.1 µm)
the length of wild type, but it did not actually elongate
further for a long period (Fig. 3A,B), whereas sister chro-
matid separation had already occurred (this was con-
firmed by FISH with the centromere probe, data not
shown). The mutant spindle increased without interrup-
tion during phase 1 (Fig. 3A) and then remained in a
phase 2-like stage for a long period (Fig. 3B, left). The
length of the spindle in mis4 was surprisingly uniform
(Fig. 3B, right). Restraining spindle elongation in mis4
might represent a mitotic checkpoint arrest due to pre-

Figure 2. Expansion of the pole-to-pole distance in metaphase
also occurs in the mis6 mutant. (A) One living mis6 mutant cell
cultured at 36°C for 6 hr and expressing Sad1–GFP is shown.
The number indicates minutes. Phase 2 lasts from 6 to 10 min.
Bar, 10 µm. (B, left) Time course of the pole-to-pole distance in
two mis6 mutant cells (#1, #2) and one wild-type cell (right).
Distribution of length of the phase-2 spindle in 15 mis6 cells
(solid bars) is shown with the wild-type control (open bar).

Figure 3. Impaired spindle elongation in mis4. (A) Time-lapse
images of one mis4-242 cell expressing Sad1–GFP and cultured
at 36°C for 4 hr. Bar, 10 µm. (B, left) Time course of the pole-
to-pole distance in two mis4 mutant cells (#1, #2) at 36°C. The
spindle formed and increased in length without interruption up
to 4–5 µm, thereafter, the pole-to-pole distance increased very
slowly. (Right) Distribution of the pole-to-pole distances mea-
sured for mis4 cells is shown (solid bar).
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mature sister chromatid dissociation, because the mi-
totic spindle was further elongated in mis4 when the
spindle checkpoint protein mad2 was deleted (K. Furuya
and M. Yanagida, unpubl.).

In metaphase-arrested cut9 mis4 at 36°C (cells were
initially nitrogen starved and then shifted to the com-
plete medium at 36°C), spindle length was 75% longer
(3.7 ± 0.8 µm in fixed and anti-Sad1 antibody-stained
cells) than in single cut9 (2.1 ± 0.5 µm) at 36°C (data not
shown).

Mis12, a 30-kD protein locating at centromeres
throughout the cell cycle

The mis12+ gene was isolated by chromosome and cos-
mid mapping (Materials and Methods). The isolated gene
rescued the temperature-sensitive phenotype of mis12-
537. The mis12+ gene encodes a novel protein containing
259 amino acids. Database search showed that S. cerevi-
siae, Aspergillus nidulans, and Magnaporthe grisea
coding sequences (YAL034W-A, ENAC000133, and
mgae0004dC05f, respectively) significantly resemble the
predicted sequence of Mis12 (Fig. 4A). The S. cerevisiae
gene product was designated Mtw1p (Mis twelve-like
protein). Sequence similarity was confined in the 88
amino-terminal amino acids. Protein structure predic-
tion with the program COILS indicates that the central
regions of Mis12 (100–150) and Mtw1p (101–150) might
be coiled–coil.

Gene disruption was performed by one-step replace-
ment. Most of mis12+ was replaced by the S. pombe
ura4+ gene. Ura+ heterozygous diploid cells obtained by
homologous integration were dissected. Only two spores
were viable, and both were Ura−, demonstrating that
Mis12 was essential for cell viability. mis12 null cells
divided two to four times after germination. They were
observed after DAPI stain (Fig. 4B): The daughter nuclei

with unequal sizes were highly frequent, showing that
the temperature-sensitive and null phenotypes were
similar.

To confirm that the Mis12 protein had the expected
molecular weight, immunoblotting was performed. The
HA (hemagglutinin antigen)-tagged Mis12 protein band
with the expected molecular weight was detected in cell
extracts carrying the integrated Mis12–HA gene by anti-
HA antibody (Fig. 4C, lane 2). The integrated HA-tagged
Mis12 sedimented around 4-12S in sucrose gradient cen-
trifugation, whereas Mis6 was broadly distributed, form-
ing a peak at 15S (data not shown); this suggested that
Mis12 and Mis6 belonged to different molecular com-
plexes although their localizations were similar (see be-
low).

Intracellular localization of Mis12 was visualized by
GFP tagging (the mis12+–GFP gene integrated onto the
chromosome with the native promoter for A and D or
expressed in plasmid for B and C). The GFP signals were
clustered into one dot at the SPBs in interphase (the top
cell in Fig. 5A; the bottom cell in early mitosis), whereas
two or three signals were seen along the spindle in mi-
tosis (Fig. 5B), visualized by anti-tubulin staining (TUB).
In mitotically-arrested nda3-311 (b-tubulin) mutant, the
single Mis12–GFP signal was seen on each of the hyper-
condensed chromosomes (Fig. 5C). These results showed
that Mis12 was localized at centromeres throughout the
cell cycle.

The Mis12–GFP signals seen in living cells were con-
sistent with those of fixed cells. Localization of Mis12–
GFP strongly resembled that of Mis6–GFP (Saitoh et al.
1997). The Mis12–GFP signal was clustered until late G2

(0 min in Fig. 5D), and became multiple in M (1 min),
often seen as two or three dots along the short rod (2–6
min) during the putative metaphase, and then rapidly
separated (6.5–7 min), followed by further separation in
anaphase B. Mis12 appeared to be bound to the centro-
mere of all the chromosomes.

Figure 4. Mis12 is an essential conserved pro-
tein. (A) Sequences of S. cerevisiae, A. nidu-

lans, and M. grisea are similar to the amino
terminus of Mis12. (Top) Identical amino acids
are boxed; similar ones are shaded. (Bottom)
Alignment of Mis12 and Mtw1p. The pre-
dicted coiled–coil exists in the middle (amino
acids 100–150); while the conserved regions
are in the amino terminus (amino acids 1–88).
(B) Gene disruption of mis12+ led to the mis-
segregation phenotype with the large and
small daughter nuclei. Gene-disrupted cells
were stained by DAPI. Bar, 10 µm. (C) Identi-
fication of Mis12 protein by immunoblotting.
The carboxyl terminus of the mis12+ gene was
tagged with HA and integrated onto the chro-
mosome of mis12-537 by homologous recom-
bination (the promoter was native). The tem-
perature-sensitive phenotype was rescued in
the resulting integrant, which grew normally. Mis12 was detected at the expected molecular mass (lane 2). The band intensity
increased in cells overproducing Mis12–HA by multicopy plasmid (lane 1), but the band was not detected in extracts carrying the
vector (lane 3).
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Requirement of Mis12 for maintaining inner
centromere structure

The chromatin immunoprecipitation method was used
to identify the centromere DNA that interacts with
Mis12. Four primers, imr1, cnt1, otr2 (dhII), and lys1
were used (Fig. 6A; Takahashi et al. 1992). Combination
of Mis12–HA and anti-HA antibody produced the PCR
products (lane 1), when the inner centromere primers
cnt1 and imr1 were used, but not the outer region prim-
ers otr2 or lys1. Beads alone without antibody (lane 2) did
not produce any PCR DNA. These results indicated that
Mis12 interacted with the inner centromere DNAs.

As Mis6 was also shown to be an inner-centromere-
interacting protein (Saitoh et al. 1997), we examined
whether Mis12 formed the complex with Mis6. To this
end, immunoprecipitation was done with HA–Mis12
and Myc–Mis6, both of which were expressed by the
genes integrated onto the chromosome. Most of the
Mis12–HA was precipitated (Ppt) by anti-HA antibodies,
but no Mis6–Myc was detected in the precipitates (Fig.
6B). There was no cross-precipitation between Mis12–
HA and Mis6–Myc, showing that the Mis6 and Mis12
did not form the stable complex.

To answer the question whether the Mis6 mutant pro-
tein could interact with the inner centromere, the mu-
tant mis6-302 gene was tagged with HA and integrated
onto the chromosome. Mis6-302–HA was immunopre-
cipitated after formaldehyde fixation. The levels of the
PCR products were reduced at 26°C and negligible at
36°C, indicating that the primary defect in mis6-302 was
due to its deficient interaction with the centromeres
(data not shown).

To determine whether association of Mis6 to the inner
centromere region required active Mis12, a mis12-537
strain expressing the integrated Mis6–HA was made, cul-
tured at 36°C for 6 hr, and extracts were prepared and
immunoprecipitated by anti-HA antibody (Fig. 6C).

Nearly identical amounts of cen–DNA were precipitated
from the wild-type (lane 1) and mis12 mutant (lane 2).
Lanes 4, 5, and 6 are loading control. Hence, mis6–HA
could interact with the centromere in the absence of
functional Mis12. Conversely, the mis6-302 strain inte-
grated with the Mis12–HA gene was used. Immunopre-
cipitated Mis12–HA in mis6-302 was bound to the inner
centromere regions (lane 8). Mis6 and Mis12 appeared to
interact independently with the centromeres.

Loss of centromere-specific chromatin digestion
pattern in the mis12 mutant

The inner centromere DNAs of S. pombe has a special-
ized chromatin (Polizzi and Clarke 1991; Takahashi et
al. 1992). In the mis6-302 mutant, the smeared chroma-
tin pattern is abolished at 36°C (Saitoh et al. 1997). The
same result was obtained in mis12-537 at 36°C (Fig. 6D):
The inner centromere probes for hybridization, cnt1 and
imr1, failed to show the smeared pattern in mis12 mu-
tant cultured at 36°C for 8 hr (the ethidium bromide
staining pattern shown at the right end). The patterns for
the wild-type control are also shown. Mis12 is thus re-
quired for maintaining the inner centromere structure.

Missegregation occurs after the passage of mis12
in the previous mitosis

To understand the role of Mis12, it is important to de-
termine how its action is implicated in the cell cycle.
First, chromosome missegregation (unequal nuclear di-
vision seen by DAPI stain was verified to be missegrega-
tion by FISH; Fig. 7A) took place in mis12-537 cells after
one cycle of cell division at 36°C (Fig. 7B). The pheno-
type did not appear for the first division (1–3 hr). The
majority of cells of fission yeast in the asynchronous
culture were in G2. Eighty percent of the binucleate cells

Figure 5. Mis12–GFP colocalizes with the centromeres. (A) Mis12–GFP was expressed by the single-copy-integrated gene and ob-
served by fluorescence microscopy after Hoechst 33342 staining. The GFP signal was located as a dot on the periphery of the interphase
nucleus (top). Hoechst 33342 stained (middle) and the merged images (bottom) are also shown. (B) Visualization of microtubules (TUB)
and Mis12–GFP in methanol-fixed cells. Mis12–GFP expressed by multicopy plasmid with the native promoter was observed after cells
were treated with methanol and stained with anti-tubulin antibodies. (C) Mis12–GFP (top) was expressed by multicopy plasmid in
nda3-311 (defective in b-tubulin) cultured at 20°C for 8 hr. DAPI (middle) and the merged (bottom) images are also shown. (D)
Time-lapse images of one living wild-type cell expressing Mis12–GFP by the single-copy integrated gene. The number indicates
minutes. Bars, 10µm.
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after the second division (4–8 hr) contained missegrega-
tion (unequal-sized nuclei). Coincident with the second
mitosis, cell viability decreased. The cell number in-
crease ceased after 8 hr. At 26°C, however, mis12 mutant
cells showed normal chromosome segregation (data not
shown).

Next, mis12-537 cells were arrested at G1 by nitrogen
starvation, and then released to the complete medium at
36°C. Cell cycle progression was monitored by measur-
ing DNA contents (Fig. 7C, left), missegregation fre-
quency, and cell viability (right). The S phase occurred 3
hr after the shift to the complete medium at 36°C, and
the first and second mitosis, respectively, took place at
5–6 and 8–9 hr. In contrast to the case of mis6 mutant
(Saitoh et al. 1997), the first mitosis was completely nor-
mal without the loss of cell viability. Missegregation
was seen in the second round of mitosis (2nd M), con-
sistent with a sharp decrease of cell viability only after
the second mitosis. The cell number increase ceased af-
ter 10 hr.

One possibility is that Mis12 is temperature sensitive
for folding but not for function. To examine this possi-
bility, we performed the following experiment: mis12-

537 cells were nitrogen starved to arrest in G1 at 26°C,
then cultured at 36°C under the same G1 condition for 4
hr and released to the rich YPD medium at 36°C (Fig.
7D). The first mitosis took place 9–10 hr after cells were
exposed to 36°C, but abnormal chromosome segregation
was negligible (#4%). Only in the second mitosis (12 hr),
was missegregation observed. Control G1-arrested cul-
ture was directly released to YPD at 36°C, and ∼60% of
the cells produced aberrant missegregation in the second
mitosis that took place 9–10 hr after the shift to 36°C.
This experimental result clearly showed that the delayed
phenotype is not due to the rate of protein inactivation,
and passing the first mitosis at 36°C is crucial to produce
the phenotype. Mutant Mis12 protein was thus not tem-
perature sensitive for folding but for function. Taken to-
gether, missegregation in mis12 occurred only after cells
had passed through the previous mitosis to the subse-
quent mitosis at 36°C without proper Mis12 function.

The cut4 mis12 double-mutant strain carrying the in-
tegrated Mis6–GFP was constructed to examine whether
sister centromeres could be prematurely separated in
metaphase (cut4 is defective in polyubiquitination of mi-
totic cyclin and Cut2; Yamashita et al. 1996). The double

Figure 6. Requirement of Mis12 for main-
taining the inner centromere. (A, top) Orga-
nization of the cen1 is schematized (Taka-
hashi et al. 1992). Probes used for PCR prim-
ers and Southern hybridization are indicated
by vertical and horizontal bars, respectively.
(Bottom) Cells expressing the Mis12–HA by
the integrated gene were immunoprecipi-
tated after fixation with formaldehyde and
glass bead breakage. Coprecipitated DNA
was amplified by PCR with the primers of
cnt1, imr1, otr2 (dh), and lys1 (Saitoh et al.
1997). These primer sequences (indicated by
the vertical bars) were unique or repeated up
to three times in the genome. Approxi-
mately the same level of PCR-made DNAs
was obtained as control from the strain ex-
pressing Mis12–HA and the wild-type 972
(lanes 4,5). Precipitates of anti-HA yielded
the PCR products of cnt1 and imr1 but not
of otr2 or lys1 (lane 1). Lanes 2 and 3 are the
control with beads alone or the wild-type
972 extract, respectively. (B) S. pombe cells
expressing Mis12–HA and Mis6–Myc were
immunoprecipitated by anti-HA antibody,
and the materials precipitated (Ppt) and su-
pernatant (Sup) were immunoblotted with
anti-HA and anti-Myc antibodies. Mis6–
Myc was not present in the precipitates. (C)
mis12-537 mutant expressing the integrated
Mis6–HA (lanes 2,5) and mis6-302 express-
ing Mis12–HA (lanes 8,11) were constructed, and their formaldehyde-fixed extracts were immunoprecipitated by anti-HA antibody.
Lanes 1–3 and 7–9 are the PCR products after immunoprecipitation; lanes 4-6 and 10-12 are the PCR products from the whole extracts.
Wild-type-expressing Mis6–HA (lanes 1,4), Mis12–HA (lanes 7,10), and the wild-type 972 without the HA tag (lanes 3,6,9,12) were used
as control. Mis6–HA could bind to the inner centromere regions (cnt1 and imr1) in mis12 at 36°C, and vice versa. (D) Nuclear
chromatin was prepared from wild-type and the mis12 mutant cultured at 36°C for 8 hr, and digested with micrococcal nuclease for
1, 2, 4, and 8 min, followed by agarose gel electrophoresis and Southern hybridization with the three DNA probes, otr1, imr1, and cnt1
(Saitoh et al. 1997). The ethidium-bromide staining patterns are shown at right with the size markers. The smeared nucleosome
pattern in the inner centromere was abolished in mis12 mutant.
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mutant was first cultured in the synthetic EMM2 at
36°C for 3.5 hr and then at 36°C in the complete YPD for
3 hr. The signal of Mis6–GFP was then observed in
methanol-fixed cells. Under this culture condition, the
second mitosis could take place as cut4 was able to go
through mitosis in the synthetic EMM2 at 36°C (Ya-
mashita et al. 1996). The Mis6–GFP signals were fre-
quently resolved in four to six dots in the second mitosis
of cut4 mis12 (Fig. 7E, right), suggesting that sister cen-
tromeres were separated in the metaphase-arrested cells.
However, less than three signals were observed in mi-
totically arrested single cut4 mutant cells (left). The
Mis6–GFP signal in the first mitosis of cut4 mis12
(middle) was similar to that of single cut4.

mis12 suppresses dis1, whereas cold-sensitive
mutations leading to normal spindle length
suppress mis12

To identify gene products that might interact with
Mis12, we made a number of crosses between mis12-537

and known mitotic mutations. We found that mis12-537
(but not mis6) could suppress the cold-sensitive pheno-
type of dis1 mutation (Fig. 8A). Dis1 plays a role in link-
ing the kinetochore to the mitotic SPBs (Nabeshima et
al. 1998). In the dis1 mutant, the prophase spindle con-
tinued to elongate without sister chromatid separation.
Suppression did not work in the opposite direction, how-
ever: The temperature-sensitive phenotype of mis12 was
not suppressed by the dis1 null. Instead, at 33°C, the
double-mutant mis12 dis1 null was synthetically lethal.
These results suggested that Mis12 is functionally re-
lated to Dis1.

We screened for mutations that could suppress the
temperature-sensitive phenotype of mis12-537 and iso-
lated 500 spontaneous revertants that produced colonies
at 36°C. Twenty four of them were cold sensitive; they
were unable to form colonies at 22°C. Although genetic
analyses of the mutants have not been completed, all of
these mutants curiously display deviation from the rod
shape. Identification of the genes responsible for the
cold-sensitive mutations is under investigation. Two

Figure 7. Missegregation occurs in mis12-537 af-
ter cells traverse the previous mitosis at 36°C. (A,
top) mis12-537 cells stained by DAPI after 8 hr at
36°C. Bar, 10 µm. (Bottom) FISH was applied with
the probe of the rDNA repeats in chromosome III.
The FISH signal was not separated in the top and
middle cells, but was separated in the bottom. (B)
Asynchronously growing mis12 mutant cells (in
the rich culture medium) were shifted to 36°C
(most cells in G2). Frequencies of mutant cells dis-
playing unequal nuclear division reached 80% af-
ter 6 hr at 36°C. Cell viability decreased after 4 hr,
whereas cell number ceased to increase after 8 hr.
(C) Wild type and mis12-537 were arrested at G1

by nitrogen starvation at 26°C in the synthetic
medium and then released to the complete YPD
medium at 36°C (0 hr). DNA contents determined
by the FACScan are shown (left). The S phase, the
first and the second mitoses occurred at 3, 5-6, and
8–9 hr after the release, respectively, in mutant
cells. The heterogeneous DNA contents appeared
after the second cell division (right). Cell viability
score decreased after 8 hr, whereas the frequency
of missegregation was very low in the first mitosis
but high in the second mitosis. The cell number
increase in the mutant culture ceased after 10 hr.
(D) mis12-537 was arrested at G1 by nitrogen star-
vation at 26°C in the synthetic medium, and
shifted to 36°C in the same culture for 4 hr: Cells
did not grow under the starved condition. Cells
were then released to the complete YPD medium
at 36°C (release at 4 hr). In the control culture
(release at 0 hr), cells were shifted to the complete
YPD at 36°C without 4-hr preincubation at 36°C.
DNA contents determined by the FACScan are
shown (left). The S phase and the first M phase
occurred after 7 and 9–10 hr in the culture released

at 4 hr, respectively, whereas cell viability decreased after 12 hr (in the second M phase). Chromosome missegregation (unequal mitosis
percent) occurred in the second mitosis. All this occurred 4 hr earlier in the control culture released at 0 hr. (E) The cut4 mis12 double
mutant was grown as described in text. In the first metaphase, the signals of Mis6–GFP were clustered in the middle as the control
single cut4, whereas they were split into four or five in the second metaphase at 36°C. Bar, 10 µm.
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strains, 163 and 165, were examined to learn whether
suppression of the temperature-sensitive phenotype of
mis12 led to the decrease in spindle length. Mutant cells
were stained by anti-sad1 antibodies, and their pole-to-
pole distance in mitotic cells was measured at 36°C (Fig.
8B). For both strains, the spindle length in a large frac-
tions of cells was identical to that of the wild type (open
arrowheads), showing that the mis12 phenotype of long
metaphase spindle was greatly diminished when sup-
pressor mutations were combined. These results are con-
sistent with the hypothesis that metaphase spindle ex-
pansion and drastic missegregation in mis12 are closely
related.

Discussion

This paper reports a novel centromere protein, Mis12, in
fission yeast. It is essential for viability, and its loss leads
to a dramatic missegregation of chromosomes. It is not
required for sister chromatid separation, but is abso-
lutely required for correct segregation of chromosomes.
Budding yeast Mtw1p shares similarity with Mis12 in
the amino-terminal sequence and the central putative
coiled-coil motif. Gene disruption indicates that MTW1
is essential for viability with the cell cycle arrest pheno-
type showing a large bud with the nucleus often located
in the neck between two daughter cells (G. Goshima and
M. Yanagida, unpubl.). Mtw1p is not included in the
known centromere-interacting proteins. Intracellular lo-
calization of Mtw1p remains to be determined.

Certain properties of Mis12 are similar to Mis6 (Saitoh

et al. 1997). Both colocalize at the centromeres, and co-
precipitate with the inner centromere DNAs rich in A or
T clusters. The inner centromere-specific chromatin
structure is abolished in mis12 as in mis6 cells. There-
fore, Mis12 and Mis6 proteins are essential for creating
the architecture of the inner centromere. Moreover, both
Mis6 and Mis12 were discovered to affect spindle length
during the metaphase–anaphase transition period. We as-
sume that this property is important for faithful chro-
mosome segregation (see below). A budding yeast kineto-
chore protein Ctf19p, which provides a link between the
mitotic spindle and the kinetochore (Hyland et al. 1999),
might have similar function. Mis6 and Mis12 differ con-
siderably in other aspects. They neither cosediment nor
are coimmunoprecipitated, indicating that they do not
function together in the same complex. Mis12 (but not
Mis6) interacts with Dis1 (Nabeshima et al. 1995; Na-
kaseko et al. 1996), possible mediator between kineto-
chores and the SPBs. Bipolar spindle assembly in budding
yeast is achieved by motors that antagonize each other
by exerting forces in opposite directions (Hoyt et al.
1997). Considering the continuous elongation of the pro-
phase spindle in dis1 because of the lack of pulling force
(Nabeshima et al. 1998) and abnormal metaphase spindle
length in mis12 perhaps due to the loss of sister-centro-
mere cohesion, their double-mutant phenotype might be
obtained by the change in the force balance in the
spindle.

Mis12 seems to function in the previous M phase for
proper chromosome segregation. This surprising conclu-
sion is reached on the basis of several results. If Mis12 is

Figure 8. Interaction of mis12 and cold-
sensitive mutations. (A) The double
mutant between temperature-sensitive
mis12 and cold-sensitive dis1 null pro-
duced small colonies at 22°C, whereas it
failed to produce colonies at 33°C. (B) Two
cold-sensitive suppressors (strains 163 and
165) isolated were able to grow at 36°C.
They were stained by anti-Sad1 antibodies
and the pole-to-pole distance in mitotic
cells was measured. The number of cells
are indicated as the frequency. The open
and solid arrowheads indicated the sizes of
wild-type and mis12 spindle at metaphase.
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inactive from G1 (or from G2), the immediate mitosis is
completely normal, but in the second round of mitosis,
viability sharply decreases with extensive chromosome
missegregation. Preheating in G1 for 4 hr at 36°C con-
firmed that Mis12 had to be inactive in the first mitosis
for producing missegregation in the second mitosis. Sis-
ter centromeres were prematurely separated at meta-
phase in the second mitosis. An interpretation of these
results is that sister centromeres are connected by the
action of functional Mis12. A simple model is that
Mis12 may establish a centromere structure during the
first mitosis that can be built on to ensure correct seg-
regation in the second mitosis. Mis6 association with
centromeres is not dependent on Mis12, thus, at least
two independent functions must exist. One implication
is that drastic missegregation occurs only when the mu-
tant Mis12 protein is inactivated from the first M
through to the second M phase. This would be a highly
effective way to maintain segregation fidelity of chromo-
somes, as the centromere defect due to mis12 mutation
could be repaired over a broad time span even in late G2

if active Mis12 were supplied. Missegregation occurs in
the mis6 mutant if Mis6 is continuously inactive from
G1 to M (Saitoh et al. 1997). The defect could be fixed if
active Mis6 were supplied anytime from G1/S to M.
These late remedy systems explain a part of the high
fidelity in chromosome segregation. We found recently
that a class of centromere chromatin protein was local-
ized at the centromere in a Mis6 (but not Mis12)-depen-
dent manner, supporting the theory that Mis6 and Mis12
are functionally distinct (K. Takahashi and M. Yanagida,
in prep.).

Two other conclusions emerging from the present
study may have some general implications. One is that
centromere-connecting proteins actively participate in
correct morphogenesis of the mitotic spindle. Mutations
in the centromere proteins affect overall spindle size.
Kinetochores, however, are apparently not required for
spindle formation per se. Heald et al. (1996, 1997) dem-
onstrated using frog extracts that microtubules and
DNA beads self-assemble into the bipolar spindle struc-
ture in the absence of centrosomes and kinetochores.
Functional kinetochores were not required for the as-
sembly of a bipolar spindle in budding yeast (Sorger et al.
1995). The present study showed that the kinetochore
proteins are a major determinant for correct metaphase
spindle length in fission yeast. Expansion of the meta-
phase spindle is not due to extension of the centromere
DNAs; neither cen1–GFP (this study) nor GFP–Mis6
(data not shown) revealed any stretching of the centro-
mere signals in mutant cells.

The expanded metaphase spindle might be explained
by defects in the steps leading to correct spindle mor-
phogenesis. Alternatively, it might be explained by the
unbalanced force in the spindle. The metaphase spindle
length can be assumed to be set by the point at which the
force that the linked sister kinetochores exert to pull the
poles toward each other is balanced by other, kineto-
chore-independent forces that tend to push the poles
apart from each other. In mis12 and mis6 mutants, de-

fects in kinetochore function and sister kinetochore
linkage diminish the force that pulls the poles toward
each other, resulting in the force balance causing the
longer metaphase spindle. The metaphase spindle length
became normal and the frequency of missegregation was
greatly reduced at 36°C when cold-sensitive suppressor
mutations were combined with mis12-537. In these sup-
pressor mutants, the kinetochore function might be
strengthened, inducing the stronger pulling force of the
poles, which in turn reduces the length of the metaphase
spindle. We recently found that the metaphase spindle in
one cold-sensitive mutant is shorter than normal at the
permissive temperature (G. Goshima et al., unpubl.). We
consider that both models, defective in the force balance
or the spindle-size control, are equally possible in caus-
ing chromosome missegregation. These two models,
however, are not necessarily mutually exclusive, be-
cause the longer the spindle is, the more difficult it will
be for a kinetochore that is close to one pole to be cap-
tured by microtubules that emanate from the opposite
pole. The expanded metaphase spindle thus may have a
crucial relation to the missegregation phenotype.

The other conclusion is that all three phases of spindle
dynamics exist in mis6 and mis12, although the meta-
phase spindle is exceedingly long. The decrease in the
fidelity of sister-chromatid separation is not due to the
loss of the spindle pulling force, as the unequal-sized
daughter nuclei were fully separated. Full extension of
the spindle in mis6 and mis12 suggests that defects in
these mutants do not activate spindle checkpoint. Mis6
and Mis12 may be involved in recruiting the checkpoint
components onto the spindle, so that the spindle made
in mis6 and mis12 mutants is deficient in spindle check-
point. This possibility can be tested, but other explana-
tions also are possible.

How, then, are sister chromatids missegregated in
mis6 and mis12 mutants in spite of the presence of ap-
parently normal spindle extension? We have no firm an-
swer to this important question, other than the longer
metaphase spindle discussed above. One clue is that we
have not observed lagging chromosomes in mis12 (or
mis6) mutants. Lagging chromosomes located along the
elongated anaphase spindle are found in many mutants
(Ohkura et al. 1988; Ekwall et al. 1995). In mis6 and
mis12, however, chromosomes are always brought to the
poles. Behavior of the cen1–GFP signal visualized in
mis12 is another clue to understanding missegregation.
In >50% of mis12 cells, the cen1 signals are rapidly sepa-
rated toward the poles as in wild type, but in the remain-
ing cell populations, the cen1–GFP signals behave abnor-
mally. These results suggest that there is a high prob-
ability that the “entry gate” into sister centromere
separation, rather than the force-generating machinery
for this separation, is defective in mutant cells. Aberrant
sister centromeres separate only after they move along
on the elongating anaphase B spindle, remaining in one
side of the cell. One of the sister kinetochores may not
function properly, or the link between one kinetochore
and one pole may be broken immediately before ana-
phase. Biorientation of the sister chromatids in the
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spindle may be impaired as hypothesized previously
(Saitoh et al. 1997), so that one sister kinetochore fre-
quently becomes defective in interacting with the ki-
netochore microtubules. Alternatively, biorientation is
established, but the link between the kinetochore and
the pole is fragile because of the elongated metaphase
spindle, so that the trigger of anaphase spindle move-
ment may break one of the two pole-to-kinetochore con-
nections. In another case, microtubules from the same
direction might capture the sister centromeres of one
chromosome that have lost biorientation so that the sis-
ter chromatids would be brought to the same pole,
whereas other chromosomes are correctly separated by
spindle extension. These cases are thought to be possible
causes for aneuploidy. Molecular understanding of the
centromere defects would be crucial for solving the high-
fidelity segregation mechanism supported by Mis6 and
Mis12.

Materials and methods

Strains, media, and culture media

The complete YPD (1% yeast extract, 2% polypeptone, 2% glu-
cose) and the minimal EMM2 medium (Mitchison 1970) were
used for the culture of S. pombe. EMM2-N was used for nitrogen
starvation. LB medium (0.5% yeast extract, 1% polypeptone,
1% NaCl at pH 7.5) was used to grow Escherichia coli MM294.
S. pombe mutant strains mis12-537, mis6-302, mis4-242, cut9-

665, and nda3-KM311 were described previously (Hiraoka et al.
1984; Takahashi et al. 1994; Saitoh et al. 1997; Yamada et al.
1997; Furuya et al. 1998). S. pombe strain used for visualization
of cen1–GFP was described previously (Nabeshima et al. 1998).
The strain MKY7B-8 containing plasmid with GFP–LacI–NLS
under the nmt1 promoter was a modification of the MKY7A-4
strain described. This strain was grown in the presence of 2 µM

thiamine.

Isolation of the mis12+ gene

The mis12+ gene was isolated by chromosome mapping and
cosmid walking. By extensive crossing, mis12-537 was mapped
near cut3 (10 cM) and sds23 (21 cM) in chromosome II. Cosmids
in this region (146, 337, 1734, 1709, 409; Mizukami et al. 1993)
were introduced into mis12-537 by transformation with a
helper plasmid pYC11 (Chikashige et al. 1989). Cosmid c409
could suppress the temperature-sensitive phenotype of mis12-

537, and subsequent subcloning yielded a minimal functional
fragment that was integrated onto the chromosome by homolo-
gous recombination; this was confirmed to contain the mis12+

gene as the integrated fragment with the marker gene tightly
linked to the mis12-537 locus (PD:NPD:TT = 32:0:0). The
mis12+ gene thus isolated was adjacent to a gene highly similar
to Skp1 (Zhang et al. 1995; Connelly and Hieter 1996) that did
not rescue the temperature-sensitive phenotype of mis12-537.

Gene disruption

One-step gene replacement (Rothstein 1983) was used. Plasmid
pGG704 contained the insert for the full-length mis12+ gene.
EcoRI–AatII fragment (0.7 kb) in the coding region was replaced
with the S. pombe ura4+ gene, and the Eco47III–BamHI frag-
ment containing the disrupted mis12 gene was used for trans-
formation of a diploid 5A/1D (h−/h+ leu1/leu1 ura4/ura4

his2/+ ade6-M210/ade6-M216) . Ura+ heterozygous transfor-
mant cells thus obtained were dissected by tetrad analysis.
Gene disruption was verified by Southern blotting of the geno-
mic DNA of the diploid (data not shown). Only two spores were
viable, and those spores were Ura−, indicating that Mis12 was
absolutely essential for cell viability. The phenotype of gene-
disrupted cells was obtained by germinating the spores made
from heterozygous diploid cells in the EMM2 (supplemented by
Leu, His, and Ade) at 33°C. Cells were observed after 10–19 hr
by DAPI stain.

Plasmids

pTN501, a derivative of pSD8 (Nabeshima et al. 1998), was used
for observation of Sad1, a SPB protein. This plasmid contains
EGFP (Clontech) instead of the wild-type GFP and produces
more intense Sad1–GFP signal. Multicopy plasmid pMC12–GFP
and pMC12–HA was constructed by tagging the GFP (S65T) or
3XHA at the carboxyl terminus of the mis12+ gene; a 700-bp
long 58-upstream sequence was included. The 8× Myc tag was
added to the carboxyl terminus of the mis6+ gene by PCR am-
plification of the Myc epitope. Mis12–GFP, Mis12–HA, and
Mis6–Myc were integrated onto the genome by an integration
vector pYC11 as described (Nabeshima et al. 1997).

Microscopy

DAPI staining was done as described (Adachi et al. 1989). The
procedures for immunofluorescence microscopy were described
by Hagan and Hyams (1988). Cells were fixed by methanol or
formaldehyde, and stained by TAT1 antibody (Woods et al.
1989). Hoechst 33342 was used for the DNA stain in living cells
(Chikashige et al. 1994). The FISH method was performed as
described (Funabiki et al. 1993) with the probe of rDNA YIp10.4
and the centromere repeat probe pRS140. A confocal micro-
scope MRC-1024 (Bio-Rad) was used to observe living cells. Im-
ages were taken at 30-sec intervals. The culture of S. pombe for
microscopy was followed as described in Nabeshima et al.
(1997), although concanavalin A was not used.

Isolation of cold-sensitive suppressors

Haploid h− leu1 mis12-537 cells grown at 26°C were plated on
YPD at 36°C for 4 days. Five hundred Ts+ revertants were ob-
tained from 5 × 109 cells, of which 24 strains did not produce
colonies at 22°C. These Ts+ Cs− strains were cultured at 36°C
and stained by anti-Sad1 antibodies.

Nitrogen starvation

The procedures for nitrogen source starvation experiments with
cut9 mis6 and cut9 mis4 were described previously (Saitoh et al.
1997; Furuya et al. 1998). Single mis12 mutant cells (5 × 106/ml
grown in EMM2 at 26°C) were washed in EMM2-N and the
concentrated cell suspension (2 × 107/ml) was cultured at 26°C
for 22 hr. Cells were then released into the rich YPD medium
and cultured at 36°C. The procedures of FACScan analysis were
described previously (Costello et al. 1986).

Chromatin immunoprecipitation, micrococcal nuclease

digestion, and immunological methods

The Chip method adapted to S. pombe was described in Saitoh
et al. (1997). For mis6 and mis12 mutant strains, cells cultured
at 36°C for 6 hr were used for formaldehyde fixation. The pro-
cedures for micrococcal nuclease digestion were described by
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Takahashi et al (1992) with a modification. Cells were cultured
at 36°C for 8 hr, and treated with micrococcal nuclease (250
U/ml, Worthington Biochem). Plasmids pKT110, pKT108, and
pYC148 were used as hybridization probes. For immunoblotting
and precipitation, cell extracts were prepared with the HB buffer
(Moreno et al. 1989). Immunoprecipitation was done by anti-
HA antibody (12CA5, BAbCO) conjugated with protein A–Seph-
arose. Anti-Myc antibody 9E10 (Calbiochem) was used.
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