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Ubiquitin-dependent proteolysis is required for the
onset of anaphase. We show that protein dephosphoryl-
ation by protein phosphatase 1 (PP1) is also essential
for initiating anaphase in fission yeast. PP1 may directly
or indirectly regulate the 20S cyclosome/APC
(anaphase-promoting complex) required for anaphase-
promoting proteolysis. Using anti-phosphopeptide anti-
bodies, PP1 is shown to be dephosphorylated at the
C-terminus, upon the onset of anaphase, for reactiva-
tion. sds23*, a novel gene, is a multicopy suppressor
for mutations in PP1 and the 20S cyclosome/APC,
implying that the gene dosage increase can relieve the
requirement for PP1 and the cyclosome/APC for the
onset of anaphase. The sds23* gene is not essential for
cell viability, but a mutant with the gene deleted cannot
form colonies at 22 and 36°C. In the sds23 deletion
mutant, the progression of anaphase and cytokinesis
is retarded and cell shape is aberrant. These defects
are overcome by plasmids carrying the genes encoding
subunits of the 20S cyclosome/APC or PP1. These
results demonstrate functions other than promeoting
anaphase for the components of the 20S cyclosome/
APC and also a close functional relationship of Sds23
with PP1 and 20S cyclosome/APC.
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Introduction

A genetic approach in fission yeast has identified several
essential genes required for the progression from meta-
phase to anaphase (reviewed in Yanagida, 1989, 1995).
Mutations in nuc2* and cur9* genes (Hirano et al., 1988;
Samejima and Yanagida, 1994) lead to an arrest in
metaphase, and those genes encode proteins containing a
repeat motif called the TPR (trichopeptide repeat; Sikorski
et al., 1990; reviewed in Goebl and Yanagida, 1991). The
TPR motifs are perhaps required for intra- and/or inter-
molecular protein interactions (Hirano et al., 1990; Lamb
et al., 1994), but the actual functions of the TPR gene
products are not well understood. Nuc2 and Cut9 proteins
are similar to the Saccharomyces cerevisiae Cdc27 and
Cdcl6, respectively, and their human homologs
(Tugendreich et al., 1995). They have been shown recently
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to be the components of the 20S complex with E3 ubiquitin
ligase activity essential for the proteolysis of cyclin B
(Imiger et al., 1995; King et al., 1995; Sudakin et al.,
1995). This 20S complex is called the cyclosome (Sudakin
et al., 1995) or APC, anaphase-promoting complex (King
et al., 1995). Fission yeast Nuc2 and Cut9 proteins are also
shown to be essential components of the 20S cyclosome
(H.Yamada, K.Kumada and M.Yanagida, manuscript in
preparation).

The essential role of ubiquitin-dependent proteolysis in
the progression from metaphase to anaphase was supported
further by the metaphase arrest phenotypes of mutants
defective in the subunits of 26S proteasome (Ghislain
et al., 1993; Gordon et al., 1993). Ubiquitin-dependent
proteolysis involves the destruction of cyclin B (Glotzer
et al., 1991; Hershko et al., 1991, 1994). Furthermore,
ubiquitin-dependent proteolysis is also required for sister
chromatid separation in anaphase (Holloway et al., 1993;
Surana et al., 1993; Imiger et al., 1995; Funabiki et al.,
1996). Components other than cyclin B have to be
degraded for the separation of sister chromatids. A fission
yeast protein Cut2 is degraded periodically in anaphase
and this destruction requires Cut9, a component of the
20S complex (Funabiki et al., 1996). Cut2 contains a
sequence essential for this periodic destruction, and the
sequence can be substituted by that of cyclin B to
complement a temperature-sensitive (ts) cut2 mutation.

Although the requirement for proteolysis in anaphase
is fairly well documented, the role of protein dephosphoryl-
ation by type 1 phosphatase (PP1) in anaphase is not
clear. Mutations in PP1 impair the exit from mitosis in
filamentous fungi (Doonan and Morris, 1989),
Schizosaccharomyces pombe (Ohkura et al., 1989) and
Drosophila (Axton et al., 1990). Fission yeast have two
type 1 protein phosphatases, Dis2 and Sds21 (Ohkura
et al., 1989). Their amino acid sequences are nearly
80% identical to each other and to the mammalian PP1
homologs. Single gene disruption mutants Adis2 or Asds21
are viable, but the double deletion mutant Adis2 Asds21
is non-viable, indicating that PP1 is essential for viability
and that dis2* and sds21" are functionally redundant. A
cold-sensitive (cs) mutant dis2-11 was isolated by its
characteristic dis phenotype at the restrictive temperature,
20°C (Ohkura et al., 1988): the spindle elongates in the
absence of sister chromatid separation, while the H1 kinase
activity remains high (Ohkura et al., 1988; Kinoshita et al.,
1991). This dis2-11 allele is dominant in haploid cells
(the genomic sds21* did not suppress dis2-11; Ohkura
et al., 1989; Kinoshita et al., 1990). However, in hetero-
zygous diploid cells, dis2-11 was a recessive mutation.

The sds22* gene was isolated as a multicopy suppressor
of dis2-11 (Ohkura and Yanagida, 1991). Sds22 protein
containing a leucine-rich repeat physically interacts with
the catalytic subunits of Dis2 and Sds21 phosphatase
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(Stone et al., 1993). Sds22 is evolutionarily conserved
(Wilson et al., 1994; Hisamoto et al., 1995; MacKelvie
et al., 1995; Renouf et al., 1995). In the absence of Sds22
protein, cells were blocked in metaphase (Ohkura and
Yanagida, 1991). A ts sds22 mutant with the N-terminal
portion deleted also displayed the metaphase arrest pheno-
type (Stone et al, 1993): mutant cells failed in sister
chromatid separation, whereas the spindle was formed
with condensed chromosomes and high H1 kinase activity.
As the Sds22-Dis2 and Sds22-Sds21 complexes exhibit
specific phosphatase activity, we proposed that Sds22 acts
as a mitotic regulator of PP1 and is essential for the
progression from metaphase to anaphase (Stone et al.,
1993). The major target substrates for PP1 in mitosis,
however, remain to be determined.

Dis2 and Sds21 phosphatases are functionally not
identical. It was reported previously that a sds22 deletion
mutant was rescued by pSDS21 but not by pDIS2 (Ohkura
and Yanagida, 1991; Stone et al., 1993). We reasoned that
Dis2 might be down-regulated when overexpressed but
Sds21 might not be (Yamano et al., 1994). Such down-
regulation could be realized by a phosphorylation event:
Sds21 was hardly phosphorylated, whereas Dis2 activity
was inhibited by phosphorylation at the C-terminal Cdc2
site (the 316th threonine).

To understand the role of PP1 in exiting mitosis, we
have been trying to identify proteins which may interact
with either the catalytic subunits or their regulatory
proteins such as Sds22. One approach was to isolate genes
which could suppress the mutant phenotypes when the
gene dosage was elevated, using a multicopy plasmid or
an inducible promoter. Another approach was to identify
extragenic suppressor mutations that suppressed the PP1
mutations. A third and more direct approach is the two-
hybrid screen using the catalytic or regulatory units as bait.

Here we report the isolation of a high copy suppressor
(designated sds23*) for the ts sds22 mutation. The sds23*
gene also suppressed the cs phenotype of dis2-11. Surpris-
ingly, the same multicopy plasmid suppressed ts nuc2 and
cut9 mutations as well. This is the first evidence that
ubiquitin-dependent proteolysis is functionally linked to
PP1 protein phosphatase. We will discuss potential roles
of Sds23 and the relationship of PP1 with the 20S
cyclosome/APC and/or Sds23 in the progression from
metaphase to anaphase.

Results

Detection of phosphorylated T316 by antibodies
Rabbit polyclonal antibodies were prepared against a
phosphopeptide containing phosphorylated T316 of the
Dis2 catalytic subunit (hereafter called T316P; Figure 1A)
and were employed to monitor the degree of phosphoryl-
ation at the T316 site in cell extracts by immunoblotting
(Figure 1B). T316P antibodies (T316P) produced a very
faint band in growing S.pombe cells (wt in left panel of
Figure 1B), but not in dis2-deleted cells (Adis2 in left
panel). The immunoblot pattern obtained by polyclonal
antibodies against Dis2 (aD2F) is shown as a control
(right panel).

Wild-type Dis2 and mutant Dis2 with the T residue at
position 316 substituted with A were overproduced under
the control of the inducible promoter nmt! (REPI,
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Maundrell, 1990). Overexpression of these gene products
occurred 10 h after the removal of thiamine. An intense
band was seen for wild-type Dis2 using anti-T316P
antibodies (Dis2, left panel in Figure 1C). In contrast, no
band was detected when mutant T316A protein was
overproduced (Dis2T316A in left panel). This indicated
that anti-T316P antibodies specifically recognize the phos-
phorylated form of Dis2. Anti-D2F antibodies, which
recognized both phosphorylated and non-phosphorylated
Dis2, detected bands for both wild-type and mutant
proteins (right panel).

These results are consistent with the colony-forming
ability of cells overproducing Dis2 under a strong pro-
moter. The activity of the Dis2 produced was perhaps
inhibited by phosphorylation at T316 (Figure 1D, -Thi,
Dis2), which allows for colony formation. Cells producing
the mutant T316A protein under the strong promoter, on
the other hand, severely blocked colony formation (Figure
1D, -Thi, Dis2T316A), consistent with the previous find-
ing that mutant T316A retained phosphatase activity
(Yamano et al., 1994). Overproduced Sds21 which lacks
the phosphorylation site also inhibited colony formation
(Yamano et al., 1994).

Inhibition of Dis2 by cell cycle-dependent
phosphorylation at T316

The above results indicated that T316 of Dis2 was phos-
phorylated when there was an excess of Dis2. It was
shown that T316 of Dis2 was hyperphosphorylated in
metaphase-arrested cells and that the Dis2 protein phos-
phorylated at this site contained a significantly reduced
phosphatase activity (Yamano et al., 1994). We then
examined whether T316 phosphorylation occurs in normal
mitosis. A temperature shift (G, block and release) experi-
ment using the cdc25-22 mutant showed that the level of
T316-phosphorylated Dis2 peaked in mitosis (Figure 2A).
G2-arrested cdc25 cells at 36°C were released at 26°C.
Cell extracts were then prepared at certain intervals, and
the band intensity of phosphorylated Dis2 at T316 was
examined by anti-T316P antibodies. Immunoblotting using
anti-dis2 (D2F), anti-cyclin B (Cdc13) and anti-cdc2
(PSTAIR) antibodies was also carried out as a control.

The band intensity detected by anti-T316P peaked ~30
min after the release (top panel of Figure 2A), in parallel
with the peak of H1 kinase activity (right panel); however,
the protein level of Dis2 did not fluctuate (¢D2F). The
level of cyclin B (Cdc13) and H1 kinase activity decreased
at 40-50 min (third panel), which corresponded to the
decrease in the level of the T316P band. These results
indicated that phosphorylation at T316 is regulated during
normal mitosis. The decrease in T316 phosphorylation
occurred simultaneously with the cyclin destruction. This
then led to the activation of Dis2 phosphatase.

The metaphase-arrested ts nuc2-663 cells cultured at
36°C for 4 h showed an intense band with anti-T316P
antibodies (left panel, Figure 2B), while the band intensity
was weak in the G-arrested cdc25 mutant. Similarly to
those of the nuc2 mutant, cs nda3-311 mutant cells which
were cultured at 20°C for 8 h and arrested at a prophase-
like stage also showed an intense T316P band (right
panel). At the permissive temperature (33°C) the band
intensity was weak. These results suggested that T316
phosphorylation occurs when the mitotic kinase is high.
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Fig. 1. Detection of phosphorylated T316 by anti-phosphopeptide antibodies. (A) A phosphopeptide used for raising rabbit antibodies.

(B) Immunoblot of wild-type and Adis2 cells using anti-phosphopeptide (dT316P) and anti-dis2 antibodies (aD2F; Stone et al., 1993).

(C) Immunoblotting of wild-type cells carrying plasmid nmt-Dis2 or nmt-Dis2T316A under the nmt (REP1) promoter using anti-T316P antibodies
(left panel) and anti-dis2 antibodies (right panel). Wild-type Dis2 or mutant Dis2T316A was produced after 10 h in the absence of thiamine. Anti-
T316P antibodies did not recognize the mutant Dis2T316A, while anti-dis2 antibodies detected both wild-type and mutant proteins. (D) Wild-type
cells carrying plasmid nmt-Dis2T316A, nmt-Dis2 or vector were plated in the presence (+Thi, the promoter off) or the absence of thiamine (~Thi,
the promoter on) at 36°C. No colony was made for wild-type cells carrying plasmid nmt-Dis2T316A.

Thus there are three conditions under which a high level
of T316 phosphorylation occurs: (i) an excess of Dis2,
(ii) normal mitosis and (iii) metaphase-arrested cells. In
the cs dis2-11 mutant, weak phosphorylation occurred at
both 20 and 33°C.

Deletion of the PP1 genes leads to metaphase
arrest

Mutations in nuc2-663, cut9-665 and sds22-181 have been
shown to be defective in metaphase/anaphase progression
(Hirano et al., 1988; Ohkura and Yanagida, 1991; Stone
et al., 1993; Samejima and Yanagida, 1994). However,
dis2-11 displayed an allele-specific mitotic phenotype with
spindle elongation (Ohkura et al., 1989; see Figure 3A).
To understand precisely the mitotic function of PP1, it
was essential to determine the phenotype of the double
deletion mutant Adis2 Asds21.

Spores deleted for both dis2* and sds21* genes were
made by crossing, and were germinated on an agar plate
(Materials and methods). Each of the double deletion
segregants Adis2 Asds2] remained as single cells after
germination at 30°C for 20 h. Such germinated single
cells were stained on the plate with a fluorescent probe,
4’ 6-diaminino-2-phenylindole (DAPI), and observed
under an epifluorescence microscope. More than 90% of

the cells examined contained condensed chromosomes
(Figure 3B, upper panel). These were highly similar to
the metaphase-arrested cells seen in sds22 mutant cells
(Figure 3B, middle right) cultured at the restrictive
temperature (Ohkura and Yanagida, 1991; Stone et al.,
1993). Wild-type and arrested dis2-11 cells are also shown
as control (Figure 3B, bottom left and right, respectively).

To determine whether Adis2 Asds2] cells contained
the mitotic spindle, anti-tubulin (TAT1) and anti-sadl
antibodies were applied to immunolocalize microtubules
and spindle pole bodies (SPBs), respectively, in the double
gene-disrupted cells (Woods et al, 1989; Hagan and
Yanagida, 1995). For this purpose, Adis2 Asds21 cells
carrying the plasmid pDIS2 were grown under non-
selective conditions, to facilitate plasmid loss. In parallel
with the increase in plasmid loss, cells containing con-
densed chromosomes with a short metaphase spindle
dramatically increased (Figure 3C). After transferring the
culture from selective to non-selective medium at 33°C,
the fraction of these metaphase-arrested cells increased
about nine times within 20 h (from 2 to 19%). We
concluded, therefore, that the complete absence of PP1 in
fission yeast leads to the metaphase arrest, which is
strikingly similar to the phenotype of sds22 mutants. The
dis2-11 mutation is allele-specific and semi-dominant. Its
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Fig. 2. Cell cycle-dependent phosphorylation at the C-terminal T316 site. (A) Left panel: synchronous culture analysis of phosphorylation at the
T316 residue of Dis2 using anti-T316P antibodies. The culture of the ts cdc25 mutant was arrested in late G, at 36°C and released at 26°C. Then,
cells were taken and extracts were immunoblotted using anti-T316P, anti-dis2 (D2F), anti-cyclin B (Cdc13) and anti-cdc2 (PSTAIR) antibodies.
Right panel: the level of T316P peaked when the H1 kinase activity (O) was also maximal. The percentage septation index (CP index) was also
measured (A), which peaked at 85 min. (B) Left panel: extracts of wild-type (wt), nuc2-663 and cdc25 mutants were run in SDS-PAGE and
immunoblotted using anti-T316P, anti-dis2 and anti-cdc2 antibodies. Only nuc2-663 extracts displayed the band by anti-T316P antibodies. Right
panel: extracts of wild-type, dis2-1/ and nda3-311 mutants were also immunoblotted using the same antibodies. These cs mutants were grown

initially at 33°C and then transferred to 20°C for 8 h.

phenotype is also distinct. The dis phenotype observed in
dis2-11 at the restrictive temperature was not found in
either Adis2 or Adis2 Asds21. The dis2-11 phenotype can
be considered as a ‘leaky’ anaphase phenotype, because
the spindle elongates in the absence of sister chromatid
separation. Restraining of spindle extension until anaphase
might be disrupted in dis2- 11 as well as in dis] mutant cells
(Nabeshima et al., 1995). The above results established that
PP1 phosphatase is required for the progression from
metaphase to anaphase and that PP1 activity is down-
regulated at metaphase in fission yeast.

Isolation of sds23* as a multicopy suppressor for
PP1 mutants

A multicopy plasmid which conferred the ability to
suppress ts sds22-181 was isolated. Briefly, sds22-181
was transformed by plasmids using a genomic DNA
library of S.pombe at 26°C, and the resulting transformants
were replica plated and incubated at 33°C (Materials and
methods). Twenty seven plasmids conferring growth of
sds22-181 at 33°C were recovered by screening >40 000
transformants. By hybridization and partial nucleotide
sequencing, all plasmids but one (pEP200) were either
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carrying sds21% or sds22*. A subcloned plasmid pEP205
(Figure 4B; designated pSDS23) suppressed the ts pheno-
type of sds22-181 at 33°C but not at 36°C (Figure 4A,
upper panel). Control plasmids pSDS21 and pSDS22
could suppress sds22-181 at 36°C as well (Ohkura and
Yanagida, 1991). pSDS23 also suppressed the cs phenotype
of the dis2-1] mutant (Figure 4A, lower panel) at 22°C. The
suppression ability of pSDS23 for dis2-11 was comparable
with that of pDIS2, pSDS21 and pSDS22.

The minimal fragment for suppression is a 3.2 kb
Pvull-Sacl fragment in the insert of pEP205 (Figure 4B).
This fragment was sequenced (Figure 4C) and was found
to contain only one open reading frame, which was
designated the sds23* gene (see Materials and methods).
Hybridization of an ordered cosmid bank using pSDS23
as the probe located sds23™ at a locus between cut3* and
dskI* in chromosome II (Mizukami et al., 1993).

The sds23* gene encodes a predicted gene product of
408 amino acids and appears to be conserved. The genome
of the budding yeast S.cerevisiae reveals two open reading
frames (YBR214w and YGLO56c), both of which are 40%
identical to Sds23 (Figure 4D). No other protein in the
available databases is significantly similar to Sds23.
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Fig. 3. Phenotype of the double mutant Adis2 Asds21. (A) Wild-type
mitosis that illustrates nuclear division and spindle dynamics. The half
tone represents the nucleus, while thin and thick lines show
cytoplasmic and spindle microtubules, respectively. Mutant phenotypes
are also schematized. (B) Germinated cells from the double mutant
Adis2 Asds2?1, single deletion mutants Asds22, wild-type and cs
dis2-11 were stained with DAPIL. The bar indicates 10 um. (C) The
double mutant Adis2 Asds2Icells carrying pDIS2 were grown in the
selective medium and then transferred to the rich medium and
incubated at 33°C for 20 h. The number of cells which lost plasmid
increased. Cells were stained with anti-sadl, anti-tubulin (TUB)
antibodies and DAPI. Cells containing the short metaphase spindle and
condensed chromosomes were frequently seen. The bar indicates

10 pm.

Suppression of nuc2 and cut9 mutations by the
multicopy sds23* gene
In an independent screening, we isolated a high gene
dosage plasmid (pKK2) which partly suppressed the ts
phenotype of the nuc2-663 mutant: mutant cells carrying
pKK2 produced colonies at 30°C. Nucleotide sequencing
revealed that the sequence essential for suppression was
surprisingly identical to sds23*. pSDS23 indeed sup-
pressed nuc2-663 at 30°C (Figure 5A). The full-length
sds23*% gene was necessary for the suppression of the
nuc? mutant (data not shown). The sds23* gene was the
only suppressor obtained among 80 000 clones of nuc2-
663 transformants.

We examined whether plasmid pSDS23 could suppress
the cur9-665 mutations as well, as this mutant is genetic-
ally, physiologically and structurally related to nuc2-663

Sds23 affects PP1 and 20S cyclosome/APC

(Samejima and Yanagida, 1994). cut9 mutant cells carrying
pSDS23 produced colonies at 33°C but not at 36°C,
indicating that pSDS23 can suppress cut9 but not fully
(Figure 5B). These results established that the sds23*
gene function is related to the 20S cyclosome function.

Gene disruption of sds23*

To investigate whether sds23* was essential for viability,
gene disruption was performed by one step gene replace-
ment (Figure 6A, upper panel). Heterozygous diploids
verified by Southern hybridization (lower panel) yielded
four viable spores at 26 or 33°C with Ade* segregating
2%:2-, indicating that the sds23" gene was not essential
for viability. Colonies were not formed at 22 or 36°C,
however (Figure 6B), indicating that the gene-disrupted
Asds23 causes cold and temperature sensitivity. ts sds22-
181 and cs dis2-11 strains are shown as controls.

The cell division rates of Asds23 at the permissive
temperatures were exceedingly slow. The generation times
in rich YPD medium were 5.7 (3.3) and 4.3 (2.2) h at 26
and 33°C, respectively; the values in parenthesis are the
generation times for the wild-type strain.

Gene-disrupted Asds23 cells are elongated, and their
shape is somewhat deformed (Asds23, Figure 7). They
were stained with anti-tubulin (TUB) and anti-SPB (Sadl)
antibodies. Cells were often found to contain multiple
nuclei. Most of these bi- or tetra-nucleated cells appeared
to be in anaphase, as the mitotic spindles were seen for
some pairs of nuclei (TUB). The frequencies of cells
having the short metaphase or anaphase spindle in Asds23
increased from 15% at 26°C to 33% at 36°C and 5% in
Asds23 carrying plasmid pSDS23 (Asds23/pSDS23; shown
in right panel). At 20°C, 40% of Asds23 cells contained
the spindle. These results showed that Asds23 cells were
impaired in the progression of anaphase.

The X-shaped microtubules emanating from the micro-
tubule organizing center (MTOC) in the central position
of post-anaphase cells (Hagan and Hyams, 1988) were
conspicuously missing in Asds23 cells. They were found
normally in post-anaphase cells of Asds23 carrying
pSDS23 (an example of an X-shaped microtubule is
indicated by the short arrow). This might be correlated
with the observation that cytokinesis was greatly delayed
in Asds23 cells, leading to elongated cells containing
multiple nuclei. Cytokinesis was normal in Asds23 carry-
ing pSDS23.

Suppression of the Asds23 phenotype by plasmids
carrying the nuc2*, cut9* or sds21* gene
The gene disruption phenotypes of Asds23 were partly
reversed by the introduction of plasmids carrying the
nuc2®, cut9" or sds21* gene (Figure 8A). Transformants
carrying plasmid pNUC2, pCUT9 or pSDS21 supported
colony formation at 22°C but those carrying the vector,
pDIS2 or pSDS22 did not (see below). Even at the
permissive temperature (26°C), the ability of these
plasmids to enhance colony formation could be clearly
distinguished from that of the vector (right colored panel).
Red colored colonies on the MR (phloxine B) plate
contained a large number of dead cells. At 36°C, only
pSDS23 was able to suppress the growth defect fully.
Transformant cells carrying different plasmids were
cultured at 26°C and observed under Nomarski optics

6633



K.Ishii et al.

A

sds22-181

36°C

dis2-11

PEP200  sklemn
—
PEP204
pEP201
pEP202
pEP205
pKK205
pKK202

vector | pSDS23

pSDS21|pSDS22

CAGCTGCCCCACTTTCCCACTTTATGAACAAGGAAARACGTCCGATTAACCGCTTGGCTATTTTTC
TCTCATACTAAATCCATCCTTATGTTTAATTTTAATTTTTAAATTTTTAAAAAAGAATAAAAATTTTTTTGCCTAGTTTTACCTTGET GGGATGAAAGCGGGCAAGCAATGAAATAGTGG
TTGATTGTGATGTAAATACTGAAATCGCAGATTATGAAATTTTTAACTAGGCCACATACATGGT GGATTAATTAGGTAGACGGTGGT, ATACGGCGGGATTTACAGAGATCTCAGTCTAAT
GTGGTAAAGAGGTCGTGGATTAMAAAGCCITACCACTGCGTACCCCTATTTC!T(TGTATCACI’AGGI'ACTTCCGTCACTGCCTACCTEAACGCI’ATCCAGAACCACACACI’GACCTAGA
TTTGACAAACTGCACGGTACAGTAAG ‘GTTGTATGCAGAGGAAAGAAAGAGATTTTAACTGGAAAACTGTATAGAATGCCTTTGTCAACTCAATCGTCTGATTCTTT, ATCGI;GCE CcT

M P LiS: T30S SPD S L S
EcoRV
GGACGTCAGTCCTTTGGCGTGAACTCGGTCTCAGATTTTTTGGCACAATTTCCCATTCCCACTAATCTTCCTTCAAATAAATGGCAAGATATCCCTGTAACATTTCTTCATGATAATGAA
GRQSFGVNSVSDFLAQFPIPTNLPSNKWQDIPVTFLHDNE

Bgl11
ATTGCTCTCATAGACCCGGAAACTTCCATGGAAGAGGCAAGTTCCA GATCGACCGAGATCTTAGCGCCTTGCCTATTGTTGCTGCTAAGGGAAGCAACGAGATTGCTACGACC

-438
-318
-198

-78

14

162
54

282

TR LD D PIE TSOM E E A S 8 1.1 I BERUOSES AT e SNV EATRCKIFGES BRESSERA T T F %
Bl 11
GACTATGCAGATCTTAACTCATTTTTGCTCATGGTAGTGGGTTTTGATGATTTCAATGATGGCAGGTTTAAAAAGGTCGCTGAAGATATTCGTGCTGGAAAAGTCATTACTGCTTATGAG 402
DY ADLMNSEFILLMNYYGF DD FHMDGRTEREVIAIECRERRINGKNTT A Y.E 134
GTTGCAAAACTCGGGAAAAACAAGGATGACTTTATCACCATCCCTCACACCACCAGCCTTGGACGTCTCGCTGAGATTCTTTCTTCCGGTATTCGTCGTGTTGCCGTCACTAACGAACAG 522
VIAK L G RON-KID:O F' I T IT.P W T T SUEIGHRL NFESTSRSESRGUT SRy RINGA VT N £ 174
GGTGAATTGAGCTTTATGGCTTCTCAGCGCTCTATCATCCGCTTTTTGTGGAATAATATTCGTGCGTTTCCCGATTTGGAGCCTCTAATGTCCAGGACAATTCACTCTTTGGACATTGGA 642
GE.L SF M.ASQRSTITIRGFLWNNNST/RAF DL FPatoNisSER TEIEH S D I G 214
AGCACTGACATCACCTGTATCTCTGGAGATCAAAAAGTCGCCGCGGCCTTGCGACAGATGAATCAAACCGGTATTGGTTCACTTGCTGTTGTCGATGCTCAATTCCGGTTACTTGGCAAC 762
STDITCI SGDQKYVAAA LRGN NQTGI QB UANVIDINQRERIL L G N 254
ATATCTCTCGTTGATGTTAAATACGTTACACGTTCTTCTTCTGTCTATTTGTTAAACAAATCATGTGCTCACTTTTTGAGTGTCATTAAAAGCGAACAGGGTATCCGCGCTGGTAAGGAT 882
I.S-L-VDV:KYV¥TRSS SV Y LLOUNEKSCAHFLSY I KSERQGIRNGEKD 294
AGTGCTCCTGCTTTTAACATCTATGAATCCTCTACTTTTGCTTTTACGTTGGCTAAGTTGGTGGCTACCCAATGTCATCGTCTTTGGCTTGTGCAGTCACCTTCCTGCCCTCCTTCCCCA 1002
S AP AENIVYESSTFAFTILAKEEN AT SRR L WL SR ISSRESEG P P S P 334
Bl EcoRV
AAAAATAACGCACATCTTTCCCCTGGATCCATGGGTGGTGTTAAGGTCAATCAATTGTTGGGCGTTGTTAGCTTAACTGATATCATATCTGTTTTATATGCTCACATGAAAGGCACTCTT 1122
KN N AHI LS PGS MGGV EKVNQGLULEGTYYSE TD T ISS NAYCATHNE K S T L 374
CCACCCGCTCCCCATAGTGCTCCTTCGCTTAGACATGGACGTCGAGGAAGCACAAGCAGCCATCGTAGCCATAGCAAAGCTAGTGTAGATACACAACGTCGGTGATGCTARATATTTGAT 1242
PP A B H S AP SR HGRRGS T SESUNIRIS HEs KUK s VDT ARASE 408
GATTTGAAACACCCTTTTTTCTTTTTCTCATTTGAACCTCCGTTTTATTTCATCTTTTACTGTTACCTCTAACATTCCATATTTCATGAACGGGTTTTGATACTTATTTTTAATCATCTT 1362
TAAATGGATAAGATTTTGGTTAAATCTCCAATGATTTCTTATTAACCATTAAAAATATACTTTTACTTATGTTTTGACGTTAACTGACGGACGCTTTTCTTTATACATATGTTCTTATTA 1482
ATGAATTGTCTCCCGTTGTTGATTTACACGGCAGCAGAGTAGCTCTTTCAGAGGGTTAACTTTTATATCAGAGTTATGATTGAAACTTTGCCTCTTGATATATATTATGTATCCATCTTA 1602
GCAGCACATTACTTTATTTTTTTGTCAAGAGTGTTTTCGGCGCTAGTTTTTGCTTTTTACAGCTTTGCCAACTTCCATAATGTTAAATACGTAACAGTTTACACAGAATCACAGAGGCGT 1722
AATCGAATTGTTTGTAGTGTACATTTTCTTTTATTTTCCAGAAGTAACAAAAAAAAATATGT TTTTTAAGTTTTGGGCCCTTTAAACAGTAAAATAACATGTTATGGGGAGATAGAATGG 1842
ATGTTCATATAGTTCTGTATAAATTAATGAATTGTGACAGAACTACGATATTCAAAATTTCAGTAATGCAATAAAATAAACCATAATACTAAGCTATCCCGCCAAATAACTATCGAGAGG 1962
AAACGAAAGTGAATCTGCGATTTTTAATACATATTCGCGAGAGACATTGACAATGTATCTAGGGCTATCCAAAGAGCGAAGCACACCTTTGGAAGCCGAAAGTATCATTTTTAAGGAGGC 2082
GAGTGTAGCTATTTGAACAAAAACATCAGCGGTCAGAACTTTCTCTACCGGGGAAGAAATGGCATAATAAATAGCAATCAACCTTTCTACTTCAAAAGGTTTAGGTCCTAATGTAAGTTG 2202
GGATATTTTTACAGCAGACCGGCCTTTGCTCCCAGCGGTTCTTGGTATTTTGGAAAATAAAACCCCTTCATCTTGAATTTGTTTACGTTTTCTTCCACGTCGTTTCGAAGTTTTAGAAGA 2322
TGAAAAAAATTGGGCGTCTAACCGGCTTGGATTATAAGATGCTAGGAATGCAGAAACGAGTAAATATTTGGAAACGAGCGACAAGTTAATAGATTTGGAATCAAGAAGATTTTTTATTTC 2442
AGTCGGGTTGATTATGTGAAGTCTTTTAGTAACCGTAGCATCTGACACTAAAAAGTTTTTAGCCAGCTTGTGAAGTTGAGCATAATCAGCAGGATGTATGTCTCCTTCAACTATAGGTTG 2562
AATGAACTTTGGCCAATATCTATCCAAAACACTACGAAAAGACCTATAGTCATTTAAGCACTGCACTCCAAAAACACTCCAAAGAAACGAGCAATATTGCATCCAGACGCTGAGCTC 2679
sDs23 41 DIEVTFI#ED-NEIALIDPETEMANASS TI#IDRI I ISNEIA' 99
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5ds22-181 s S
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s sDs23 267 326
YBR214w 338 397
1kb YGLOS6c 326 385

Fig. 4. Isolation of the sds23* gene. (A) Upper panel: temperature-sensitive (ts) sds22-181 cells (Stone et al., 1993) carrying vector, plasmid with
the sds21™ (pSDS21), sds22% (pSDS22) or sds23* gene (pSDS23) were plated at 26, 33 or 36°C. Cells carrying pSDS23 produced colonies at
33°C. Lower panel: cold-sensitive (cs) dis2-11 cells carrying vector, plasmid with the dis2* (pDIS2), sds23* (pSDS23), sds2I1* (pSDS21) or sds22*
(pSDS22) were plated at 33°C (permissive temperature) or at 22°C (restrictive temperature). pSDS23 suppressed the cs phenotype of dis2-11.
(B) Subcloning of plasmid pEP200 which suppressed sds22-181. Plasmid pEP205 contained the minimal insert allowing complementation. The
arrow indicates the coding region for sds23 *. P, Pvull; G, Bglll; B, BamHI; S, Sacl. (C) Nucleotide sequencing and the predicted amino acid

sequence of sds23*. Some restriction sites are shown. The accession number of the sequence is D86840. (D) Amino acid sequence alignment among
Sds23 and two open reading frames of S.cerevisiae (YBR214w and YGLO056¢). Identical amino acids are boxed.

(Figure 8B). The cell size and shape in Asds23 cells
carrying plasmid pNUC2 or pCUT9 became nearly normal,
like those carrying pSDS23. However, transformants carry-
ing pDIS2 and pSDS22 remained elongated and deformed
as did those carrying the vector alone. Cells carrying
pSDS21 also recovered from their morphological defect.
These transformants appear longer than wild-type cells,
but even wild-type cells carrying pSDS21 exhibited a
certain cell elongation as pSDS21 was inhibitory to
growth (Yamano et al., 1994). Consistent with the growth
suppression, the cell morphology defects of Asds23 were
also suppressed by elevated gene dosages of nuc2™, cut9*
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and sds217%, but not by dis2* and sds22*. However,
Asds23 cells carrying plasmid pDIS2T316A with the
alanine-substituted mutant dis2 gene were able to suppress
the phenotype of Asds23, as was the case for pSDS21
(data not shown).

Sds23 is a component of neither Dis2 phosphatase
nor the 20S complex

Antibodies against Sds23 were prepared and employed for
detecting Sds23 protein in S.pombe extracts by immunoblot
(Materials and methods). A predicted protein band was
detected at 45 kDa, and the intensity increased in cells
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Fig. 5. pSDS23 suppresses mutants for the 20S cyclosome components. (A) ts nuc2-663 mutant cells carrying the vector, pSDS23 or pNUC2 were
plated at 26, 30, 33 and 36°C. pSDS23 suppressed nuc2-663 at 30°C. (B) ts cut9-665 mutant cells carrying the vector, pSDS23 or pCUT9 were

plated at 26, 30, 33 and 36°C. pSDS23 suppressed cut9-665 at 30 and 33°C.
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Fig. 6. Gene disruption of sds23*. (A) The sds23" gene was disrupted by one-step gene replacement (Rothstein, 1983). The sup3-5 gene (Hofer
et al., 1979) was used to replace the coding region of sds23* as indicated, and the resulting plasmid with the disrupted gene was used for
transformation of a diploid. Heterozygous diploid (+/-) showed the expected bands (7.7 and 4.9 kb EcoRI bands) by genomic Southern
hybridization. A haploid segregant containing the disrupted gene () showed only the 4.9 kb band. RI, EcoRI; B, BamHI; RV, EcoRV; S, Sacl.
(B) The gene-disrupted haploid segregant of sds23* (Asds23) produced colonies at 33°C, but not at 36°C. Tiny colonies were made at 22°C.

cs dis2-11 and ts sds22-181 are shown as a control.

carrying a multicopy plasmid with the sds23* gene (Figure
9A). The band was not detected in the sds23-deleted cells
(data not shown).

Immunoprecipitation experiments showed that Sds23
protein did not co-precipitate with Dis2 by anti-dis2 (D2F)
antibodies or with Sds22 by anti-sds22 antibodies (Figure
9B), suggesting that Sds23 did not form a complex with
Dis2-Sds22 phosphatase. Sds23 also did not form a
complex with Sds21, as shown using antibodies which
were able to immunoprecipitate Sds21 (data not shown).

A sucrose gradient centrifugation was performed to
determine whether Sds23 was a component of the 208
complex. Sds23 protein sedimented at a velocity much

slower than the 20S complex (Figure 9C). Cut9 and Nuc2,
as expected, were components of the 20S complex (Figure
9C; H.Yamada, K.Kumada and M.Yanagida, manuscript
in preparation). Sds23 thus did not exist in the 20S
complex. Immunoprecipitation using anti-cut9 antibodies
also confirmed that Cut9 and Sds23 do not form the
complex (data not shown).

Discussion

Requirement for PP1 for exiting mitosis
We show here that the double deletion mutant of PPI1
catalytic subunits in fission yeast is arrested at metaphase,
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Asds23 Asds23/pSDS23
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Fig. 7. Immunofluorescence micrographs of sds23 gene-disrupted cells.
sds23 gene-disrupted cells (Asds23, left panel) and the disrupted cells
carrying plasmid pSDS23 (Asds23/pSDS23) were grown at the
permissive temperature (26°C). Cells were fixed and stained by DAPI
(top) for nuclear DNA, anti-tubulin (TUB; Woods et al., 1989) for
microtubules and anti-sadl (aSadl; Hagan and Yanagida, 1995) for
SPB. Nomarski images were superimposed in the top panel. Many
Asds23 cells were multinucleated, contained divided nuclei and had
spindles of varying lengths. Post-anaphase microtubule arrays (Hagan
and Hyams, 1988) were rarely observed. An example of these arrays is
indicated by the small arrow in Asds23/pSDS23 (right panel). The bars
indicate 10 pm.

suggesting that PP1 is required for the initiation of
anaphase. This supported the previous conclusion that a
mitotic form of PP1 interacting with Sds22 is essential
for anaphase initiation (Ohkura and Yanagida, 1991; Stone
et al., 1993).

Dis2, one of the two catalytic subunits of PP1 in fission
yeast, is regulated by phosphorylation during the normal
cell cycle. This was shown unequivocally using anti-
phosphopeptide antibodies which recognize the phos-
phorylated C-terminal T316P. Dis2 phosphatase appears
to be inhibited at metaphase, and reactivated upon the
onset of anaphase by the dephosphorylation of T316P
(Yamano et al., 1994). If T316 is substituted by alanine
and is overproduced, cells fail to enter mitosis (Yamano
et al., 1994; our unpublished results), suggesting that the
level of PP1 activity has to be decreased appropriately
upon the entry into mitosis in fission yeast. Dis2 is the
major PP1 in fission yeast because the level of Dis2
protein in wild-type cell extracts is higher than that of
Sds21 (Kinoshita et al., 1990). Cdc2 kinase is likely to
be responsible for this negative regulation as the T316
site is a consensus site for Cdc2 kinase. A similar cell
cycle regulation of PP1 by phosphorylation has been found
in other organisms (Dohadwala et al., 1994).

Hyperphosphorylation of T316 also occurs when Dis2
is overproduced. This is perhaps the reason why pDIS2
does not suppress the deletion of sds23*, since Dis2
activity is down-regulated by phosphorylation. pSDS21
can suppress this deletion, however, as Sds21 is not
phosphorylated in vivo and the PP1 activity increases with
the increase in sds21" gene dosage (Yamano ef al., 1994).
This case is similar to that of Asds22, which can be
suppressed by pSDS21 but not by pDIS2 (Ohkura and
Yanagida, 1991).

The importance of PP1 in the initiation of anaphase
was thus established, but its actual role in anaphase is
poorly understood. We therefore wanted to identify the
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major substrate for PP1. As one attempt to do so, we
searched for the multicopy suppressor plasmid for dis2-
11 and sds22-181 mutations in earlier studies as well as
this one. One plasmid, pSDS23, carrying a novel sds23*
gene was isolated and, surprisingly, turned out to be the
same as the one obtained from an independent screen for
nuc2-663 which was also blocked in metaphase at the
restrictive temperature. Although it remains to be deter-
mined whether Sds23 protein is the substrate for PP1, it
must have an important role in anaphase-promoting protein
dephosphorylation and/or proteolysis.

Relationship between PP1 and the cyclosome

The requirement for the 20S cyclosome for initiation of
anaphase has been well established (King et al., 1995;
Sudakin et al., 1995). We show here that a functional
relationship exists between the 20S cyclosome and PP1,
indicating that the requirement for PP1 is probably not
independent of ubiquitin-dependent proteolysis. Elevation
of the sds23* gene dosage lessens the requirement for
PP1 and the 20S cyclosome for the onset of anaphase,
suggesting that Sds23 directly or indirectly interacts with
PP1 and/or the 20S cyclosome. The sds23* gene hence
provides a clue to understanding how anaphase-promoting
protein dephosphorylation and ubiquitin-dependent proteo-
lysis are interrelated.

The relationship between Sds23, PP1 and the cyclosome
was strengthened further by another piece of evidence
presented in this study. The deletion mutant phenotypes
of sds23* were partly suppressed by plasmids carrying
the genes for PP1 (sds21%) or the cyclosome (nuc2™* or
cut9™). A partial suppression of Asds23 by pSDS21 is
likely to be due to the rise in PP1 phosphatase activity.
Consistently, Asds23 carrying plasmid pDIS2T316A with
the mutant dis2 gene was able to suppress the phenotype
of Asds23 as in the case of pSDS21. Suppression was
thus reciprocal between Sds23 and PP1, and between
Sds23 and 20S cyclosome components.

A hypothesis to explain part of the above relationships
is that PP1 directly regulates the 20S cyclosome by
dephosphorylating its subunit(s). Direct interaction
between PP1 and the 20S cyclosome has not been estab-
lished in this study: there is no genetic suppression
between PP1 and the cyclosome/APC subunit genes (our
unpublished results). However, dis2-11 and cut9-665
are synthetically lethal (H.Yamada, K.Kumada and
M.Yanagida, manuscript in preparation), suggesting that
PP1 and Cut9 might share an essential function. Cut9 is
a phosphoprotein, the phosphorylation level of which
changes during the cell cycle: rapid dephosphoryl-
ation occurs in anaphase (H.Yamada, K.Kumada and
M.Yanagida, manuscript in preparation). Whether PP1
dephosphorylates Cut9, and whether Cut9 dephosphoryl-
ation regulates the activity of the 20S complex is not yet
known, however. Similarly, in Xenopus, the components of
the cyclosome are also phosphorylated (King ef al., 1995).

Possible roles of Sds23 in initiating anaphase

The actual molecular function of Sds23 is elusive. The
amino acid sequence does not contain any known motif
found in phosphatases or proteases, but shows a consider-
able similarity to two hypothetical proteins (YBR214w and
YGLO56¢) in S.cerevisiae identified by genome analysis.



Sds23 affects PP1 and 20S cyclosome/APC

pSDS23 pSDS21

pNUC2 pCUT9

Fig. 8. Suppression of Asds23 by pNUC2, pCUT9 and pSDS21. (A) Asds23 cells carrying the vector, pSDS23, pSDS22, pSDS21, pDIS2, pCUT9 or
pNUC2 were plated at 22, 26 (color, right panel) and 36°C. pSDS23 suppressed Asds23 at all temperatures. pSDS21, pNUC2 and pCUT9 partly
suppressed Asds23 at 22°C. At 26°C, Asds23 carrying pSDS23, pSDS21, pNUC2 or pCUT9 produced white colonies on the MR plate, while others
containing numerous dead cells produced red colonies on the same plate. (B) Nomarski light micrographs of Asds23 cells carrying the vector,
pSDS23, pDIS2, pSDS21, pSDS22, pNUC2 or pCUT9. The bar indicates 10 um.

Comparison of the fission yeast and budding yeast Sds23
sequences suggests that the central domains are conserved,
while the terminal regions are not homologous but are
both hydrophilic and basic in the C-terminal region.

Immunoprecipitation experiments demonstrated that
Sds23 was bound neither to Dis2 (the present study) nor
to Sds21 and Sds22 (our unpublished result). Sucrose
gradient centrifugation also showed that Sds23 was not a
component of the 20S complex. Thus, it is unlikely that
Sds23 is a regulatory subunit for PP1 holoenzymes or a
subunit of the cyclosome. Preliminary immunofluores-
cence microscopy using anti-sds23 suggested that Sds23
was diffused throughout the cell (our unpublished result).
Sds23 seems to function as a form distinct from PP1 and
the cyclosome.

Sds23 is not absolutely required for cell viability: the
deletion mutant was cold-sensitive and also temperature-
sensitive, but grew only very poorly at the permissive
temperature. It remains to be determined whether there
might be another gene similar to Sds23 as in budding
yeast. Gene disruption of sds23* showed pleiotropic
defects. Dividing cells were often elongated and somewhat

abnormal in shape at both permissive and restrictive
temperatures, and contained multiple nuclei. The cyto-
skeletal architecture was aberrant, and cell separation was
greatly delayed. These various abnormalities were also
observed at both the permissive and restrictive tempera-
tures. Anti-tubulin staining revealed that the frequencies
of cells containing the short or elongating spindle with
divided nuclei were very high, suggesting that anaphase
was greatly retarded. One of the Sds23 functions clearly
is to facilitate the progression in anaphase, but Sds23
protein appears to be involved in at least two other
major cellular events as well, i.e. cytokinesis and cell
shape control.

Sds23 possibly may regulate the 20S cyclosome in an
unknown fashion, controlling its substrate specificity or
cell cycle-dependent activity or structure. Alternatively, it
might mediate target proteins for proteolysis to interact
with the 20S cyclosome. Cyclins have the sequences
required for destruction, called the destruction box
(Glotzer, 1995); Sds23 might interact with such destruction
box sequences. Other possibilities are that Sds23 may
control mitotic PP1 and vice versa or that Sds23 is a
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Fig. 9. Identification of Sds23 protein. (A) Extracts of wild-type and
wild-type carrying pSDS23 were made and immunoblotted using anti-
sds23 antibodies. A single 45 kDa protein band was detected, the
intensity of which increased in cells carrying pSDS23.

(B) Immunoprecipitation of wild-type extracts was performed using
anti-dis2 antibodies (D2F; Stone et al., 1993). Resulting
immunoprecipitates (P) and supernatants (S) were immunoblotted by
anti-sds23, anti-dis2 and anti-sds22 antibodies. Sds23 did not co-
precipitate with Dis2, while Sds22 did. (C) Wild-type cell extracts
were run in a sucrose gradient centrifugation as described in Funabiki
et al. (1996), and fractions collected were analyzed by immunoblotting
using anti-sds23, anti-nuc2 and anti-cut9 antibodies. Sds23 was
detected mostly in supernatant, whereas Nuc2 and Cut9 were detected
in 20S fractions.

target of the 20S complex. It has not been determined
whether Sds23 is ubiquitinated or phosphorylated.

An unexpected finding was that plasmids carrying
nuc2* and cut9" completely suppressed cell shape
abnormality and the cytokinesis defect in the sds23 deletion
mutant. Nuc2 and Cut9 proteins do not appear to function
solely at the onset of anaphase. These ‘extra’ functions
might be due to the excess of the 20S particle or free
Nuc2 and Cut9 proteins. Massive overproduction of Nuc2
under the nmt] promoter leads to the complete blockage
of cytokinesis (Kumada et al., 1995). The 20S cyclosome
may mediate a number of proteins other than cyclins for
proteolysis. An example of such a protein is Cut2, which
is essential for sister chromatid separation (Funabiki et al.,
1996). Proteins required for maintaining normal cell shape
or promoting cytokinesis might also be the target of
proteolysis dependent upon the 20S cyclosome. Diverse
functions for the 20S cyclosome are now further supported
by a recent publication which demonstrates the role of
the 20S cyclosome in regulating the property of DNA
replication once per cell cycle (Heichman and Roberts,
1996).

Materials and methods

Strains and media

Schizosaccharomyces pombe strains used were described previously
(Hirano et al., 1986, 1988; Ohkura et al., 1988, 1989; Stone et al., 1993;
Yamano et al., 1994). The complete YPD medium (1% yeast extract,
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2% bactopeptone and 2% glucose) and the minimal EMM2 (Mitchison,
1970) were used.

Plasmids

The shuttle vector pDB248’ (Beach and Nurse, 1981) was used for
transformation of S.pombe. Plasmids carrying dis2™, sds21*, sds22*,
nuc2® and cut9t genes were described previously (Hirano et al., 1988;
Ohkura et al., 1989; Ohkura and Yanagida, 1991; Samejima and
Yanagida, 1994). The previously assigned sds23* (Ohkura and Yanagida,
1991) turned out to be a partly deleted sds22 gene (our unpublished
result). For overproduction of wild-type and mutant Dis2, plasmid pREP1
carrying the nmtl promoter (Maundrell, 1990) was used (Yamano et al.,
1994). For preparation of the fusion protein in Escherichia coli, plasmids
carrying the promoter of phage T7 gene /0 described by Studier and
Moffat (1986) were used. The 0.7 kb Bg/lI-BamHI fragment containing
a portion of sds23" was used to express the fusion protein. The lithium
method was used for transformation of S.pombe (Ito et al., 1983).
Plasmid loss experiments were done as previously described (Ohkura
and Yanagida, 1991).

Isolation of sds23* and gene disruption

Transformants of S.pombe h* sds22-181 leul his2 by a genomic DNA
library were replica-plated at 33°C, and plasmids were recovered from
those grown at 33°C and examined by Southern hybridization using
sds21% and sds22* as the probes. One plasmid carried neither the
sds21* nor the sds22™ gene. The plasmid carrying the minimal comple-
mentable DNA insert was designated pSDS23. Gene disruption was
performed by one-step gene replacement (Rothstein, 1983) using a
diploid. The sds23* gene was disrupted by the sup3-5 gene (tRNA
suppressor for ade6-704; Hofer et al., 1979), and the resulting disrupted
sds23 gene was integrated onto the chromosome by homologous recomb-
ination. The resulting heterozygous diploids were sporulated and tetrads
were dissected.

Immunochemical methods

Anti-T316P antiserum was obtained by injecting the phosphopeptide
NWHMTPPPRKN conjugated with hemocyanin. Anti-D2F antibodies
were described previously (Stone et al.,, 1993). Anti-cdc13 was made
by Dr I.Hagan. TAT1 and PSTAIR were the gifts of Drs K.Gull,
M.Yamashita and Y.Nagahama. Anti-sds23 antibodies were made by
immunizing a rabbit with the Sds23 fusion protein produced in E.coli.
Affinity purification was performed using the fusion protein purified by
fractionation and SDS-PAGE followed by electroelution. Immuno-
blotting was done according to the standard procedure (Towbin et al.,
1979). The procedures for immunoprecipitation adapted for S.pombe
extracts were described previously (Stone et al., 1993; Yamano et al.,
1994). Briefly, antibodies were adsorbed by incubation for 2 h with
previously swollen protein A—Sepharose (Pharmacia) and washed several
times in the buffer used for the swelling. Then, the antibodies complexed
with Sepharose were incubated with the S.pombe extracts (described
below) for 3—6 h followed by washing.

Preparation of S.pombe extracts

The S.pombe cells were broken by vigorous agitation with glass beads.
The supernatants after centrifugation at 2000 g for 5 min or 14 000 g
for 20 min were used as the extracts. Two kinds of buffers were
employed: TEG buffer for regular use [S0 mM Tris-HCI (pH 7.5)
containing 1 mM EDTA, 1 mM phenylmethylsulfonyl flouride (PMSF)
and 10% glycerol]; and HB containing inhibitors of phosphatases and
proteases to maintain the phosphorylated state [25 mM Tris-HCI (pH 7.5)
containing 15 mM EGTA, 15 mM MgCl,, 60 mM f-glycerophosphate,
15 mM p-nitrophenylphosphate, 0.5 mM Na3zVO,, 1 mM dithiothreitol,
0.1% NP-40, 1 mM PMSF, 20 mg/ml soybean trypsin inhibitor,
20 mg/ml TPCK, 50 mg/ml leupeptin and 2 mg/ml aprotinin]. An
appropriate concentration of NaCl was added when required for extrac-
tion. The HI kinase activity in S.pombe extracts was measured by the
procedure described previously (MacNeil and Fantes, 1993).

Preparation of the spores deleting both dis2* and sds21*

Two double gene disruptants (DD1: h~ leul urad dis2::ura4™
sds21::ura4 and DD2: h' leul his2 urad dis2::urad* sds21::ura4™)
were lethal but their transformant strains DD1 and DD2 carrying plasmid
pDIS2 with dis2* or plasmid pSDS21 with sds2/*, respectively,
were viable (Ohkura er al., 1989). The vector plasmid contained the
S.cerevisiae LEU? as the marker. These transformant strains were crossed
and sporulated, and the resulting spores were germinated on a non-
selective medium (EMM2 supplemented with Leu and His). Plasmids



were lost in certain spores (~30%) during sporulation, judging from the
number of Leu? colonies estimated by plating the spores on a minimal
plate. Spores were germinated on the non-selective medium and DAPI
stained after 20 h at 30°C. Among 125 spores examined, 12 did not
germinate, while 85 germinated and produced microcolonies consisting
of 8-16 normally growing cells. These represent cells carrying the
plasmid. The remaining 26 showed cells arrested in mitosis with
condensed chromosomes.

Light microscopy

Immunolocalization was performed using anti-tubulin and anti-sadl
antibodies (Woods er al., 1989; Hagan and Yanagida, 1995) based on
the procedures previously described (Hagan and Hyams, 1988). The
fixation method using glutaraldehyde was employed.
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