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Summary

In the fission yeastSchizosaccharomyces pombseveral contains the PCB element. We have identified Mbx1p, a
genes includingecdc15, spolZ, finl*, slplf, aceZ and plol*  novel MADS box protein, as a component of PBF. However,
are periodically expressed during M phase. The products although Mbx1p is periodically phosphorylated in M
of these genes control various aspects of cell cycle phase, Mbxlp is not required for periodic gene
progression including sister chromatid separation, transcription in M phase. Moreover, although PBF is
septation and cytokinesis. We demonstrate that periodic absent in strains bearing a C-terminal epitope tag on
expression of these genes is regulated by a commonFkh2p, simultaneous deletion ofkh2* and sep® does not
promoter sequence element, named a PCB. In a genetic abolish PBF binding activity. This suggests that Mbx1p
screen for cell cycle regulators we have identified a novel binds to gene promoters, but is not required for
forkhead transcription factor, Fkh2p, which is periodically ~ transcriptional activation. Together these results suggest
phosphorylated in M phase. We show that Fhk2p and that the activation of the Fkh2p and Seplp forkhead
another forkhead transcription factor, Seplp, are transcription factors triggers mitotic gene transcription in
necessary for PCB-driven M-phase-specific transcription. fission yeast.

In a previous report we identified a complex by

electrophoretic mobility shift assay, which we termed PBF, Key words: Fission yeast, Cell cycle, Transcription, Forkhead,
that binds to a 150 bp region of thecdc15 promoter that MADS box

Introduction these genes contain a Mcm1p-binding motif which is flanked

Periodic gene expression is an important mechanism ugy a forkhead transcription factor site. These elements are
which the orderly execution of cell cycle events is ensureesponsible for G2/M-specific expression through the mitotic
(Futcher, 2000; Breeden, 2003). A comprehensive survey &€l cycle (Althoefer et al., 1995; Maher et al., 1995; Koranda
the budding yeastSaccharomyces cerevisiagenome €t al, 2000; Kumar et al., 2000; Pic et al., 2000). Mcm1p
indicates that over 800 genes are periodically expressd@cruits the forkhead transcription factor Fkh2p and this
through the mitotic cell cycle in this organism (Cho et al.complex remains bound to promoters throughout the cell cycle
1998; Spellman et al., 1998). These genes fall into at least téplthoefer et al., 1995; Hollenhorst et al., 2000; Koranda et al.,
clusters, each of which peaks at a distinct stage of the c&lP00; Kumar et al., 2000; Pic et al., 2000; Zhu et al., 2000). A
cycle and is regulated by a different transcription factosecond forkhead transcription factor, Fkh1lp, supports periodic
complex. The products of some of these genes arganscription of the CLB2 cluster in the absence of Fkh2p but,
transcriptional activators of the next wave of gene expressiownlike its relative, does not bind cooperatively with Mcm1p
and/or repressors of the previous one. This observation h@§umar et al., 2000; Hollenhorst et al., 2002). Fkhip and
given rise to a model to explain how successive waves dfkh2p additionally contain a forkhead-associated (FHA)
transcription are induced (Lee et al., 2002). Although manglomain which binds target molecules that have been
periodically expressed genes are cell cycle regulators, it is nepecifically phosphorylated on threonine residues (Durocher
clear how periodic gene expression is precisely co-ordinateahd Jackson, 2002).
with cell cycle progression. Several lines of evidence suggest that in addition to Fkhlp,
One of the best studied waves of transcription in buddingkh2p and Mcm1p, activation of the CLB2 cluster requires the
yeast is known as the ‘CLB2 cluster’ (Spellman et al., 1998)Ndd1p proteinNDD1is an essential gene that was originally
This cluster contains approximately 30 genes inclu@bB2  identified as a multi-copy suppressor of the temperature-
CDC5 CDC2Q SP0O12 SWI5 and DBF2, which control  sensitivecdc28-1Nallele (Loy et al., 1999). However, deletion
mitotic entry, sister chromatid separation, mitotic exit andof Fkh2p or truncation at its C-terminus relieves the
cytokinesis (Jorgensen and Tyers, 2000). The promoters ofquirement folNDD1, implying that Ndd1p works through
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Fkh2p (Koranda et al., 2000). Conversely, overexpression of

Table 1. Strains used in this study

NDD1 enhances levels of CLB2 cluster transcription (Loy et~ cciion

al., 1999). Unlike Mcm1p and Fkh2p which bind throughoutGG 1 T 972 (wildt Gee)mtype La:));il:k
the cell cycle, Ndd1p is recruited @.B2andSWISpromoters  ca s porea " Lab stook
only during G2/M and this recruitment is dependent on eithetg 308 i cdc25-22 Lab stock
Fkhlp or Fkh2p (Koranda et al., 2000). Recently, Reynoldgv 1666  hmcs3-12 weel-50 cdc25-22 Lab stock
and colleagues (Reynolds et al.,, 2003) have shown th&G 515 hsepL:urad” This study
phosphorylation of Ndd1p on threonine 319 by Clb2p/Cdc28gi 5286 nfkhzdkan® =~ The e
kinase promotes association of Ndd1p with the FHA domaigg 543 i sepL:urad” mbxt:kanR ade6- his7-366  This study
of Fkh2p and transcriptional activation. GG 551 h fkh2:kanR mbxtkanR ade6- his7-366 This study
In fission yeast approximately 400 genes are periodicall§G 631 H fkh2:kanR seplura4” urad* This study
expressed through the mitotic cell cycle and these can Bg&7/6 ml‘zﬂgtggg iggggrgg mbxt:kanR ade6- mz ziagy
grouped into at least four clusters (Rustici et al., 2004). Thg,, 5595 i sept-kanR cdc25-22 This smd;
expression of one of these gene clusters peaks in G1 andaig? i sept:urad* cdc25-22 M. Sipiczki*
regulated by the MBF-DSC1 transcription factor complexJm 2332  hmbxi:kanR cdc25-22 ade6- This study
This is followed by the core histone wave during S-phase arfgé 311 hsepi3HAkanR This study
then a group of genes during G2 includiiT, psul and v 552° mmgém&{mm ade6- This study
. d o - . - anR This study
rdsl’. Recently, a new cluster has been identified which iy 2953  H fkh2-3HAKanR cdc25-22 This study
coordinately expressed during mitosis and early G1-phase aogl 2275  H fkh2-3HAkanR wee-150 cdc25-22 This study
includes theplol*, cdcl5, spolZ, ppbl, slplf, fin1* and JIM2349  hmbxl-13mykanR ade6- his7-366 This study

sid2" genes (Anderson et al., 2002). The products of thes#4 2252

formation and placement of the actomyosin

I mbx1-13my&anR cdc25-22 ade6- his7-366This study
genes regulate splndle formation, the onset of anaphase, thg\ll strains werdeul-32 ura4-D18&inless otherwise statede6-is either

rng anchdes-M210or ade6-M216

cytokinesis. In this study we have identified transcription *University of Debrecen, Debrecen, Hungary.

factors which are responsible for the periodic expression of
these genes.

Deletion and tagging

Materials and Methods
Media and general techniques

Deletions and tagged versionsfkfi2f, sepX andmbxI” were made
using the PCR-based gene targeting method of Béhler et al. (Bahler
et al., 1998) or a refinement of this (Krawchuk and Wahls, 1999). For

General molecular procedures were performed as described lgletions, replacements were performed in wild-type diploids,
Sambrook et al. (Sambrook et al., 1989), and the standambtential heterozygotes identified by PCR and confirmed by southern
methodology and media used for the manipulatioS.gbombavas  blot before being sporulated and the asci dissected. Tagging was
as described by Moreno et al. (Moreno et al., 1991). To construct theerformed directly into wild-type haploids, potential positives
double and triple deletion strains, some crosses required ‘coveringlentified by PCR and back-crossed to wild-type. Tagged genes were
the single deletions with the equivalent wild-type genes on plasmidsonfirmed by western blot of protein extracts using anti-HA or anti-
The strains used in this study are shown in Table 1. For physiologicalyc antibodies.

experiments, cells were routinely grown in minimal medium (EMM)

with shaking, at 25°C or 28°C. Synchronisation of cultures for cell

cycle experiments was achieved using transient temperature shifts VA constructs

cdc25-22strains as follows: mid-log cells growing at 25°C were The mutatectdc15 PCB reporter construct was made by changing
shifted to 36°C for 4 hours before being shifted back to 25°Cthe PCB sequence (GCAACG to AAGGTT) in @8F8.15UAS
Samples were removed at various times thereafter for microscop{@nderson et al., 2002), to create pASP8.15UAS.MUT (GB 344).
examination and either northern or western blot analysispREP3Xfkh2" (GB 263) and pREP3X%ep® (GB 290) were made by
Overexpression of genes was from pREP1 (Maundrell, 1993). Celmmplifying the open reading frames of each gene by PCR using
were grown in EMM with 51g mf thiamine mt1promoter ‘off’) oligonucleotides containing restriction sites for cloning into pREP3X.
to early exponential stage, washed three times in thiamine-free EMM

and then grown for 15 hours in EMM without thiaminem(l ) )
promoter ‘on’). RNA manipulations

S. pombeéotal RNA was prepared according to Schmitt et al. (Schmitt

] et al., 1990) and analysed by northern blot, as previously described
Cloning fkh2* (Anderson et al., 2002).

A genomic library (pURBL1) (Barbet et al., 1992) was introduced into

mcs3-12 weel-50 cdc25-22 ura4-Dld&rain (JM 1666) by - )

electroporation and plated onto medium lacking uracil. Of 60,00dFlectromobility Bandshift Assay (EMSA)

transformants screened, 55 complementing colonies were identified\&thole cell extracts were generated from cells and gel retardation
37°C. Sub-cloning, DNA sequencing and BLAST searches revealednalysis was performed withcalc15 promoter fragment containing
that one of these suppressors was a gene with strong similaity tothe PCB, as previously described (Anderson et al., 2002).

cerevisiae FKH2SPBC16G5.15C) and it was therefore designated

fkh2". Other genes isolated in this screen have been described o )

elsewhere (Samuel et al., 2000). To test for allelism betikb@and  Immunoprecipitations and western blot analysis

mcs3 fkh2-3HAkanR weel-50 cdc25-Z2M 2275) was mated with  Preparation of whole cell extracts, immunoprecipitations and western
mcs3-12 weel-50 cdc25-22 ura4-DI8M 1666) and the asci blot analysis were performed exactly as previously described (Buck
analysed by tetrad dissection. et al., 1996).



M phase gene expression in fission yeast 5625

Results factors, Seplp, Meidp and Fhilp. Phylogenetic analysis of the
Identification of fkh2* as a regulator of mitosis in fission forkhead-type transcription factors from budding and fission
yeast yeasts suggests that pombd-kh2p is most closely related to

To identify novel regulators of mitosis we screened for multiN€S. cerevisiaékhlp and Fkh2p proteins (Fig. 1A), which are
copy suppressors of the G2/M cell cycle arrest phenotype @fvolved in cell cycle-regulated transcription (Koranda et al.,
mcs3-12 cdc25-22 weel-5eklls at restrictive temperature 2000; Kumar et al., 2000; Pic et al., 2000; Zhu et al., 2000).
(Molz et al., 1989; Samuel et al., 2000). Tdue25-22 weel-

50 double mutant strain is able to proliferate at 37°C, wherea - . s
the triple mutant strain carrying thencs3-12 mutation Achzt regulates the timing and position of the division
undergoes G2 arrest, implying a role for Mcs3p in controlling?_eptum ] ) ] )
entry into mitosis. In addition todc25, spo12 andswol, o investigate the function dh2’, we first deleted the gene in
two identical genomic clones were identified that efficiently@ diploid (Bahler et al., 1998; Krawchuk and Wahls, 1999). After
suppressed the triple mutant phenotype (Samuel et al., 200§porulating the heterozygokari-tagged chromosomal deletion
These unidentified clones contained a truncated version of (fh24/kh2’), we found that all four progeny spores gave rise
gene with strong sequence similarity to that encodingSthe t0 Viable haploids that segregated 2:2 with respect to G418
cerevisiagekh2p forkhead-type transcription factor (Koranda etrésistance (Fig. 1B), indicating tiah2" is a non-essential gene.
al., 2000; Kumar et al., 2000; Pic et al., 2000; Zhu et al., 2000Ve noted that colonies &h2A cells grew more slowly than the
This novelS. pombédorkhead gene (SPBC16G5.15c) (Wood etWwild-type and this was confirmed in liquid culture (Fig. 1B; data
al., 2002) was therefore designatékh2’. A schematic notshown). In addition, exponentially growifitn2A cells were
representation of the predicted full-length, 642 amino acid, 7heterogeneous in size at division, with a greater mean length
kDa Fkh2p polypeptide is shown in Fig. 1A. Fkh2p containg17+5.3um) than wild-type cells (14.7+1im) (Fig. 1C). To
both a forkhead-binding domain (FHD) and a forkheadinvestigate these phenotypes more closely, exponéktial
associated domain (FHA) in the N-terminal half of the proteircells were stained for chromatin and septal material. Although
(Kaufmann and Knochel, 1996). The shortened protei®1% of the population appeared normal, 11% of the cells had
responsible for rescue ahcs3-12 cdc25-22 weel-Glls multiple nuclei with unconstricted septa, 4% contained two
Fkh2p (1-392), is truncated at its C-terminus by 250 aminmuclei but multiple septa and 4% showed incorrectly positioned
acids. Surprisingly, full-lengtfkh2" was unable to rescue or misoriented septa (Fig. 1D). We conclude that Fkh2p is
mcs3-12 cdc25-22 weel-Slls at restrictive temperature, required for the correct timing, positioning and contraction of
suggesting that the C-terminus of Fkh2p contains a regulatotiie division septum in fission yeast.

domain (data not shown). Using standard genetic techniques,

fkh2" andmcs3 were shown to be non-allelic (Materials and o o

Methods). Database analysis reveals that the fission yedf12" regulates periodic gene expression in M phase

genome contains three additional forkhead-type transcriptiom S. cerevisiaethe FKH1 and FKH2 transcripts are

Forkhead-like proteins

A

Fkh2p FE e e . . .
S.p. Fikh? Fig. 1.S. pombe fkh2 (A) Schematic representation of the
S7.7hl predicted 642 amino acll. pombékh2p, forkhead-like
|_|: S5 Meid protein (SPBC16G5.15¢) (Wood et al., 2002). Positions of the
100 amino acids o forkhead domain (FHD; 232-342) and the forkhead associated
T domain (FHA; 78-158) are shown. Arrow indicates position of
the C-terminal truncation clone (1-392) that suppressess-
12 weel-50 cdc25-2Phylogenetic tree showing the
relationship betwee8. cerevisiaandS. pombéorkhead
polypeptides, based on multiple sequence alignment, generated
using the DNA cluster method in the Megalign programme
based on a Jotun Hein algorithm (DNASTAR). ()2 is
non-essential. Heterozygous diploids containifighg::kari®
(fkh24) and a wild-type allele were sporulated on EMM. Asci
were separated by tetrad dissection and spores germinated on
YE for 4 days, before replica plating on YE plus G418.
(C) fkh2A cells have a variable length at division. Micrographs
D JKG24, phesotypes of wild-type (GG 1) andkh24 (JM 2286) cells, growing in
unconstricted septa multiple septa incorrectly placed septa liquid EMM at 28C. The length of 100 septating cells was
measured and the mean length and standard deviation
measured. Bar, 10m. (D) fkh24 (JM 2286) cells show
abnormal septation. Fluorescent micrograph&luA cells
growing in liquid EMM at 28C. Cells were fixed, the DNA
stained with DAPI and septa marked with calcofluour.
Representative images illustrating the range and incidence of
septation defects (estimated from 100 cells) are shown. Arrows
11% 4% 4% indicate positions of septa. Barpfn.

YES + G418
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periodically transcribed, with mRNA levels peaking in S-phas&pol2 promoters (Anderson et al., 2002). We note tkia2"
(Cho et al., 1998; Spellman et al., 1998). This prompted us tentains two putative PCB motifs (consensus GNAACG/A) in
examine whethefkh2" is periodically expressed during the its promoter region (GCAACG at —208bp and GCAACG at
fission yeast cell cycledc25-2Zells were transiently arrested —85bp, relative to the initiating ATG). We also found sipf",

in late G2 and released to the permissive temperature to enthe fission yeast homologue of tBe cerevisiae CDC2@ene

a synchronous cell cycle. Northern blot analysis of mRNAMatsumoto, 1997) andceZ, the fission yeast homologue of

isolated from successive time points revealed fkh®" is

the S. cerevisiae ACEgene (Martin-Cuadrado et al., 2003),

periodically expressed during the fission yeast cell cycleare periodically expressed at the same time (Fig. 2A). Both
Similar results were obtained with synchronous wild-typegenes contain putative PCB sequences in their promslets:
cells, size selected by elutriation (data not shown). The pegksCAACA at —289 bp) andce2 (GCAACG at —241 bp and

of fkh2" mMRNA expression is coincident with that afc15,

GCAACA at —389 bp).

fin1* andspolZ (Fig. 2A). We recently identified a sequence The similarity between Fkh2p and its homologues in

motif, known as a PCB element, in tledc15, fin1* and

A
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budding yeast prompted us to examine the effect of deleting
fkh2" on the periodic transcription of PCB-regulated genes.
Separate cultures ofdc25-22 and fkh2A cdc25-22 were
synchronised by transient temperature arrest and after release
to the permissive temperature, samples were taken at intervals
for both northern blot analysis and microscopic examination.
In fkh2A cells the onset of septation was delayed by ~15
minutes and remained high at later time points relative to the
control culture (Fig. 2B). The rate of binucleate formation in
fkh2A cells was also delayed by ~15 minutes (data not shown),
showing that either mitotic entry or the onset of anaphase was
also delayed. Importantly, periodic transcription spiolZ,

fin1*, slpI", aceZ andcdcl5 was not observed in the absence
of fkh2" (compare Fig. 2A and 2B). We conclude that2"
regulates periodic gene transcription in M phase. This may
account for the role dkh2" in controlling mitotic progression

and the timing, positioning and contraction of the division
septum.

sepl1” and fkh2" have both common and distinct
functions in cytokinesis

Previous studies have shown that another forkhead
transcription factor, Seplp, regulates septation and periodic
transcription of theedc15 gene (Ribar et al., 1997; Zilahi et
al., 2000). To examine the relationship betwsepl and
fkh2*, each gene was expressed ectopicalfith@A andsepA
cells, respectively. We found that mild overexpression of full-
lengthfkh2" did not relieve the septation defectsefpiA cells,

nor did mild overexpression aepl from its own promoter
rescue loss dkh2" (data not shown). However, we noted that
strong overexpression of full-lengtfkh2" from the nmtl

Fig. 2. Role offkh2" in M/G1-specific transcription. (Akh2", ace2
andslp1” are periodically expressed during M-phasie25-22(GG

308) cells were synchronised by transient temperature arrest and
samples taken every 15 minutes upon release to the permissive
temperature. RNA was analysed by northern blot uiing', slp1",
aceZ, cdcl5, spolZ, fin1* andadhl" as probes, the latter as a
loading control. Quantification of each transcript against aghl
shown. Septation indices were counted microscopically and are
plotted to indicate the synchrony of the culture. (B) Loss of M/G1
periodic transcription ifkh2A cells.cdc25-22(GG 308) andkh2A
cdc25-22(IM 2285) cells were synchronised by transient
temperature arrest and samples taken every 15 minutes upon release
to the permissive temperature. RNA was analysed by northern blot
usingslpI’, aceZ, cdcl5, spol?Z, fin1* andadhI" as probes, the

latter as a loading control. Quantification of each transcript against
adhT is shown. Septation indices were counted microscopically and
are shown in blackih2A cdc25-22 or grey €dc25-23.
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promoter is lethal in wild-type cells but not g&plA cells, arrest and release before samples were subjected to northern
suggesting that Seplp is required for Fkh2p function (Fig. 3Ablot analysis. We found that periodic expressiorcaé¢ls,
Conversely, strong overexpressionsapl is lethal in both  fkh2', spolZ, slpl*, aceZ andfinl" (Fig. 3B) is abolished in
wild-type and cells lackindgkh2", indicating that Seplp can the absence of Seplp, thus confirming and extending previous
function in the absence of Fkh2p (data not shown). It i®bservations (Zilahi et al., 2000). By contrast, deleftrg*
interesting to note that the terminal phenotype of wild-typgdSPAC1142.08), which encodes a distinct forkhead-domain
cells overexpressing full-length, but not truncatéh2” is  containing transcription factor in fission yeast, had no effect on
elongated, suggesting that the C-terminus of Fkh2p inhibitperiodic transcription of M/G1 genes (data not shown). These
mitotic entry in a dominant-negative manner (Fig. 3A, data notlata suggest that a common function sharedsdgy? and
shown). fkh2*, but notfhl1*, is the regulation of periodic expression of
We next examined the effect of a deletionsepX on the genes in M phase.
periodicity of transcripts of the M/G1 gene clusteepiA

cdc25-22cells were synchronised by transient temperature N o
fkhZ* and sepl* regulate M/G1-specific transcription

A through the PCB sequence
We previously showed that edcl5 promoter fragment

5 +
wild-type [ A containing the PCB sequence in a reporter plasmid
PREFX (pSM178.15UAS) (Anderson et al., 2002) confers periodic
pREP3X:fkh2+ M/G1 expression ttacZin fission yeast (Fig. 4A) (Anderson
seplA [ et al., 2002). To examine the role of the core PCB sequence
PREP3X we changed it from GCAACG to AAGGTT in the reporter

plasmid and found that this mutation resulted in a complete
loss of cell cycle-regulated transcription latZ, but not of
the endogenous wild-typelc15 gene (Fig. 4D). We further
found that periodic expression dacZ was similarly
PRERIX abolished in botlikh24 (Fig. 4B) andsep cells (Fig. 4C).
The cdc15 mRNA and septation profiles were different in
these experiments compared with others (for example, Fig.
2A); this is likely to be because of the presence of the
nutritionally selected plasmids in these strains, which
affected growth rates.
Combined, these observations imply thdi2" and sepl
PREP3X:fkh2*  control M/G1-specific transcription in fission yeast through the
PCB sequences present in the promoters of M/G1 transcribed
genes, although other sequences may also have a role.

wild-tye seplA

B seplA ede25-22 transient arrest cell cycle . ) .
time (min) Fission yeast contains three MADS box proteins
e . In S. cerevisiagFkhlp and Fkh2p combine with Mcmlp, a
L - L MADS box-type protein to control G2/M-specific transcription
.....‘- ; dj* (Koranda et al., 2000; Kumar et al., 2000; Pic et al., 2000; Zhu
.....m.. '".:::: .' '.. opais et al., 2000). We th_erefore searched for MADS bo_x—conta}lnmg
L T Ll L T gene products (Triesman and Ammerer, 1992) in the fission
PPO S=POWO™ | it yeast database (Wood et al., 2002) (Fig. 5A) and identified
8 o flizt three. The first, Maplp, is not required for mitotic growth and
”‘.23:;:"'? st displays no obvious cell cycle phenotype (Yabana and
: VM A cacss Yamamoto, 1996). A second (SPBC19G7.06), which we
0% & M owW W o W S ;i:']’f* named Mbxlp (M\DS box protein 1) (Fig. 5A), is most
similar to S. pombeMaplp andS. cerevisiaeMcmlp and
F|g 3.fkh2" andsep]f share an Over|apping function. (Qépm ArgSOp To investigate the funCtion Of belp, we generated a
rescues the lethal phenotype caused by overexpressiknaf chromosomal deletion (Bahler et al., 1998; Krawchuk and
pREP3Xfkh2" and pREP3X were transformed into wild-type and ~ Wahls, 1999) We found thatmbx1A haploid cells are viable
sep1 cells, and colonies streaked on EMM agar to induce and grow at a similar rate to wild-type cells (data not shown).
overexpression dkh2". Micrographs of wild-type ansepA cells However, mbx1A cells showed a significant defect in

overexpressinfkh2’, grown on EMM agar. Bar, 3im. (B) Loss of  cytokinesis (Fig. 5B), which was exacerbated in double
periodic transcription iseplA cells.seplA cdc25-22(A 62) cells mutants with eithesepl or fkh24 (Fig. 5C,D). Intriguingly,

were synchronised by transient temperature arrest and samples tal\%b find that the slow growth phenotypefoh2A cells is not

every 15 minutes for northern blot analysis after release to the . "
permissive temperature. The blot was probed consecutively with observed irmbx1A tkh2A cells, suggesting that Fkh2p, Seplp

fkh2', slpT*, ace?, cdcl5, spolZ, finl* andadhI probes, the latter and Mbxlp share a common, but not fully overlapping,

as a loading control. Quantification of each transcript agadst function (Fig. 5C). The third MADS-box protein identified
is shown. (SPBC317.01), which we named Mbx2p, is most similar to
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Fig. 4. Requirement ofkh2, sepT and the PCB sequence for M/G1-specific transcription. (AJé&l5 promoter fragment containing the

PCB sequence confers M/G1-specific transcriptidic25-22(GG 308) cells containing pBR78.15UAS (Anderson et al., 2002) were
synchronised by transient temperature arrest and samples taken every 15 minutes upon release to the permissive tempeesture. RNA
analysed by northern blot usitagZ, cdc15 andadhi as probes, the latter as a loading control. Quantification of each transcript agaihst adhl
is shown. Septation indices were counted microscopically and are plotted to indicate the synchrony of the culture. (BCBesgafated
periodic transcription ifikh2A cells.fkh2A cdc25-22(JM 2285) cells containing pAR78.15UAS (Anderson et al., 2002) were synchronised

by transient temperature arrest and samples taken every 15 minutes upon release to the permissive temperature. RNA iasantiagysed

blot usinglacz, cdc15 andadhI” as probes, the latter as a loading control. Quantification of each transcript agaifiss shown. Septation
indices were counted microscopically and are plotted to indicate the synchrony of the culture. (C) Loss of PCB-regulatechpsdogtion

in sepA cells.seplA cdc25-22(IM 2805) cells containing pAR78.15UAS (Anderson et al., 2002) were synchronised by transient
temperature arrest and samples taken every 15 minutes upon release to the permissive temperature. RNA was analyseoldiyusorthern
lacZ, cdc15 andadhl® as probes, the latter as a loading control. Quantification of each transcript adhifiss shown. Septation indices

could not be counted for this culture, becaussepflA septation defect. (D) PCB sequence is required for M/G1-specific transcription in fission
yeast.cdc25-22(GG 308) cells containing pAR78.15UAS.MUT (GB 344) were synchronised by transient temperature arrest and samples
taken every 15 minutes upon release to the permissive temperature. RNA was analysed by northernlaé® asicits andadhI as

probes, the latter as a loading control. Quantification of each transcript aghifisis shown. Septation indices were counted microscopically
and are plotted to indicate the synchrony of the culture.

the S. cerevisiaeRIm1p and Smplp proteins (Dodou andMbxlp is a component of PBF

Treisman, 1997). This gene has recently been identified #&BF was identified as a factor that binds to a region of the
having a role in the biosynthesis of the pyruvylated3d@zB- cdcl5 promoter that is responsible for periodic gene
epitope in N-linked glycans, and named Pvg4p (Andreishchevaanscription during M phase (Anderson et al., 2002). This
et al., 2004); we now use this annotation. To investigate thgrompted us to analyse PBF binding activity in cells that were
function ofpvg4’, we deleted it in diploid cells and subjected either deleted for thenbx1', fkh2" or sep1 genes, and in cells
the heterozygotepygdpvgd) to tetrad dissection. We found in which these genes were tagged at their respective C-termini
that all four progeny were viable and segregated 2:2 witfBahler et al., 1998; Krawchuk and Wahls, 1999). We found that
respect to G418 resistanqgaig4A cells were slow growing, PBF binding activity was present imaplA cells (data not
fragile and rounded in shape, suggesting that Pvg4p is requiredown) but absent in botmbxIA and mbx1-13myccells,

for cell wall integrity (data not shown). Becaupegg4\  suggesting that Mbx1lp is a component of PBF (Fig. 6A).
cells flocculated and frequently lysed in liquid culture, thisNotably, PBF binding activity was still detectedkh?24, sepA
precluded further analysis. and double mutarfkh24 sep2A cells, suggesting that PBF is
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MADS box proteins

Fig. 5.S. pombe mbx1(A) Schematic representation of the A

predicted 436 amino acll. pombé/ibx1p, MADS box-like el
protein (SPBC19G7.06). Position of the MADS box motif (M; Mbx1p S.c. Mem
20-80) is shown. Phylogenetic tree showing the relationship S ::LP;
betweerS. cerevisiaandS. pomb&IADS box-like [ il

polypeptides, based on multiple sequence alignment, generated
using the DNA cluster method in the Megalign programme
based on a Jotun Hein algorithm (DNASTAR). (B) Fluorescent
micrographs ofmbx1A (JM 2331) cells, growing exponentially

in EMM at 28°C. DNA stained with DAPI and septa marked B
with calcofluor. Representative images illustrating cytokinetic
defects are shown. Bar, un. (C) Genetic interaction
betweermbx andfkh2". fkh2A sepiA (GG 631) fkh24

mbx1A (GG 551),sepXd mbx1A (GG 543) andsepA fkh2A

mbx1A (GG 754) cells were streaked on YE agar and grown at
28°C for 3 days. (D¥ep14, tkh24 andmbx1A show synthetic
cytokinetic defects. Micrographs of cells growing in liquid
EMM at 28°C: wild-type (GG 1)kh2A (JM 2286),mbx1A

(JM 2331) sepi (GG 515),fkh24 mbxIA (GG 551),fkh24

S.p. M2
S.c. Rlm1
5.c. Smpl

100 amino acids

mbx1A phenotype fkh2A mbx1A

sepl (GG 631),sepX mbx1A (GG 543) andkh24A mbx1A sepl1A fkh2A mbx1A
sepl (GG 754) were shown. Bar, 10n. Y fih2A M A
D FENEes ;
not responsible for periodic expression of the M p eSS j i{{c::-—
gene cluster. However, no complex was observédiz | reor KN <
3HA or fkh2-13myccells, indicating that tagging the LA : ﬁf}/‘
terminus of Fkh2p interferes with binding of Mbx1y - 1,, == b=
the promoter fragment (Fig. 6A,B). In these ¢ L i’ Pé{’_ 5 -f,.-;}!/
binding of the PBF complex was restored by ect i ﬁ S A &
expression of a plasmid carrying a wild-type cop' b/ éf # F ;
fkh2" (Fig. 6B). Together these data suggest that M : s i

fkh2A mbx1A  fkh2AseplA  seplA mbx1A fkh2A mbx1A sepl1A

is a component of PBF and binds in close proximit
the Fkh2p and Seplp proteins on thie15+promoter.
phosphorylation (Whitmarsh and Davis, 2000), which can
often be detected by a change in the mobility of proteins on
Mbx1p is not required for periodic gene transcription in SDS-PAGE. We used this approach to examine Fkh2p, Seplp
M phase and Mbx1p through the cell cycle. To detect the proteins each
We next examined the requirement for MADS box proteins irgene was tagged at its C-terminus and cell extracts analysed
controlling cycle-regulated expression of M/G1-specific genesdy western blot (Béhler et al., 1998; Krawchuk and Wabhls,
First, cdc25-22and mbx1A cdc25-22cells were synchronised 1999). Although we could readily detect Fkh2p-3HA and
by temperature arrest and release, when mRNA levels wekdbx1p-13myc proteins we were unable to detect Seplp-3HA

examined by northern blot. Whereaic25-22cells underwent
normal cytokinesis, the septation profile ofbx1A cells

remained high (Fig. 6C), probably because of a failure in thiargely constant,

by western blot despite repeated efforts, the reason for which
is unknown. Although the level of the proteins remained
Fkh2p-3HA and Mbx1p-13myc both

constriction of the cytokinetic actomyosin ring (Fig. 5B). exhibited multiple forms, with lower mobility forms appearing

Surprisingly, thecdc15, spol2, slplt, finl*, aceZ andfkh2'
genes were still periodically regulatedbx1A cdc25-22cells

in M phase co-incidentally with the disappearance of faster
mobility forms (Fig. 7A). These lower mobility forms were

with maximal expression in M/G1, although the amplitude ofoecause of phosphorylation, because the addition of exogenous

expression appeared reduced (Fig. 6C). We reasoned thgtosphatase in vitro resulted in their disappearance (Fig. 7B,

distinct MADS box protein(s) may substitute for the absencelata not shown). These data echo observations ma&e in

of Mbx1p. However, we found that expression of M/G1 geneserevisiagin which Fkh2p is transiently hyper-phosphorylated

in maplA mbxA double mutants was indistinguishable from during mitosis (Pic et al., 2000).

that of mbx1A single mutants (data not shown). This suggests

that Fkh2p and Seplp may not require an associated MADS )

box protein to drive periodic gene expression in M phaseliscussion

although we were unable to assess the role of Pvg4p (Mbx2p) a screen for regulators of mitotic progression in fission yeast,

being unable to synchronis€vgdd cells, or construct we identified a gene encoding a forkhead domain transcription

compound deletions with eitheraplA or mbx1A mutants. factor which shares highest structural homology to the budding
yeast Fkh2p protein. Consequently we named the @ene
pombe fkh2. We found thatkh2" is periodically regulated in

Fkh2p and Mbx1p are periodically phosphorylated in M late M- to early Gl-phase, co-incidentally with thi1*,

phase spolZ, aceZ andsid2" gene cluster (Anderson et al., 2002)

A common way to regulate transcription factor activity is viaWe noted that homologues of these genes, narfRkki2,
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CDC5, SP0O12 ACE2andDBF2 are regulated i1$. cerevisiae delayed mitotic entry ifikh2A cells may be because of altered
by a transcription factor complex that contains the Fkhlpexpression of the Plolp and Finlp kinases, both of which have
Fkh2p, Mcmlp and Nddlp proteins (Cho et al.,, 1998pbeen implicated in the activation of cyclin B/Cdc2p kinase
Spellman et al., 1998). We found that deletion fkii2*  (Tanaka et al., 2001; Grallert and Hagan, 2002). This may
abolished periodic expression of this M/G1 gene cluster anexplain why a C-terminally truncated allele th2" was
led to defects in the position, timing and contraction of thedentified as an activator of the G2/M transition in our initial
actomyosin ring, as well as a delay in entry into mitosis. Thgenetic screen. Previous studies have shown that another
forkhead domain transcription factor in fission yeast, Seplp, is

o _ o required for periodic expressionaic15 (Zilahi et al., 2000).
A et B, M i fi2m We found that Sep1p is also responsible for periodic expression
had of all other genes in this cluster and that overexpression of full-
lengthfkh2" is lethal in wild-type but not isepA cells. These
<PBE—> § N " " data suggest that Fkh2p and Seplp may act together, possibly

as a heterodimer, to control periodic gene transcription. This
proposal is consistent with recent microarray experiments
which have suggested that Fkh2p and Seplp have respective
negative and positive roles in regulating M-phase-specific
transcription in fission yeast (Rustici et al., 2000 2" is itself

m cell cycle regulated, which suggests that its specific expression
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Fig. 6.Mbx1p is a component of PBF and interacts with Fkh2p. . Fkh2p-HA
(A) Effect of gene deletions on PBF binding activity. Gel retardation ; '
analysis was performed using@dc15 promoter fragment as

B
labelled probe with 2Qg of protein extracts from wild-type (GG 1), A B C
seplA (GG 515),fkh24 (IM 2286),mbx14 (JM 2331),fkh24 seplA
(GG 631),fkh24 mbx1A (GG 551) andepd mbx1A (GG 543) cells Fig. 7.Fkh2p and Mbx1p are phosphorylated during M-phase.
are shown. Lane ‘f’ indicates free probe. (B) Effect of gene tags on (A) Cell cycle-specific changes in Fkh2p and Mbx1p mobility.
PBF binding activity. Gel retardation analysis was performed with  Cultures offkh2-3HA cdc25-22JM 2253) andnbx1-13myc cdc25-
protein extracts from wild-type (GG 1) cells or protein extracts from 22 (JM 2252) cells were synchronised by transient temperature arrest
mbx1-13my¢IM 2349),fkh2-3HA(IM 2257) andkh2-13mydJM and upon release to the permissive temperature, samples taken every
2252) cells, either without plasmid (-) or transformed with a plasmid5 minutes for western blot analysis. Blots were probed with anti-HA
expressing a genomic copy of the equivalent wild-type gene (g), or antibodies to detect Fkh2p, anti-myc antibodies to detect Mbx1p, and
transformed with a control plasmid (p). Lane ‘f’ indicates free probe.anti-PSTAIRE antibodies to detect Cdc2p as an invariant loading
(C) mbx1' is not required for periodic transcription in M phase. control. The synchrony of the culture was confirmed by measurement
cdc25-22(GG 308) andnbx1A cdc25-22(IM 2332) cells were of the septation indices over 300 minutes. (B) Fkh2p is a
synchronised by transient temperature arrest, and upon release to thbosphoprotein. Fkh2-3HAp was immuno-precipitated from lysates
permissive temperature samples taken every 15 minutes for northerprepared from an exponentially growing culturdktf2-3HAcells

blot analysis. The blot was probed consecutively #iti2", slp1*, (IM 2257) using the anti-HA antibody. Sample A was untreated, and
aceZ, cdcl5, spolZ, finl" andadhl probes, the latter as a loading samples B and C were incubated with calf intestinal phosphatase,
control. Quantification of each transcript agamu 1" is shown. either with or without phosphatase inhibitors. Samples were

Septation indices were counted microscopically and are shown in  separated by SDS-PAGE and analysed by western blot with anti-HA
black (mbx1A cdc25-22 or grey ¢€dc25-22. antibodies.
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may be important for M-phase gene expression, although that the tags in all three genes caused mild growth phenotypes.
fact that its protein levels remain largely constant argueblevertheless, the observation thaixA cells display a defect
against this proposition. This apparent contradiction may b cytokinesis that is similar tixh24 andsepA cells and that
explained if further post-transcriptional modifications of Fkh2pmbx1A fkh2A cells do not display the slow growth phenotype
are important for its cell cycle function. of fkh24 alone suggests that Mbx1p may regulate a subset of
In budding yeast, recruitment of Fkh2p to promotersgenes in the M/G1 cluster. We are currently examining this
requires the MADS box protein, Mcm1p. To identify potentialpossibility by microarray analysis. However, Mbx1p is also
binding partners of Fkh2p and Seplp, we searched the fissitikely to have functions that are distinct from Seplp and Fkh2p
yeast database for MADS box-containing proteins andecause theeplA fkh24 mbxIA cells display a more severe
identified three: Maplp and two novel proteins, Mbx1p anctytokinetic defect tharseplA fkh2A cells. We are currently
Mbx2p (Pvg4p). Mbxlp has sequence similarity to buddingnapping the binding site for Mbx1p on thdc15 promoter
yeast Mcm1p in its DNA binding domain, but contains a C+o formally examine the requirement for a MADS box protein
terminal extension not present in Mcmlp. We found that then mitotic gene transcription.
fission yeast Mbx1p is non-essential for growth and is required In budding yeast, transcriptional activation of the CLB2
for timely completion of cytokinesis, suggesting that it may actluster is triggered by Clb2p/Cdc28p-mediated phosphorylation
in conjunction with Fkh2p and Seplp. By contrast, Pvg4p i®f Ndd1p. This promotes association of Ndd1lp to the FHA
more closely related to the budding yeast RImlp and Smpigomain of Fkh2p, its recruitment to gene promoters and
proteins, which are required for cell wall integrity and stress¢ranscriptional activation (Reynolds et al., 2003). However, the
resistance (Dodou and Treisman, 1997). Consistent with thfgssion yeast genome does not contain any obvious homologues
proposal pvg4” has recently been identified as being requirecbf Ndd1lp. Similarly, although forkhead transcription factors
for N-glycan biosynthesis (Andreishcheva et al., 2004), and weegulate G2/M transcription in mammalian cells, these cells
found that cells lacking Pvg4p were rounded, fragile andlso lack a homologue of Ndd1p (Alvarez et al., 2001). Thus,
frequently lysed and flocculated in liquid culture. Surprisingly,although forkhead transcription factors direct cell cycle-
we found that the M/Gl-regulated gene cluster is stildependent gene transcription in budding yeast, fission yeast
periodically expressed in cells lacking batihxI” andmapZ  and mammalian cells, the mechanisms by which these factors
(our unpublished data). This suggests that Fkh2p and Sepape regulated may be distinct. In this respect it is notable that,
may control periodic gene transcription in M phase in then both fission yeast and budding yeast, Fkh2p is transiently
absence of an associated MADS box protein, although we wehgper-phosphorylated during M-phase, coincident with the
not able to test a role for Pvg4p in this process. This is peak of M-phase gene transcription (Pic et al., 200). In
surprising result, as in budding yeast Mcm1p appears to hayeinciple, Fkh2p may be phosphorylated by Cdk1/Cyclin B
a central role in controlling cell cycle transcription in (Cdc2/Cdcl3) or Polo (Plolp) kinases, both of which are
combination with forkhead proteins. It is possible that inperiodically activated in M phase. However, our initial data
fission yeast, as observed in mammalian systems (Alvarez siiggest that mutation of the consensus phosphorylation sites
al., 2001), MADS box proteins only play a minor role in thisin Fkh2p for Cdc2p/Cdc13p kinase neither abolishes periodic
process. phosphorylation of Fkh2p nor inhibits periodic expression of
We have previously identified a factor by EMSA, calledM-phase gene expression in fission yeast (our unpublished
PBF, that binds to a 150 bp region of tuke15 promoter that data). This is consistent with our previous observations that
is responsible for periodic gene transcription and contains theverexpression of Plolp kinase can drive expression of genes
PCB element (Anderson et al., 2002). Surprisingly, we founith M/G1 cluster in cells lacking Cdc2p/Cdcl3p activity
that PBF is absent in strains lacking Mbx1p, but persists in celf®nderson et al., 2002). We are currently testing whether direct
lacking both Fkh2p and Seplp. This argues that PBF is nghosphorylation of Fkh2p by Plolp kinase triggers mitotic
required for periodic expression of the M/G1 gene cluster angene transcription.
may only contain Mbx1p. However, we find that PBF binding
activity is absent in cell extracts of strains in which the C- We thank Matthias Sipiczki for strains and plasmids. The work was
terminus offkh2" is tagged with an epitope, indicating that supported by grants from the Wellcome Trust (to C.J.M.) and the
tagging the C-terminus of Fkh2p may interfere with Mbx1pMRC (to C.J.M. and J.B.A.M.). A.B.R-G. was funded by a post-
function and leads us to suggest that Mbx1p binds in clo octoral research fellowship from The Human Frontiers for Science

o . rogram (HFSP). K.P. was supported by a Wellcome Trust
proximity to the Fkh2p and Seplp proteins on gene promoteg;[udemship_ Thanks to other members of the Glasgow and London

in vivo. Indeed, we propose that Mbx1p may form highefjaporatories for suggestions and encouragement during the course of
molecular weight complexes with Seplp and Fkh2p that wgis work.

were unable to detect by EMSA. This would be consistent with

observations in budding yeast in which various complexes ¢

Fkhip, Fkh2p and Mcmlp can be detected by EMSA, wittit€ierences ,

Fkhip and Fkh2p only being present in the slower mobility'1o¢'e" H. Schieffier, 2. Wassmann, I, foraheim, A. and Ammerer, -
forms (Althoefer et al.. 1995: Maher et al.. 1995: Koranda et G. (1995). Mcm1 is require to coor inate G2-specific transcription in
0 " VIS i ) Saccharomyces cerevisiddol. Cell. Biol. 15, 5917-5928.

al., 2000; Kumar et al., 2000; Pic et al., 2000). Unfortunatelyalvarez, B., Martinez, A. C., Burgering, B. M. and Carrera, A. C.(2001).
our attempts to monitor association of Fkh2p, Seplp and Forkhead transcription factors contribute to execution of the mitotic
Mbx1p to gene promoters by chromatin immunoprecipitation Programme in mammalslature413, 744-747.

. - . derson, M., Ng, S. S., Marchesi, V., Maclver, F. H., Stevens, F. E.,
assay have so far failed (our unpublished data). This may beqigge) 1. Glo%er, D. M., Hagan, I. M. and Mclnemny, C. J.(2002).

_because ep_itope _tag_ging _Of the Q'terminus of these genesio1* regulates gene transcription at the M4Gterval during the fission
interferes with their biological function; indeed, we observed yeast mitotic cell cycleEMBO J.21, 5745-5755.
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