
The S. pombe sep1 gene encodes a nuclear protein that is required for
periodic expression of the cdc15 gene

Erika Zilahia;1, Ekaterina Salimovab;1, Viesturs Simanisb;*, Matthias Sipiczkia

aDepartment of Genetics, University of Debrecen, P.O. Box 56, H-4010 Debrecen, Hungary
bCell Cycle Control Laboratory, Swiss Institute for Experimental Cancer Research (ISREC), 1066 Epalinges, Switzerland

Received 26 July 2000; accepted 21 August 2000

Edited by Horst Feldmann

Abstract The Schizosaccharomyces pombe sep1 gene encodes a
putative transcription factor that is required for cell separation.
Among the genes required for septum formation and cytokinesis
in fission yeast examined to date, the only one whose mRNA
fluctuates significantly during the cell cycle is cdc15. In this study
we have examined cdc15 mRNA levels in sep1 mutant and null
backgrounds and have found that sep1p function is required for
periodic accumulation of cdc15 mRNA. We have also localised
sep1p and find that it is a nuclear protein, consistent with its
proposed role as a transcription factor. ß 2000 Federation of
European Biochemical Societies. Published by Elsevier Science
B.V. All rights reserved.
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1. Introduction

The yeast Schizosaccharomyces pombe provides a simple
model for the study of cytokinesis. Fission yeasts grow mainly
by elongation at their tips, and then divide by binary ¢ssion,
after formation of a new cell wall, or division septum. Though
it may appear that model organisms such as ¢ssion yeast,
budding yeast and higher eukaryotic cells di¡er in their
mode of division, common themes are emerging from all these
systems, which suggest that the underlying mechanisms may
be very similar, as is the case in other major cell cycle events,
such as DNA synthesis and mitosis (reviewed in [1]).

The position of the future site of cell division is de¢ned very
early in mitosis, probably by a signal emanating from the
nucleus, and an actomyosin-based medial ring is assembled
at that position. This is the functional equivalent of the mam-
malian contractile ring, and persists until the end of anaphase,
when a signal is delivered via the septation signalling network,
to promote ring contraction and division of the cell. Septum
synthesis is thought to be guided by contraction of the medial
ring (reviewed in [1^3]).

A large number of S. pombe mutants have been identi¢ed
that are defective in positioning, or assembly of the medial
ring, signalling the onset of septation, and in cell separation
(for reviews, see [2,3]).

A mutant in the sep1 gene leads to problems in cell sepa-
ration and a hyphal morphology. The gene has been isolated

by positional cloning and shown to encode a member of the
HNF-3 family of transcription factors [4]. Of all the genes
implicated in septum formation and cytokinesis, at present
only the cdc15 mRNA has been shown to vary in abundance
[5]. Mutants in cdc15 do not form a division septum [6], and
fail to construct a functional medial ring [5]. cdc15p is a
component of the medial ring and the contractile ring during
mitosis [5], and the abundance of cdc15 mRNA changes
through the cell cycle, peaking after the onset of mitosis [5],
though it is not known which factors are responsible for reg-
ulating cdc15 mRNA accumulation. Ectopic expression of
cdc15 from a strong promoter can promote F-actin ring for-
mation in G2 arrested cells, indicating that inappropriate ex-
pression of cdc15 can be deleterious to proper co-ordination
of cell cycle events [5].

In this study we have investigated the subcellular localisa-
tion of sep1p, and the e¡ects of loss of sep1 function upon the
level of cdc15 mRNA through the cell cycle. We conclude that
sep1 function is required for periodic accumulation of cdc15
mRNA.

2. Materials and methods

2.1. Yeast techniques
A list of S. pombe strains used in this study is given in Table 1. The

media YE yeast extract and EMM2 minimal medium have been de-
scribed previously. EMM2 was supplemented as required. Standard
genetic methods were used for strain construction by crosses and
tetrad analysis [7].

2.2. Synchronisation methods
sep� strains were synchronised through selecting G2 cells from ex-

ponential phase cultures (grown in EMM2) using a Beckman JS5.0
elutriation system [11]. This method cannot be used to synchronise
cells that do not separate after division. Therefore the sep3 cultures
were not synchronised by elutriation but by arrest^release based on
the temperature sensitivity of cdc25-22 which was crossed into sep1-1.
The double mutant sep1-1 cdc25-22 h3 was grown to mid-exponential
phase at 25³C, shifted to 35³C for 4 h and then shifted back to 25³C.
For the analysis of transcription, 108 cells were harvested from the
synchronised cultures at 15 min intervals and total RNA was isolated.
The progression through the cell cycle after return to the permissive
temperature was monitored microscopically by determining the per-
centage of septated cells (septation index).

2.3. DNA techniques
Standard methods were used throughout for DNA manipulation.

Plasmid pDW232 has been described previously [8]. DNA fragments
were isolated by gel puri¢cation using a Geneclean kit according to
the manufacturer's recommendation. S. pombe transformation was
carried out as described [7]. The coding sequence of sep1� was am-
pli¢ed by standard PCR method (25 cycles) using the primers de-
scribed in Section 3 and a pUR19-based S. pombe genomic library
[9] as template.
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To tag the chromosomal sep1� gene, the PCR-based gene targeting
method [10] was used. Two 100 nucleotide long primers were synthe-
sised which contained sequences complementary to the sep1� coding
sequence and sequences complementary to the tag modules of the
plasmids pFA6a-3HA-kanMX6 and pFA6a-GFP(S65T)-kanMX6:
VS 348 5P-CAGCCGCGCAAGATGATACTTACTTGCCTTCTCC-
TACCAAGAGGAAAATGCCACTTCTTCGTCAAACTTCAACA-
CTATTCCGGATCCCCGGGTTAATTAA-3P (the 3P end of sep1�
is underlined) and VS 349 5P-GCAAATGAACAAGTAACATCG-
GGGGTTTGAAAGTTTATTAAGCAACCAAGGTAAAAGATA-
TGTGTAAAATTAGGAATTCCGAATTCGAGCTCGTTTAAAC-
3P (the sep1� downstream sequence is underlined). Using these prim-
ers and the pFA6a-3HA-kanMX6 and pFA6a-GFP(S65T)-kanMX6
plasmids as templates, PCR reactions were performed. The PCR
products were used to transform S. pombe leu1-32 h3 cells ; G418-
resistant transformants were identi¢ed, and tested for stable insertion
of the fragment.

2.4. RNA techniques
Total RNA was isolated with the Qiagen RNA Kit. Northern blots

were made using 10 Wg RNA samples and by capillary transfer onto
Gene Screen Plus membrane (NEN). Hybridisation and washing of
the ¢lters were done according to the manufacturer's protocol. Probes
corresponding to the coding regions of each of the genes have been
described previously (cdc15 [5]; sce3 [11]; histone H2A [12]). For sep1,
a BamHI^EcoRI fragment excised from the pDW232 clone was used.

2.5. Western blot analysis
Total soluble protein extract was prepared from exponential phase

cultures using a previously described method [13] and the concentra-
tion of protein was determined using the Bio-Rad kit. 5^50 Wg extract
per lane was loaded on 10% SDS^PAGE and after running the gel, it
was blotted to 0.2 Wm nitrocellulose. The blots were stained with
Ponceau S, and processed as recommended using ECL Western blot-
ting kit with rabbit antiserum against green £uorescent protein (GFP)
as primary and goat anti-rabbit horseradish peroxidase as secondary.

2.6. Microscopy
To visualise nuclei and septa, the cells were stained with DAPI

(4P,6P-diamino-2-phenylindole, Sigma) and calco£uor (£uorescent
brightener, Sigma) as described previously [7]. For sep1p localisation,
sep1-GFP leu1-32 h3 cells were ¢xed in 4% formaldehyde. After 20
min ¢xation, the cells were washed three times with PEM (100 mM
PIPES pH 6.9, 1 mM EGTA, and 1 mM MgSO4) and then digested
for 30 min at 37³C in 1 ml of PEM plus 1.2 M sorbitol (PEMS)
containing 1 mg/ml zymolyase 20T (ICN). The digested cells were
washed once in PEMS plus 1% Triton X-100, three times in PEM.
The pellet was resuspended in PEMBAL (PEM plus 1% bovine serum
albumin [Sigma A-7030], 100 mM lysine hydrochloride, and 0.1%
sodium azide) and gently shaken for 30 min. After centrifugation
the cells (5U106) were resuspended in 90 Wl of PEMBAL containing
a¤nity-puri¢ed anti-GFP antibody diluted 1/500 and left on a rotat-
ing wheel overnight. After washing three times in PEMBAL, the cells
were incubated for 5^7 h in PEMBAL containing a FITC conjugated
goat anti-rabbit secondary antibody (1/100). This was followed by
serial washes: once in PEM, once in phosphate-bu¡ered saline
(PBS) pH 8.0, and once in PBS (pH 8.0) containing 1 Wg/ml DAPI.
The stained cells were resuspended in 50 Wl PBS (pH 8.0), containing
0.1% sodium azide, mounted in 50% glycerol containing 1 mg/ml p-
phenylenediamine and observed with a Zeiss Axiophot microscope.
Localisation of sep1p was also attempted in sep1-HA leu1-32 h3 cells,
but no detectable signal was found in any cell part.

3. Results

3.1. Cloning of full-length sep1+

A previous paper [4] reported the sequence of a genomic
DNA fragment which complemented the sep1-1 phenotype.
The fragment was isolated by positional cloning from a cos-
mid clone of the left arm of chromosome II. The S. pombe
genome project has recently completed the sequence of this
part of the genome and revealed that this fragment does not
contain the entire coding sequence of sep1�. The whole sep1�

open reading frame (ORF) (SPBC4C3.05) was found to be
1992 bp long, encoding a 664 amino acid protein with a pre-
dicted molecular mass of 80 kDa. To clone the entire sep1�

ORF, we ampli¢ed a 2.0 kb fragment by PCR from a wild-
type genomic library using the primers VS 361 5P-
CGGAATTCATGAATTTTAATTCTACTAACC-3P and VS
356 5P-CGGAATTCTTAGAATAGTGTTGAAGTTTGA-3P.
The fragment contained two EcoRI sites: one before the start
codon and one after the stop codon. Using these sites, the
PCR product was cloned into the EcoRI site of the
pDW232 vector [8]. Transformation of the sep1-1 mutant
with pDW232sep1 restored the wild-type phenotype (data
not shown).

3.2. sep1 mRNA level is constant during the cell cycle
To determine whether the steady-state level of sep1 mRNA

changes as cells progress through the cell division cycle, a
synchronous population of exponentially growing wild-type
S. pombe cells was generated by arrest^release of cdc25-22
[14], and RNA was extracted from samples of the culture at
regular intervals. A Northern blot was probed for sep1, and
sce3 [13] as loading control. As shown in Fig. 1, the steady-
state level of sep1 mRNA did not vary through the cell cycle.
The small variations observed re£ect di¡erences in loading,
since the sce3 mRNA shows similar £uctuations. We also
examined whether genes implicated in controlling actin ring
formation and regulating septum formation in£uenced the
expression of sep1. Northern blots of RNA extracted from
elutriation-selected populations of cdc7-24, cdc11-136, cdc14-
118, cdc15-140, and cdc16-116, which were generated at 25³C
and then shifted to 36³C, showed that none of these proteins
is required for normal expression of sep1 mRNA (data not
shown).

3.3. Sep1p is a nuclear protein
Next, we explored the possibility that sep1p activity might

be regulated by changes in its subcellular localisation, as has
been demonstrated for transcription factors implicated in the
stress response in ¢ssion yeast (for example [15]). To localise

Table 1
S. pombe strains used in this study

Strain Source

ura4-D18 h3 Lab collection
leu1-32 h3 Lab collection
cdc25-22 h3 Lab collection
cdc25-22 sep1-1 ura4-D18 h3 this study
sep1-1 ura4-D18 h� [16]
sep1-GFP leu1-32 h3 this study
sep1-HA leu1-32 h3 this study
sep1-1 cdc25-22 h3 this study

Fig. 1. The abundance of sep1 mRNA level in synchronised culture.
The cells were synchronised by elutriation, and samples were taken
from the culture at time intervals for RNA extraction. The North-
ern blot was probed with sep1 and sce3.
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sep1p the protein was tagged by oligonucleotide-mediated ad-
dition of either GFP from the jelly¢sh Aequorea victoria, or
three copies of the 12CA5 epitope from the in£uenza virus
haemagglutinin protein (HA), to the C-terminus of the protein
by oligonucleotide-mediated tagging [10]. Proteins of the ex-
pected size were detected in Western blots of protein extracts
probed either with a polyclonal anti-GFP antibody or with
12CA5 (not shown). Indirect immuno£uorescence showed
that the tagged sep1p is located in the chromatin region of
the nucleus, at all stages of the cell cycle. No signi¢cant signal
was observed in the nucleolar region of the nucleus (Fig. 2).
Since the tagged allele of the sep1 gene is the only one in the
cell, and the cells have a normal morphology (Fig. 2), we
conclude that the protein is biologically functional. We con-
clude that sep1p is located predominantly in the chromatin
region of the nucleus at all stages of the cell cycle, consistent
with its proposed role as a transcription factor.

3.4. sep1 is not essential for cell viability
Since sep1-1 is recessive [16], the possibility exists that it is a

hypomorphic allele. To test this, we constructed a complete
deletion of the sep1 gene by oligonucleotide-mediated target-
ing of the ura4� gene [10]. Viable ura4� colonies were ob-
tained after transfection into both haploid and diploid strains,
suggesting that the gene was not essential. Crossing of a hap-
loid transformant to wild-type cells showed co-segregation of
the ura4� marker and the branched sep1 phenotype in 40
tetrads, suggesting that the cells were not viable due to the
presence of a suppressor mutation. The morphological pheno-
type of the cells was similar to that produced by the sep1-1
mutation (not shown), con¢rming the results of a previous
study [17].

3.5. E¡ects of sep1-1 and sep1: :ura4+ upon accumulation of
cdc15 mRNA

Sep1p shows signi¢cant homology to HNF-3 family tran-
scription factors [4]. Since the cdc15 gene, which is implicated
in controlling medial ring formation, shows periodic accumu-
lation of mRNA at the onset of mitosis (for example, cdc15
[5]), we tested whether loss of sep1p function would a¡ect its
expression.

Since loss of sep1 function leads to a hyphal morphology,
these cells cannot be synchronised by elutriation. Therefore,
we generated a synchronous population by induction syn-
chrony. The double mutants cdc25-22 sep1: :ura4� and
cdc25-22 sep1-1 were constructed and synchronised by ar-
rest^release [14]. In the cdc25-22 sep1-1 mutant, the abun-
dance of cdc15 mRNA showed a pattern similar to that ob-
served in arrest^release-synchronised sep1� cells, peaking after
release of the cdc25-22 mutant [5]. However, the peak oc-
curred earlier compared with a wild-type background, peaking
15^30 min after release, compared to 45^60 min for sep1�

cells (Fig. 3A,B). When the level of cdc15 mRNA was exam-
ined in a cdc25-22 sep1: :ura4� background, it was found that
the cell cycle variation was lost and that the levels, which were
already elevated in G2-arrested cells, did not increase after
release (Fig. 3C). The level of H2A increased at the time of
septum formation (which coincides approximately with the S
phase), as expected, thereby indicating that arrest^release had
generated a synchronous cell population.

Fig. 2. Tagging and localisation of Sep1p in the cell. Cells in which
the chromosomal copy of sep1 had been tagged with the HA3 epi-
tope were ¢xed and stained with the 12CA5 antibody. Cell 1 is in
interphase, cell 2 is in early mitosis, cell 3 is in early anaphase, cell
4 is in late anaphase, cell 5 is septated.

Fig. 3. Cycling of the steady-state level of cdc15 mRNA in a syn-
chronous population of sep1-1 cdc25-22 h3 cells compared with
cdc25-22 sep1�. Synchrony was induced by arrest^release and sam-
ples were taken at time intervals for RNA extraction. A: Septation
index for the two strains. B: Northern blot probed for cdc15. C:
Northern blot of RNA extracted from cdc25-22 sep1: :ura4� cells.
The blots had been probed with cdc15 sce3 and H2A probes. Note
that the cdc15 mRNA level does not cycle. In this experiment, the
peak of septum formation was at 75^90 min. In these cultures, sep-
tation is coincident with DNA synthesis.
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4. Discussion

Mutation of the sep1 transcription factor produces defects
in cell cleavage [16]. In the course of this study it became
apparent that the sep1 clone described originally was trun-
cated at its 3P end. Despite this, the truncated protein retains
biological activity as it is able to rescue the sep1-1 mutant [4].
A previous study showed that the steady-state level of sep1
mRNA £uctuates upon release from a cdc25-22 arrest [17]. In
this study, we have found no evidence for signi¢cant £uctua-
tion of the steady-state level of the mRNA. The reason for the
discrepancy is unclear, but may re£ect the di¡erent techniques
employed for the assays.

Of all the genes implicated in medial ring formation and
signalling the onset of septation, the only one whose steady-
state mRNA level is known to £uctuate is cdc15 [5]. Expres-
sion of cdc15 increases sharply after the onset of mitosis, and
declines at the time of septum formation. Inappropriate ex-
pression of cdc15 mRNA in G2 cells can promote some of the
rearrangements of the F-actin cytoskeleton that are associated
with medial ring formation [5]. We therefore examined the
expression of cdc15 in both sep1-1 and sep1: :ura4� mutants.

In sep1-1 we observed that cdc15 mRNA still accumulated
in a periodic fashion, but that the peak appeared earlier than
in wild-type cells. In contrast, in a sep1: :ura4� mutant, ex-
pression of cdc15 was aperiodic. Reprobing of the Northern
blot with histone H2A showed that the H2A mRNA accumu-
lated at the time of septation which corresponds to the S
phase, demonstrating that the culture had been synchronised
by the arrest^release protocol. These data suggest that one of
the roles of sep1p is to in£uence the accumulation of cdc15
mRNA. Since sep1-1 is recessive [16] this altered timing is
likely to result from partial loss of function, and suggests
that the sep1-1 allele is hypomorphic.

Since a sep1 null allele results in a constant level of cdc15
mRNA throughout the cell cycle, one possibility is that it
functions as a repressor of cdc15 expression. Previous studies
[17] have demonstrated that increased expression of sep1 does
not mimic the phenotype produced by loss of cdc15 function
[5]. It is possible that sep1p acts together with other proteins

to in£uence cdc15 mRNA levels, or that it regulates another
gene, whose product in turn in£uences cdc15 expression. Fu-
ture analysis will address these possibilities through the use of
DNA microarrays once the S. pombe genome sequence is
completed, and attempt to identify other target genes whose
expression is in£uenced by sep1.
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