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SUMMARY

In  Saccharomyces cerevisiae the phosphoprotein  effector of the S. pombeseptation initiation network, but
phosphatase Cdcl4p plays a central role in exit from may potentiate signalling of the onset of septation. In
mitosis, by promoting B-type cyclin degradation and contrast to S. cerevisiaeCdc14p, flplp is not required for
allowing accumulation of the cyclin-dependent kinase the accumulation or destruction of the B-type cyclin
inhibitor Siclp. Cdcl4p is sequestered in the nucleolus cdcl3p, the cyclin-dependent kinase inhibitor rumlp, or
during interphase, from where it is released at the end of for dephosphorylation of the APC/C specificity factor ste9p
mitosis, dependent upon mitotic exit network function. in Gj. Like its budding yeast counterpart, flplp is restricted
The CDC14gene is essential and loss-of-function mutants to the nucleolus until mitosis, when it is dispersed through
arrest at the end of mitosis. We have identified a fission the nucleus. In contrast tcS. cerevisia€dcl14p, flplp is also
yeast orthologue ofCDC14through database searches. A present on the mitotic spindle and contractile ring. The
Schizosaccharomyces pombe flplcdc fourteen-like-  potential roles of flplp in cell cycle control are discussed.
phosphatase) null mutant is viable, divides at a reduced size

and shows defects in septation. flplp is not the essential Key words: Mitosis, Cytokinesis, Phosphatase, Mitotic exit

INTRODUCTION essential function of the MEN is to mediate release of Cdcl14p
from the nucleolus (Jaspersen et al., 1998; Visintin et al.,
In the budding yeastSaccharomyces cerevisiagthe 1999). Functional homologues of Cdcl4p have been identified
phosphoprotein phosphatase encoded by GR¥C14 gene  in higher eukaryotes, although their role remains enigmatic (Li
plays a central role in exit from mitosis and completion of theet al., 1997).
cell cycle (Hoyt, 2000). ThEDC14gene is essential (Wan et  In the fission yeastSchizosaccharomyces pombihe
al., 1992), and heat-sensitive mutants arrest with an elongatecthologues of the MEN genes control the onset of septum
mitotic spindle, separated chromosomes and high levels &rmation, and are collectively referred to as the septation
CDC28CLB kinase activity (Fitzpatrick et al., 1998; Jaspersennitiation network (SIN) (Balasubramanian et al., 2000; Le
et al., 1998). During interphase, Cdc14p is sequestered in th#off et al., 1999a; Sawin, 2000). Activation of the spglp
nucleolus, where it is bound to Netlp as part of the RENTGTPase switch is central to signalling the onset of septum
complex (Shou et al., 1999; Straight et al., 1999; Visintin et alformation, which also involves the concerted action of four
1999). Release of Cdcl4p from the nucleolus at the end pfotein kinases (cdc7p, sid1lp, sid2p and plolp); cdcl4p, which
mitosis permits increased expression and stabilisation of tH#nds to sid1p; moblp, which binds to sid2p; and sid4p, which
CDC28CLB kinase inhibitor p49°cL, and the activation of acts as a scaffold for localisation of these proteins to the spindle
APC/CCdhlndependent ubiquitination of B-type cyclins, pole body. (Note that fission yeast cdc14p bears no structural
thereby promoting their destruction. Together, these evengmilarity to itsS. cerevisiamamesake.) Cdcllp encodes the
reduce CDC28CLB kinase activity, permitting exit from fission yeast orthologue of ti cerevisiae nudgene product
mitosis, and cytokinesis (Visintin et al., 1998). (A. Krapp and V.S., unpublished). Mutants defective in SIN
Release of Cdc14p from the nucleolus, and exit from mitosisignalling make a medial F-actin ring at the onset of mitosis to
requires the activity of the mitotic exit network (MEN) proteinsmark the division site but do not make a septum at the end of
(Visintin et al., 1999). Loss-of-function MEN mutants arrest atmitosis, becoming elongated and multinucleated (Chang and
the end of mitosis with a phenotype similar to thataé14 Gould, 2000; Fankhauser and Simanis, 1993; Fankhauser and
mutants. Increased expression @DC14 can rescue MEN Simanis, 1994; Guertin et al., 2000; Hou et al., 2000; Nurse et
mutants, but not vice-versa, leading to the suggestion that tlaé, 1976; Salimova et al., 2000; Schmidt et al., 1997; Sparks
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et al., 1999). Failure to turn off SIN signalling at the end ofGCTAATTTCTCGGATCCCCGGGTTAATTAA. Reverse primer for

mitosis results in multiple rounds of septum formation withoutagging and deletion GGTGCGCTAAATCAGGGAATATTTGTAA-
cell cleavage (Cerutti and Simanis, 1999; Minet et al., 197RAGTTAATTAATGAAAAATTATGCAGGGTTGACACAGTATAAT-

Ohkura et al., 1995; Schmidt et al., 1997; Song et al., 1996) CAAAGTTAGTGAATTCGAGCTCGTTTAAAC.

; ; ; ; ; _" PCR fragments were gel-purified and introduced intua-32
Signalling via the SIN is negatively effected by a two train following the protocol described previously (Béhler et al.,

component GTPase-activating protein comprised of th§998) Transformants were selected on YE G418

. plates (100 mg/l).
products of thebyr4 andcdclégenes (Furge et al,, 1998). Both Cqrrect integration was verified by PCR and Southern hybridization
genes are essential (Fankhauser et al., 1993; Song et al., 19%$the deletion and by PCR and western blotting for tagged strains.
Loss of cdc16p function gives rise to two kinds of septated cell, For creation of flp1p (C286S) the following pair of oligonucleotides
depending upon the cell cycle stage of the inactivation: typewere used for PCR amplification of the gene: ATTGCTGTTC-
cells, which are binucleate, and undergo multiple rounds oATTCTAAAGCAGGGCTC, GAGCCCTGCTTTAGAATGAACAG-
septum formation after mitosis, and type IlI, which areCAAT. The presence of the desired mutation was verified by
mononucleate, and probably result from inactivation of cdc16pedquencing.
in Gy (Mlnef[ et gl., 1979). The ultlmate_ target of the SI.NAntisera and tagged strains
remains enigmatic. However, the budding yeast paradigm . d d strai itting d . 4c7 spal
suggested an attractive hypothesis, which we have tested, t}?é\fsera and tagged strains permitting detectioruel§ cdc?, spgl,

it iaht b h h tei h hat | 14, sid1, sid2, sid4, molahdste9have been described previously
it mig € a phosphoprotein phosphatase analogous 18qncq et al., 2000; Chang and Gould, 2000; Fankhauser et al., 1995;

Cdc14p. In this paper, we present the characterisatifiplof  Fankhauser and Simanis, 1994; Guertin et al., 2000; Hou et al., 2000;

afission yeast orthologue of tBecerevisiae CDClgene. Our  \Moreno et al., 1990: Salimova et al., 2000; Sohrmann et al., 1996:

data indicate that th{p1* gene performs a different role in cell Sohrmann et al., 1998; Sparks et al., 1999). Rabbit antiserum against

cycle progression to that &. cerevisia€cdc14p. S. cerevisiaenoplp (fibrillarin) was a gift from Susan Gasser
(University of Geneva).

MATERIALS AND METHODS Microscopy, flow cytometry and determination of cell

number, septation and mitotic indices
Standard methods were used for manipulation of DNA (Sambrook épproximately 16 cells were collected by centrifugation, washed
al., 1989). Fission yeast were grown and manipulated according tmce with water, fixed in 70% ethanol and processed for flow
standard protocols in either yeast extract (YE) or minimal (M)cytometry or DAPI staining, as described previously (Moreno et al.,
medium, containing appropriate supplements (Moreno et al., 1991)991). A Becton-Dickinson FACScan was used for flow cytometry.
TheS. pombestrains used in this study are from the Simanis, Morendlo estimate the proportion ofi@ells we determined the percentage
or Bueno lab collections. The following strains were obtained fronof cells with a DNA content less than a value midway between 1C
other labssid4-SA1Kathy Gould, Nashville, TN)id2-250andsid1- and 2C. The mitotic index was determined by counting the percentage
239(Dan McCollum, University of Massachusetts)g2-D5(Mohan  of anaphase cells (cells with two nuclei and without a septum) after
Balasubramanian, IMA, Singapore). Since deletioste® or rum1* DAPI staining. The septation index was determined by counting the
causes sterility, all the crosses involving a deletion of these genes wgrercentage of cells with septum after calcofluor staining. Cell number
done by transforming with pREP33ted, pREP3Xfum1*, and the  was determined using a Casgell number counter. DAPI-Calcofluor
double mutants were checked subsequently to ensure that the plasrsidining, and staining for F-actin and tubulin staining were done
had been lost. Yeast transformation was carried out using the lithiuas described previously (Balasubramanian et al., 1997; Hagan and
acetate transformation protocol (Norbury and Moreno, 1997)Hyams, 1988; Marks et al., 1986; Moreno et al.,, 1991). For
Induction synchrony bydc25-22arrest-release was performed as examination of GFP-tagged proteins in living cells, TILLvisION
described (Moreno et al., 1989). For induction ofthglpromoter,  software (v3.3; TILL Photonics GmBH) was used to analyse data
a culture growing exponentially in medium containing thiamine wascaptured with an IMAGO CCD camera mounted on an Olympus IX70
washed twice and resuspended in medium without thiamine. Thaicroscope. Deconvoultion was performed with BitPlane software.
episomal REP vectors, pDW232 and the integratimgl expression  Images were assembled in Adobe PhotoShop 5.5 and PowerPoint 97.
vector pINT5 have been described previously (Basi et al., 199For immunofluorescence of flp1p-GFP, cells were fixed and processed
Fankhauser and Simanis, 1994; Weilguny et al., 1991). Gene deletias previously described (Salimova et al., 2000).
and epitope tagging were carried out as described (Bahler et al.,

1998Db). Immunoprecipitations and western blot analysis

. ) . . Protein extracts were prepared from 386 cells in exponential
Oligonucleotides used for cloning of the  flp1* gene and phase, that had been collected by centrifugation and frozen on dry ice.
construction of flp1-containing plasmids All subsequent manipulations were done on ice or in the cold room

The full ORF was amplified by PCR from a genomic DNA library in (4°C). For immunoprecipitation, soluble protein extracts were
pUR19 (Barbet et al., 1992), digested wimad and cloned into  prepared by vortexing with glass beads in HEN buffer (50 mM Hepes
the Sma sites of ppW232 and pREP vectors. Primers used fopH 8.0; 150 mM NaCl; 5 mM EDTA; 1 mM EGTA; 50 ml@-
amplification: forward, ACTGCCCCGGGTTCGCAATTACTTGTC- glycerophosphate with inhibitors: 0.1 mM sodium orthovanadate, 50
TGATGGA; reverse, GCTCGCCCGGGAACCAGTAATTACAGGT- ug/ml leupeptin, 1% aprotinin; 1 mM DTT; 1 mM PMSF). Beads
TTATTAAG. were washed by brief vortexing in the same buffer containing 1% NP-
Theflpl null and C-terminally tagged (GFP and 3HA) strains were40. Cell extracts were clarified by two successive centrifugations.
constructed by direct chromosome integration of PCR fragmentBrotein concentration was measured using Bradford assay (BioRad).
generated using plasmid pFA6a-kanMX6 as a template. Forwargdor each immunoprecipitation, 2-3 mg of soluble protein was
primer for deletion: CCACCAACACCCAGGTACACAATTTAG- incubated overnight with 10l of either 9E10 or 12CA5 monoclonal
AACTCAACCATTACGGGTTTGACGAATATAGACGAGATTCG- antibodies covalently coupled to the sepharose-Protein G beads
CAATTACTTGTCTGCGGATCCCCGGGTTAATTAA. Forward (Sigma; P3296) (~Rg of Ab). Beads were washed three times with
primer for tagging: GTGTTAGCATGTCATCACTTAACAATACT- 1 mlof HEN-NP-40 buffer (by pelleting in a microfuge for 5 seconds),
TCTAATGGCCGTGTTGCTAAACCTAAGCCTTCTAAAAGCCG-  resuspended in FRB loading buffer.



S. pombe cdcl14 orthologue 2651

ONDOOD O N MW~ [ 0 @0 M DO NGO M MO DN - O @M~
W h~NT0 M0 —©©o Q R =Nl MgV OHNo DOWO MW © < faNO
NN MNM0 Moo < T O AR B TETTITO 0 nwo
4 sz naxx>I . none [Nz [ 00 . 000
On I a0 - Pi—d ik OX 00w o O
E_00X> 3> vaoa 0 By BA@A x«.oc0
B ¢ <] VB2 oo [o [
XFLwdZ = vaoaxax B oxfAe X o0x0
[ P 0> XKD - ZWwa
14 TR - - g > [ (7]
4 v Xk [aa]iwgE (o] Zqw
4 R N LR © O ooy
PRl a0 Z0 . 00F
P> - 2.0, .
raa e X0 k> > =
2.0 a0 W KL ZE
. O a0 L0 2 0>0
v g - B/ < z.0or0
o Vo d Ok d 0 ZX KO
a0 voaw .z W]z ok Za . Zdq0
e vt a 0,0, [EE, Mz
P [0 wwE ZE 4
= IR
P X ad ., 00K
X wooofg
> W30 ofgo
a0 = I [ORTTEa] =
Vo LWw>JdF>
) F0azoe
Ve [ <0
W Vo
) Vo X
1 0 [ ]
"4 ]
P P K
a0 P
a0 ]
S Voo w
L "
T ¢ [ o
T ¢ P01 0
P g P g
1 Vo aan
Pa? P g
) Vo=
L Vb
P e >
W Vo
] rroaa g
P X R
L "
P X P K
- P O
= L = o o = = = = = o = o
2 g 2 2L 2 2 2 2 Il 2 E 2 g
o 8 I 9 8 s 8 9 8 v B 9 8 ¢ 8 ° ¢ 8 e g o 8 I
8 -0 5 |- 8 -0 3 - 8 - = -0 o |- s -0 . = = -0 s = 2 -0 . |-
9 2LMOE 98D ¢gR2AMAE g fADM e ¢g2AMOE ¥AD2e g2AMRE ILD2e ¢g2AMRc ILMBe 2AMEc o2AMBe o2ADEc
$3c558 235c58 55558 235:58 55555 23::58 f55c5h f3sces fpscsb f3scss f3sces fpscin f3ccis
SoEELY 598y oc5EE28 53082 oc5£E22 coEEQY oo£E2L coEEQ2Y cg£gEfL SoEEQ? SoEERL soE£gEQl2 gsgggol
805580 au55E¢ a055ET® ao0355E£¢ ao55E¢ 2acs55E9 ao55E® acs55E9 ao055ET® acs55E9 Bu55ET¢ ao55E9 aus55ETQ
GOHIIOU vOIIOU SHWIIOU GUIIOU GHWIIOU GHIIOU HHIIAU wuIIAU GHIICU GEII0U GOIIOU GOHWIIOAU GOHIIAU

537

YSTSSRGLYGDKK 8657

PSYTGLSSSSA
AHRPPPTTSSR

K sGILN s]- - -

Gl KlI[slcs1 KK- -
R
R
M

D.melancgaster

S.cerevisiae
Human A
Human B
C.elegans

S.pombe
black. A box indicates that the two yeast proteins have a common conserved amino acid that is not present in the othEng@tensinal

Fig. 1. Alignment ofS. cerevisiae CDCl#elated proteins. Black boxes indicate identity in all proteins, grey boxes indicate a related amino
extension of th€. elegangprotein is not shown.

acid in three or more proteins. The following amino acids were considered interchangeable for the purposes of this alignS@nt/IKV,

N/Q, D/E, F/Y. When two different amino acids were present three times each, all are on a grey background, with threthtiareiéein
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Vs 47 \.Ls(m wt Aflp1
Fig. 2. Characterisation dfp1::kanMX6 ﬂ{’ ! l:“: p— 7 Esofl
cells. (A) Theflpl::kanMX6allele A EcoR | A i p— <43.3kb
structure. The location of the fragment ; |.._
used to probe the Southern blot shown in . t.ﬁ..l... s fos 2.4KD
B is indicated, as are the positions of the < < 2.4kb
EcdRl sites that give rise to the fragments

observed in the autoradiograph. Correct
replacement of thiip1* gene gives rise to

a 2.4 kb fragment. (B) Southern blot of
DNA prepared from wild-type and
flp1::kanMX6haploid cells. Note the
absence of the 3.3 kb band in the
flp1l::kanMXé6cells. (C,D)flp1::kanMX6
cells were grown in YE at 25°C to mid-
exponential phase (C) and shifted to 36°C
for 5 hours (D). (C) Cell 1 is a post-
mitotic, binucleate cell. (D) Cell 1 is
multicompartmented; cell 2 has septated
once, and then undergone at least one
more mitosis without septating; cell 3 has
septated centrally, but both nuclei are
located on the same side of the septum;
and cell 4 shows one of its nuclei bisected
by the developing division septum. 10um

Total protein extracts were prepared frori@® cells collected by ~ presence of a single ORF, SPAC1782.09c, that had significant
centrifugation, washed in Stop buffer (150 mM NacCl, 50 mM NaFhomology to Cdc14p outside the phosphoprotein phosphatase
10 mM EDTA, 1 mM NaN3 pH 8.0) and resuspended ipl2§ RIPA  catalytic domain. A CLUSTAL-W alignment of the predicted
buffer (10 mM sodium phosphate, 1% Triton X-100, 0.1% SDS, 1(yroteins, together with putative orthologues from human,
mM EDTA, 150 mM NacCl, pH 7.0) containing the following protease DrosophilaandC. eleganss shown in Fig. 1. We have named
|nh|b|tor_s: 10 pg/ml leupeptin, 10gglr_nl_ aprotinin, 10 pg/ml the gendip1 (cdc fourteen ike phosphatase).
pepstatin, 1Qug/ml soybean trypsin inhibitor, 106M 1-chloro-3- To determine whether thiipl gene is essential for cell
tosylamido-7-amino-L-2-heptanone (TLCK), 100M N-tosyl-L- viability and proliferation, one copy of the gene was replaced

phenyalanine chloromethyl ketone (TPCK), 1Q0M PMSF . ? . .
(phenylmethylsulfonyl fluoride), 1 mM phenanthroline and 10O in a diploid by the kanMX6 cassette (Fig. 2A), which was

N-acetyl-leu-leu-norleucinal. Cells were boiled for 5 minutes, brokerd€nerated by  PCR amplification  usindlpl-specific
using 750 mg of glass beads (0.4 mm Sigma) for 15 seconds in a Fagligonucleotides (see Materials and Methods). Dissection of
Prep machine (Bio101 Inc.) and the crude extract was recovered ibgtrads indicated that all gave rise to four colonies, of which
washing with 0.5 ml of RIPA. Protein concentration was determinedwo were resistant to Geneticin, and two were not. To confirm
by BCA protein assay kit (Pierce). correct deletion of thdlpl gene, the haploidipl::kanMX6

For western blots, 7fig of total protein extract was run on a 12% cells were checked for the absence of fipd* gene by
SDS-PAGE gel, transferred to nitrocellulose and probed with rabbisqthern blotting (Fig. 2B). We conclude thatgi@ombe flp1
affinity purified anti-ste9-C-ter (1:200), SP4 anti-cdc13 (1:250) andgene is not essential for cell viability or proliferation.

anti-ruml (1:250) polyclonal antibodies. Goat anti-rabbit or goat anti= Although viable, and capable of colony formation at all

mouse conjugated to horseradish peroxidase (Amersham) (1:3,500 ” .
was used as secondary antibody. Mouse TAT1 anti_tubumlie)mperatures,flpl..kanMX6 cells are not phenotypically

monoclonal antibodies (1:500) and goat anti-mouse conjugated tgentical to wild-type (Fig. 2C,D). Measurement of the length

horseradish peroxidase (1:2,000) as secondary antibody was usedPfoseptated cells at 25°C indicated tffigtl::kanMX6 cells

detect tubulin as loading control. Immunoblots were developed usingivide at an average size of 1%, compared with 1dm for

the ECL kit (Amersham) or Super Signal (Pierce). CIP treatmenwild-type. The cells are thus advanced into mitosis and may be

of immunoprecipitates was performed as previously describedonsidered ‘semi-wee’. At 36°C, multi-compartmented cells

(Fankhauser et al., 1995). (Fig. 2D, cell 1), multinucleated postmitotic cells (Fig. 2D, cell
2, C, cell 1), anucleate compartments (Fig. 2D, cell 3), and
‘cut’ nuclei (Fig. 2D, cell 4) were all observed. Staining with

RESULTS Rhodamine-conjugated Phalloidin indicated that no medial
o o ring was present in the post-mitotic, multinucleated cells,

fip1, the fission yeast orthologue of the  S. cerevisiae indicating that this phenotype does not result from activation

CDC14 gene Is not essential for cell prOllferatlon of the S. pombe‘norpho|ogy Checkpoint (L|u et a|_’ 2000)

A BLAST search of the fission yeast database with the Slogether, these classes of aberrant cells represented
cerevisia®CDC14gene open reading frame (ORF) revealed thepproximately 8.5% of the population. Similar defects were
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Fig. 3.flplp is phosphorylated during mitosis. The time (min)

straincdc25-22 flp1l-HAevas synchronised by arrest-
release and protein samples were prepared from cells

at the indicated times. Note that a slower-migrating 9 _

form of flplp-HA appears during mitosis. The black B - . -— = 12CA5
arrowhead (B) indicates the rapidly migrating, : 1) TAT-1
interphase form of the protein, the grey arrowhead

indicates the form present i @ells. (A) The 0 O 15 30 45 60 80 100 .'120 150 180
progression through mitosis after release from the 36°C 25°C

cdc25-22block, as determined by fixing cells at each
time point, and staining with DAPI and Calcofluor.

(B) Western blot of protein samples prepared at the
indicated times, probed with 12CA5 and TAT-1, to C 0 45 time

Time (min)

reveal flplp-HA ana-tubulin, respectively. CIP

(C) flplp-HA was immunoprecipitated from protein

samples prepared at the indicated times. After Flo1p-HA
washing, the 45 minute immunoprecipitate was Pip-
divided in half and treated with alkaline phosphatase IgG

(+), or not €). A western blot of these protein
samples was probed with 12CA5 to reveal the
position of flp1p-HA.

also observed at 25°C, but these cells represented only 2% (&ig. 3A). Western blotting showed that, although the steady
the population. Thus, although they are viafigl::kanMX6  state level of flplp-HA did not change significantly, there was
cells display a defect in septum formation and cleavage, arad marked alteration in the apparent molecular weight of the
are slightly advanced into mitosis. protein at the time corresponding to anaphase, medial ring
Staining of cells with TAT-1 revealed a normal pattern offormation and septation (Fig. 3B, 30-80 minutes). As most
interphase microtubules and mitotic spindles (data not shownjells completed cleavage and entered the next cell cycle,
Staining with Rhodamine-conjugated Phalloidin revealedlplp-HA returned to the faster-migrating form seen in G
patterns of F-actin staining similar to wild-type cells (data notirrested cells (Fig. 3B, 100-160 minutes). Flplp-HA was
shown). Examination of the SIN components cdc7p, moblpmmunoprecipitated from cell extracts prepared 45 minutes
plolp, spglp and sid2p showed that their localisation waafter release from the JGarrest, and the immunoprecipitate
normal inflpl::kanMX6cells (not shown). The localisation of treated with alkaline phosphatase. This treatment shifted most
the medial ring components cdcl5p and midlp was alsof the protein back to the faster-migrating form (Fig. 3C),
normal. Both cdcl5p and midlp undergo changes icgonfirming that the slower-migrating forms are the result of
phosphorylation during mitosis (Fankhauser et al., 1995)hosphorylation.
Sohrmann et al., 1996); these changes occurred normally in
flp1::kanMX6cells, indicating that they are not substrates of-ocalisation of flp1p
flplp, or that another phosphatase can substitute for flplp o study the in vivo localisation of flplp, the chromosomal

these cells (not shown). copy of the gene was modified to add either Green Fluorescent
_ ) o protein (GFP) or the 12CA5 influenza virus hemagglutinin
Flplp is phosphorylated during mitosis epitope tag (HA) to the C-terminus of flplp. Both tagged

Northern blotting of total RNA extracted from synchronisedproteins were considered to be functional since the taftjped

cells indicated that the steady state levellmf MRNA does allele did not show any of the strong genetic interactions shown
not vary significantly throughout the cell cycle (data notby theflpl::kanMX6 Observation of both living and fixed cells

shown). To examine whether flplp varies in level during thelemonstrated that in interphase cells the flplp-GFP was
cell cycle, cells carrying thi#gpl-HAallele were synchronised localised in the nucleolus and on the spindle pole body (Fig.
by arrest release ofdc25-22 and protein samples were 4Aa,B,C,D). The nucleolar staining was not uniform: dots and
prepared as cells passed through mitosis and cytokinesisore intensely staining regions were observed (Fig. 4Aa). The
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A Interphase Early mitosis

Late mitosis Septation

E ““

Fig. 4. Localisation of flplp. (A) Living

cells expressing flp1lp-GFP were
photographed, and images were processed as
described in Materials and Methods.

(B) Cells expressing flp1p-GFP were fixed
and processed for indirect
immunofluorescence. DNA was stained with
DAPI and flp1p-GFP was detected with
rabbit antiserum to GFP, followed by FITC-
conjugated goat-anti rabbit serum. (C) Cells
expressing flplp-HA were fixed and
processed for indirect immunofluorescence.
DNA was stained with DAPI; flplp-HA was
detected with 12CA5 followed by CY3-
conjugated goat anti-mouse serum; DNA
was stained with DAPI; and the nucleolar
antigen fibrillarin was detected using
affinity-purified rabbit antibodies againSt
cerevisiaenoplp followed by FITC-
conjugated goat-anti-rabbit serum. Note that
while the nucleolar staining overlaps in the
merge, the dot corresponding to the spindle
pole body does not. (D) Cells expressing
flp1p-HA were fixed and processed for
indirect immunofluorescence. DNA was

detected with rabbit anti-sad1p, followed by FITC-
conjugated goat anti-rabbit serum; and flp1p-HA was
detected with 12CAD5, followed by CY3-conjugated

flp1-GFP o GFP indirect i :
stained with DAPI; the spindle pole antigen sadlp was

goat anti-mouse serum. (Ejla3-KM311cells

expressing flplp-GFP were incubated for 5 hours at
20°C, fixed and processed for indirect immunofluorescence. flplp-
GFP was detected with rabbit antiserum to GFP followed by FITC-
conjugated goat anti-rabbit serum, while F-actin was detected using
Rhodamine-conjugated Phalloidin. {f#ja3-KM311cells expressing
flp1p-GFP were incubated for 5 hours at 20°C, fixed and processed
for indirect immunofluorescence. flplp-GFP was detected with rabbit
antiserum to GFP followed by FITC-conjugated goat anti-rabbit

serum, while DNA was detected using DAPI. (G) Living cells expressing flp1p-GFP were treated with Latrunculin A for 10 tmémutes,
photographed. Images were processed as described in Materials and Methods. i indicates an interphase cell in imageidditees e
location of the spindle pole body in the interphase cell. Image 2 shows the disorganised dot-like staining observedallsiséotitimage 3
shows a pair of interphase cells that have been treated with LatA. Note that the nucleolar and spindle pole body stathistjlgreebent.
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Fig. 5. Localisation of flplp-GFP in
SIN mutants. Spores were inoculated
into minimal medium containing
adenine and leucine, and allowed to
germinate (except D1-4). The
localisation of flp1p-GFP was
examined in multinucleate cells.
(A) cdc7null allele. (1) Interphase,
binucleate cell: note that flp1p-GFP is
present in the nucleolus and on the
spindle pole body. (2) Cell undergoing
a second mitosis: note the presence of a
single medial ring and staining along
the spindle. (Bxdc14null allele.
(1) Binucleate cell, early in second
mitosis: note the presence of the medial
ring, and the spindle staining.
(2) Multinucleate interphase cell: note
that flp1p-GFP is present in the
nucleolus and on the spindle pole body.
(C) spglnull allele. (1) Mitotic cell:
note the presence of two medial rings.
(2) Mitotic cell: note the presence of
staining along the short spindle and on
the spindle pole bodies.
(3) Multinucleate interphase cell: note
that flp1p-GFP is present in the
nucleolus and on the spindle pole body.
(Inset) Binucleate cell early in the
second mitosis: note the spindle
staining. (D)cdcl16null allele,
germinating cells were fixed and
processed for indirect
immunofluorescence. flplp-GFP was
detected with rabbit antiserum against
GFP (2,4); DNA was detected with
DAPI (1,3). Images 1-4 are type | cells.
Note that there is no discrete nucleolar or spindle pole body
staining of flp1p-GFP. Spotty aggregates were sometimes
10um observed (arrows). Image 5 is a type Il cell, nucleolar and spindle
pole body staining of flplp-GFP is observed. gidpR-1
cdcl6::ura4 flpl-GFPccells were grown at 25°C, and the GFP
fluorescence was observed in living cells. The aggregate observed
in cell 2 is shown by the arrow. Images 1 and 3 are phase-contrast
views of the cells shown in images 2 and 4, respectively.

nature of these structures is unknown. Although the nuclediplp-GFP signal was present throughout the nucleus. Previous
signal of flplp-GFP was predominantly located in the nonstudies (Hirano et al., 1989) of the localisation of nuclp (the
DAPI staining (nucleolar) region of the nucleus, a weaketarge subunit of RNA polymerase I) have shown that in mitotic
signal was also observed in the DAPI-staining region of theells the nucleolar domain can be clearly distinguished from
nucleus in fixed cells (Fig. 4B). The localisation to thethe DAPI-staining, chromatin region. We therefore conclude
nucleolus was confirmed by co-localisation with the nucleolathat flplp-GFP leaves the nucleolar region early in mitosis.
marker fibrillarin (nopl; Aris and Blobel, 1991; Henriquez etThis is in contrast to the result observed wihcerevisiae
al., 1990; Potashkin et al., 1990) (Fig. 4C), while localisatiorCdc14p, which appears to leave the nucleolus only at the end
to the SPB was confirmed by staining with antibodies againstf mitosis (Shou et al., 1999).
sadlp (Fig. 4D) (Hagan and Yanagida, 1995). Treatment of exponentially growinfip1-GFP cells with

In early mitotic cells, flplp-GFP was observed on both_atrunculin A resulted in the appearance of centrally located
spindle pole bodies (Fig. 4Ab), along the mitotic spindle (Figflplp-GFP dots in mitotic cells (Fig. 4G1,2). Interphase
4Ac,d,e), and in the medial ring (Fig. 4Ad,e). In some cellslocalisation to the spindle pole body and nucleolus was
the staining was continuous along the short spindle (Fig. 4Adynaffected (Fig. 4G1i, 3). Staining of fixdthl::kanMX6
while in others it was discontinuous (Fig. 4Ae). The reason fonda3-KM311cells that had been arrested by incubation at
this difference is presently unclear. In early mitotic cells, thel9°C, indicated that, in early mitosis, flplp-GFP co-localised
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A sid2-250 flp1A

sid2-250

Fig. 6. Genetic interactions between the
SIN andflpl. (A) Cells were grown in YE C
medium at 25°C and shifted to 36°C for 5
hours, fixed and stained with DAPI and
Calcofluor. (B) Cells were grown at 29°C,
then shifted for 8 hours to 25°C or for 5
hours to 36°C, before fixation and staining
with DAPI and Calcofluor.
(C,D)flpl::kanMX6 leul-3andleul-32

(WT) strains were transformed to leucine D
prototrophy with pPREP3pg1(C) or
pREP41byr4 (D). Expression of the

genes was induced for 18 hours at 25°C,
then cells were fixed and stained with

DAPI and Calcofluor.

byr4 OP

with the F-actin ring (Fig. 4E), and was dispersed throughoul., 2000; Sparks et al., 1999). Nucleolar and spindle pole body
the nucleus (Fig. 4F). localisation were unaffected. Tip1l-GFPallele was crossed

In late anaphase cells, flplp-GFP remained associated with haploid SIN null strains in which the deletion is rescued by
both poles of the mitotic spindle, although the signals werée presence of an episomal plasmid. Spores were germinated
weaker than in early mitotic cells (Fig. 4Af, and the medialat 25°C selecting for the null allele and flpe-GFPallele (see
ring (Fig. 4Af, 4Ag). The spindle staining became concentrateMaterials and Methods). The flplp-GFP structures present in
in the spindle mid-zone (Fig. 4Ag). During septum synthesisnultinucleated cells were examined. Interphase nucleolar and
flplp-GFP was seen in the contractile ring at the leading edgpindle pole body staining were observed in germinatituy
of the division septum, the spindle pole bodies, and thaull (Fig. 5A1),cdc14null (Fig. 5B2) andspglnull (Fig. 5C3)
nucleolus (Fig. 4Ah). Upon completion of the division septumspores. Likewise, all three mutants showed spindle
(which is coincident with late &S-phase in terms of the (Fig. 5A2,B1,C1,2) and medial ring (Fig. 5A2,5B1,5C1)
nuclear cycle), flplp-GFP was observed uniquely on thstaining although, in thepglnull cells, the rings appeared less
spindle pole body and in the nucleolus, as was the case in latell defined that those seenddc7null cells. Note that some

interphase cells (Fig. 4Ai). SIN mutants do not always form multiple medial rings in
o _ _ the later nuclear cycles after shift (see for example,

Activation of the SIN is not required for flp1p-GFP Balasubramanian et al., 1998; Schmidt et al., 1997), explaining

relocalisation during mitosis why in some cases only a single ring is seen. Similar results

Previous studies have demonstrated th&®, icerevisiagMEN were obtained using thermosensitive allelesid2 and sidl
function is required for Cdcl14p to leave the nucleolus at théhat die at 29°C (not shown). We therefore conclude that SIN
end of mitosis (Shirayama et al., 1999; Shou et al., 199%ignalling is not required for the changes in subcellular
Visintin et al., 1999). To test whether SIN function is requiredocalisation of flplp-GFP.

for the cell cycle relocalisations described aboveflfieGFP o ) o )

allele was introduced into SIN null allele backgrounds. The usactivation of SIN signalling is required for flp1p-

of heat-sensitive SIN mutants was precluded because ti&FP relocalisation to the nucleolus at the end of

spindle and medial ring staining of flp1p was found to be labilénItosis

in cells fixed at high temperatures (>32°C), as has beehhe effect of deregulation of SIN signalling upon flplp-GFP
described previously for some other SIN proteins (Salimova ébcalisation was also examined. Inactivation of cdc16p, which
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Fig. 7.flplp function is not required for the accumulation or degradation of either rum1p pr cdc13p, or the dephosphorylatioin &;ste9p
(A,B,C) cdc25-220r cdc25-22 flpl::kanMX@ells were synchronised by arrest-release, and protein samples were prepared at the indicated
times. Western blots were probed with antiserum recognising rumlp, cdc18g@mndin. (A) Western blot for rum1p, cdc13p amdubulin.
Asn indicates asynchronous population. (B) Samples were removed at intervals, and cells were fixed, and stained with Déd?luand Ca
The graphs show the mitotic index and septation index at the indicated times after releaseddo@bt22arrest. (C) Exponentially growing
cdc13-mycl3andcdcl3-mycl3c flpl::kanMXe&ells were fixed and indirect immunofluorescence was used to detect cdc13p (mAb 9E10,
followed by CY3-conjugated goat anti-mouse serum), in mitotic cells and septating cells. Note that cdc13p is destroygearsiwihp
similar kinetics in the two strains. (D,Edic10-12%ndcdc10-129 flp1l::kanMX6ells were grown at 25°C to mid-exponential phase in
minimal medium and were shifted to 36°C for 4 hours to block the cellg, ian@ then returned to 25°C by rapid agitation in an ice-water
bath. Samples were taken at the indicated times, and the ste9p phosphorylation level was examined by western blottites (#r8amp
removed from the each culture at the indicated times, and the percentageet$ @ each culture was determined by FACS analysis. The
asterisk in D indicates the position of the loading contralbulin, which was detected using TAT-1.

is part of the GTPase activating protein (GAP) for spglp (Furg2000). The double mutarsid2-1 cdcl6::ura4 is viable at

et al., 1998) results in multiple rounds of septum formatior25°C, although some errors of septum formation still occur

without cell cleavage (Minet et al., 1979). In germinating(Fournier et al., 2001). Normal interphase (Fig. 5E1-4), and

cdcl6 null spores, type Il cells showed an interphase-likemitotic (Fig. 5E5) distribution of flplp-GFP was observed,

localisation of flplp-GFP (Fig. 5D5). By contrast, type | cellsalthough occasional aggregates of the protein were also seen

showed no discrete localisation of flplp-GFP (Fig. 5D1-4)(Fig. 5E2, arrows). A normal interphase distribution of flp1p-

Occasionally, one or more of the cell compartments containedFP was also seen in cells that had formed a second division

what appeared to be aggregates of flplp-GFP (Fig. 5D3gptum (Fig. 5E1,2) indicating that the presence of a additional

arrows). septa does ngger seinhibit flplp-GFP localisation in a SIN-
Since type | cells have entered mitosis, whereas type Il celladependent manner. Together, these data are consistent with

have not (see Introduction), one explanation for these datae hypothesis that SIN signalling must be inactivated or

could be that once cells have entered mitosis, SIN signallingttenuated for flplp-GFP to return to the nucleolus after

must be attenuated for flplp-GFP to return to the interphaseptation is completed.

configuration once septation has been completed. To test this )

hypothesis, the localisation of flp1p-GFP was examined in cellgenetic interactions of  flp1 with the SIN

where the lethality of acdcl6 null allele is rescued by In S. cerevisiaeCdcl4p is thought to be the essential target of

attenuation of the SIN (Fournier et al., 2001; Salimova et althe MEN (Jaspersen et al., 1998; Visintin et al., 1999). To
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Fig. 8.Increased expression fyp1* arrests cells in &

A single copy of thélp1* gene was integrated at the
leullocus of wild-type cells. Expression ff1* was
induced by incubation in medium without thiamine at
25°C. Samples were removed at intervals, processed
for FACS analysis, and fixed and stained with
Calcofluor and DAPI. (A) Uninduced control cells
(top), cells 20 hours after induction (bottom).

(B) FACS analysis of uninduced (top) and induced
(bottom) cells. The position of they@eak was
established by incubating cells in 12 mM hydroxyurea
(HU) for 3 hours~N are cells grown in medium
lacking a nitrogen source. (®ul-32cells were
transformed to leucine prototrophy with a REP3

uninduced induced

induced

plasmid expressing flp1p(C286S). Expression was D E REP3-

induced for 24 hours at 25°C, cells were fixed, and 12h 14h 16h 18h 20h REP3 flp1

stained with DAPI and Calcofluor. (I§ul-32cells . do25-HiA
were transformed to leucine prototrophy with a cdc13 «« «u ww # M uninduced — | J2ons T
pREP3flp1*. Expression was inducedT) and .

samples were removed at the indicated times W e e, ws i induced

thereafter. Protein extracts were prepared and western . a-tubulin
blots probed for the indicated antigens. For cdc25p, cdc25B 1 % ¢ ®= uninduced - TATH

the two arrows indicate the position of the upper h z .

(hyper-phosphorylated) and lower bands. A portion of By &% == == induced

culture resuspended in medium containing thiamine b 2D b e 409 .

served as a control. (lBul-32 cdc25-Hé4was rumi A - * &= uninduced

transformed with either pREP3 or pREfE and [ - s wwm s «= induced

expression was induced for 20 hours at 25°C. Protein ' .

samples were prepared and a western blot was probed tubulin & @&» @& &% @ uninduced

with 12CA5. The samples were run in adjacent lanes, B o \

on the same gel. -e -‘ induced

investigate whether there were any interactions betvlpé&n Increased expression of tBe cerevisiae CDCldan rescue

and the SIN, double mutants @ipl::kanMX6 with heat- some of the MEN mutants (Jaspersen et al., 1998; Visintin et

sensitive SIN mutants were constructed by tetrad dissection.dt., 1999). By contrast, increased expression offlfiegene
was found that the double mutafifsl::kanMX6 cdc7-24and  from a multicopy plasmid did not rescue any of the heat-

flpl::kanMX6 mobl-R4were inviable at 25°C. A strong
reduction of restrictive temperature was noted for other doub!-

mutant combinations (see Table 1). In most cases, the dout Table 1. Effect of restrictive temperature onS. cerevisiae

mutants already showed a significant septation defect at tl

mutants

permissive temperature: the example of the muta&-250  Mutant

Effect upon restrictive temperature

flpl::(kanMX6is shown in Fig. 6A. In addition, at 36°C, the ¢4c7.54 fip1-kanMx6
double mutants accumulated more nuclei than the single Slcdc11-136 flp1:kanMX6
mutant, and the nuclear cycles were no longer synchronisecdc14-118 flpl::kanMX6
(Fig. 6A). The exception to this among the SIN mutantsSP9l;B8 flpl:kanMXx6
was the double mutarflpl::kanMX6 sid1-239 which did z:g;;gggggiggﬂmg
not display any additive effects. Interestingly, manysjga-sa1 fipl:kanMx6
multinucleated, non-septated cells were observed when tlmobl-R4 flp1l:kanMX6
double mutantdc16-116 flpl::kanMX6&vas grown at 25°C. ¢dcl6-116 fipl:kanMX6
This defect was alleviated partially at 29°C, and at 36°C cellsteg,,urM fip1::kanMX6
showed the multiseptated phenotype characteristic of cdcl,,m1:.yras* fip1:kanMx6
116 (Fig. 6B). No additive effects were observed when doublcdc15-140 flpl::kanMX6
mutants offlpl::kanMX6with a number of mutants defective rng2-D5 fipl: kanMX6
in medial ring assembly or function were analysed (Table 1)¢dc4-8 fipl:kanMX6

Synthetically lethal at 25°C

Reduced restrictive temperature

Reduced restrictive temperature

Strongly reduced restrictive temperature

No additive effect

Strongly reduced restrictive temperature

Reduced restrictive temperature

Synthetically lethal at 25°C

Elongated at 25°C, normal at 29°C,
multiseptate at 36°C

No additive effect

No additive effect

No additive effect

No additive effect

No additive effect
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sensitive SIN mutants testecd¢7-24 cdc11-136cdcl14-118  1995; Schmidt et al., 1997). Expression of eithkrl (not
spgl-B8 sid1-239 sid2-25Q sid4-SA1 mobl-R4and cdcl16-  shown) orspgl (Fig. 6C) from the nmtl promoter induced
116), whether expressed at low (from its own promoter inseptation in flpl:kanMX6 cells. Likewise, increased
pDW232, or pREP3 non-induced), or high levels (pREP3expression of septation inhibitdsyr4 (Song et al., 1996)
induced) (data not shown). blocked septum formation iifpl::kanMX6cells, as it does in
Increased expression of some SIN genes can indueeild-type (Fig. 6D). Thus, we conclude that flplp is not an
septation independently of entry into mitosis (Ohkura et alessential effector of spgl-mediated signal transduction.
However, it was noted that increased expressiorsprfl
induced fewer multiseptated cells in #pl::kanMX6
uninduced induced background (Fig. 6C), suggesting that the efficiency of SIN
signalling was reduced in the absence of flplp function.

Flplp is not necessary for dephosphorylation of

ste9p in G 1, nor is it required for degradation, or

A accumulation of cdc13p or rumlp at the end of

10um mitosis

S. cerevisia€Cdcl14p promotes degradation of B-type cyclins
at the end of mitosis, and also favours accumulation 6¥940
(Visintin et al.,, 1998). The effects dfpl::kanMX6 upon
degradation of the B-type cyclin cdc13p and accumulation of
rumlp were investigated by arrest-releasecaé25-22and
cdc25-22 flpl::kanMXe6strains, extraction of proteins, and
western blotting. Western blotting with antisera recognising
either cdcl13p or rumlp indicated that both proteins
accumulated and were then degraded in fth&::kanMX6

weel-6

cdc25A
weel-6

B background with similar timing to that seenflipl* cells (Fig.
4 ) 7A). The kinetics of release from ttoelc25-22block were
8 wikdtype o similar in theflp1* andflpl::kanMX6backgrounds (Fig. 7B).
3 “;mx::]:gcdczsa — The timing of disappearance of cdc13p-mycl3 was also
.’ X examined in exponentially growinfipl* and flpl::kanMX6
o _— cells. Fixed cells were stained with 9E10 and the fluorescence
2 e X due to cdc13p compared in cells at similar stages in mitosis.
/" xx No significant differences were noted between fth#" and
P /ﬁ// I E———— flp1::kanMX6backgrounds (Fig. 7C). We conclude that flplp
o —H= activity is not required for accumulation or degradation of
e either cdc13p or rumlp. Consistent with this,fth&::kanMX6
1 cells are capable of mating.
, The APC/C accessory factor Cdhlp is thought to be
s s a0 a2 as e s 3,0t|me dephosphorylated by Cdcl4p at the end of mitosis, thereby

allowing it to associate with the APC/C to promote B-type
cyclin degradation (Jaspersen et al., 1999; Visintin et al., 1998).
The S. pombenomologue of Cdhlp, ste9p (Kitamura et al.,
1998; Yamaguchi et al., 1997), is also dephosphorylated and
activated in G (Blanco et al., 2000; Yamaguchi et al., 2000).
Cells were synchronised by arrest-release cfi@ Omutant,

and the phosphorylation state of ste9p was monitored by
western blotting. Ste9p was dephosphorylated normallyiin G
arrested cells, and then rephosphorylated upon S-phase entry
in both flp1* or flpl::kanMX6 backgrounds (Fig. 7D). The
kinetics of entry into S-phase following release of ¢del0-

129 block were similar in aflpl* and flpl::kanMX6

Fig. 9. Mitotic control mutants have altered sensitivity to increased background (Fig. 7E). We conclude that flplp is not

expression oflp1*. A single,nmt1promoter-controlled copy dip1*  responsible for dephosphorylation of ste9p in G
was introduced into thieullocus and crossed into the indicated

strain backgrounds. Expressionfipfl* was induced and cell number |ncreased expression of flp1 arrests cells in G 2

was determined at intervals thereafter. Cells were grown at 25°C. Strong expression . cerevisiae CDC1gromotes mitotic

(A) The effect of increaseftp 1t expression inweel-6and . . ; .
cdc25::ura4 weel-50Induced images were taken 26 hours exit, B-type cyclin degradation, accumulation of the CKI

(approximately 6 generations) after induction. (B) Cell number pACRcd, and G arrest (Visintin et al., 1998). Increased
increase after induction @p1+. Cell numbers are expressed in expression 086. pombe flpfrom the thiamine-regulateumt1
arbitrary units. Cell numbers at 16 hours were approximatélynt0  promoter produced elongated cells with a single nucleus (Fig.
1 (C,D) Induction oflp1* in dominant activated alleles ofic2 8A). FACS analysis indicated that cells arrested
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Mitotic control mutants prevent cell cycle arrest in
A response to increased expression of  flp1*

25‘0 The effects of increaseftbl expression were studied in the
" _ mutants weel-6 (which divide at a reduced size at all
temperatures (Fantes, 1981) anit25::ura4 weel-6(which
lacks the normal size control over entry into mitosis (Sveiczer
et al., 1999). Both strains continued dividing at times following
induction offlp1* expression when wild-type cells had arrested
(Fig. 9A,B). This demonstrates that the &trest following
increased expression of flplp requires the mitotic inhibitor
weelp.

The effect of increasefiplt expression in the presence of
activated alleles otdc2 was also investigated. The mutant
cdc2-1wis less responsive thac2' to inhibition by weelp,
but still requires cdc25p for activation (Fantes, 1983; Russell
and Nurse, 1987b). Increased expressiofipdf in cdc2-1w
resulted in some cell elongation, but septated, dividing cells
were still present, indicating that, as in tiee1-6background,
the cell cycle arrest was relieved. Moreover, anucleate
compartments and cut nuclei were observed, indicating a loss
of proper co-ordination between mitosis and septum formation
(Fig. 9C). The mutantdc2-3wis independent of cdc25p for
activation, but still responds to inhibition by weelp (Russell
and Nurse, 1987b). In this background, increased expression
of flp1* arrested cell division. Approximately 50% of cells had
a single nucleus, while the remainder had two, whose
chromatin domains faced each other, indicating that these cells

Fig. 10.Genetic interactions betweép1::kanMX6and mitotic had completed mitosis without septating (Fig. 9D). Together,
control mutants. Cells of the indicated genotype were grown at 25°dhese data suggest that thea®rest due tdip1 overexpression

in YE and a part of the culture was shifted to 36°C for 5 hours. CelldS imposed predominantly through the mitosis regulators
were fixed and stained with DAPI and Calcofluor. cdc25p and weelp.

fip1A weel-6

Genetic interactions of  flp1::kanMX6 with mitotic

predominantly with 2C DNA content (Fig. 8B). Staining with control and other mutants
Rhodamine-conjugated Phalloidin indicated that F-actifThe genetic interactions @ip1l::kanMX6with elements of the
patches were located at the tips of the cell consistent withraitotic control system were also examined. Double mutants
G2 arrest (data not shown). Upon prolonged incubation, cellaith weel-6 cdc2-1w and cdc2-3wwere constructed. The
eventually entered mitosis and septated. Increased expressiontants weel-6 flpl::kanMX6cdc2-1w flpl::kanMX6and
of the mutant flp1p(C286S), in which the conserved cysteinedc2-3w flpl::kanMX6 showed strong additive effects.
that is known to be essential for activity 8f cerevisiae Multinucleate cells were frequently observed, indicating that
Cdcl4p (Taylor et al., 1997) is replaced by serine, did natells had failed to septate. In addition, enlarged nuclei and
produce a cell cycle arrest, indicating that the phosphataseiclei of different sizes in the same compartment were
activity of flplp is essential for cell cycle arrest (Fig. 8C).observed, suggesting that aberrant mitoses had occurred. These
Western blotting showed that the levels of the mitotic B-typghenotypes were more accentuated at 36°C than 25°C (Fig.
cyclin cdcl13p and the cdk-inhibitor rum1p did not changelOA,B,C). The mutantdc2-3wis defective in sensing the
significantly in the arrested cells (Fig. 8D), indicating that thecompletion of DNA replication (Enoch and Nurse, 1990).
arrest does not result from degradation of B-type cyclins oincubation ofcdc2-3w flpl::kanMX@n medium containing
stabilisation of rumlp. The mitotic inducer cdc25p washydroxyurea produced ‘cut’ phenotypes at both 25°C and
shifted to a faster-migrating form (Fig. 8D). This was36°C, indicating that thdlpl::kanMX6 mutation does not
confirmed by expressinfjpl in a strain carrying a myc- restore the DNA replication completion checkpoint function.
tagged cdc25p (Fig. 8E), and suggesting that ther@st Consistent with thisflpl::kanMX6cells arrested normally in
might be mediated in part through the mitotic regulatorythe presence of hydroxyurea, indicating that the DNA
system. replication completion checkpoint is functional (data not
A cell cycle block was also imposed by increased expressiashown). No additive effects were noted in the double mutants
of flpl in ruml:urad4", ste9:ura4 and ruml:ura4® ruml:urad" flpl::kanMX6 and ste9::ura4 flpl::kanMX6
ste9::ura4 mutants, indicating that neither ste9p nor rumlp igTable 1; data not shown).
necessary for the cell cycle arrest induced by increased ) ) o
expression of flplp. Expression 1 in rad3", chkl, and  FIP1p is required for the nuclear division delay
rad24A backgrounds also blocked cell division, suggesting thafmPosed by the  S. pombe morphology checkpoint
the G arrest does not result from ectopic activation of the DNADefects in septum construction can trigger a checkpoint that
structure checkpoint (data not shown). delays the resumption of tip-growth, and disassembly of the
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S. pombeorthologue of theS. cerevisiae CDC14ene.
Although flpl has some features in common with Bs
cerevisiaecounterpart, its role in cell cycle control seems to be
significantly different.

Why is flplp function not essential ? At the time of writing,
while the sequence of the fission yeast genome remains
incomplete (though only about 50 gene’s-worth of DNA
remains to be sequenced), it is not possible to exclude formally
that there is a second flplp-like protein in fission yeast, with
which flplp is functionally redundant. Nonetheless, database
searches do not identify any other closely related protein, and
Southern blotting has not identified any closely related
sequences.

cps1-N12 flp1A Both proteins are nucleolar-located in interphase, from
where they are released during mitosis. However, while release
C of S. cerevisiaeCdcl4p from the nucleolus requires MEN
percentage function, the data presented in this paper indicate clearly that
SIN function is not required to effect flplp release from the
807 B cpsi1-N12 nucleolus inS. pombeln budding yeast, Cdcl14p is tethered in
the nucleolus by attachment to Netlp, which is a component
so- = eps1-N12 flp1::kanMX6 of the RENT complex (Shou et al., 1999; Straight et al., 1999;

Visintin et al., 1999). Database searches have failed to identify
a Netlp orthologue 5. pombeo date. In this context, it is
40 noteworthy that the closeSt pombé&omologue of Sir2p (ORF
SPBC16d10.07), which is another member of the RENT
complex inS. cerevisiagis also located in the nucleolus (M.
20 Cockell, V.S. and S. Gasser, unpublished).

What is the signal for release of flplp from the nucleolus?
Flplp is phosphorylated during mitosis, at the time when it is

0 - ' f ‘ ' associated with the medial ring, the mitotic spindle, and is
1 nucleus 2 nuclei 2 nuclei Septated found throughout the nucleus. It is tempting to speculate that
cells the phosphorylation is the trigger for the relocalisation of flp1p.

Fig. 11 fin1* functions in thes b hol hecknoint It is notewo_rthy that there are two cdc2p consensus sites
C'g' MIpL7 functions in thes. pombenorphology checkpoint. (SITPXK/R) in flplp. However, these are not conserved in the
ells of the indicated genotype were grown at 25°C in YE, then Cdcl4 thol f h . Th | f
shifted for 5 hours to 36°C before fixation. (A,B) DAPI and clap —orthologues from OIner - Species. e role o
Calcofluor staining of cells 5 hours after shift to 36°C. (C) The phosphorylation in the regulation of flplp will be the subject
percentage of cells with one, two or more than two nuclei. Cells wer€f future studies.
scored as 2 or >2 nuclei, whether they were septated or not, as long In'S. pombereturn of flplp to the nucleolus at the end of
as there was no sign of cleavage of the septum. mitosis requires inactivation or attenuation of the SIN. It is
possible that inactivation of SIN signalling marks the
successful completion of a division septum and that. while
medial F-actin ring. This delay requires both weelp and SIM is active, it ensures that the flplp remains available to
function (Le Goff et al., 1999b; Liu et al., 2000). Since thedephosphorylate a substrate that is important to permit
flpl::kanMX6 allele showed strong genetic interactions withseptation and/or cell cleavage. It is unlikely that initiation of
the SIN and mitotic control genes, the effect upon th@NA synthesis is the trigger for nucleolar localisation of flplp
morphology checkpoint was examined by constructing that the end of mitosis, since @lc16-116mutant undergoes
double mutantps1-N12 flpl::kanMX6Thecpsl-N12mutant  DNA synthesis at the non-permissive temperature (Minet et al.,
is defective inB-glucan synthase function (Le Goff et al., 1979).
1999b). After shift to 36°C, more than 70% of cells arrest
binucleate, with or without a division septum, having activated?0es flplp play a role in controlling the onset of
the morphology checkpoint (Fig. 11A,C). By contrast,Mitosis ?
although the aberrant septa were not cleaved, the doub@lls lacking flplp function are advanced into mitosis,
mutantcps1-N12 flpl::kanMX®ecame elongated, and many suggesting that flp1p is an inhibitor of mitosis. Consistent with
cells underwent a second round of nuclear division during thehis, increased expression fp1* arrests cells in & in a
incubation period (Fig. 11B,C). We conclude that flplpweelp-dependent manner. In the arrested cells, cdc25p is in a
function is required for th&. pombemorphology checkpoint. rapidly migrating, dephosphorylated form. Since cdc25p is
activated by phosphorylation during mitosis (Creanor and
Mitchison, 1996; Ducommun et al., 1990; Moreno et al., 1990),
DISCUSSION it is possible that this contributes significantly to thea@est.
The fact thaflpl overexpression still marrests the cell cycle in
In this paper we have presented the characterisatitpilpthe  a cdc25p-independent manner in tae2-3wmutant, suggests
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that it also acts upon either weelp, or one of its regulators, suehhanced septation defects shownflpg::kanMX6in weel

as nimlp (Russell and Nurse, 1987a; Wu and Russell, 1993ndcdc2wbackgrounds.

niflp (Wu and Russell, 1997), or cdr2p (Breeding et al., 1998; ) .

Kanoh and Russell, 1998) to delay mitotic entry. In thisWhatis the role of fplp in the morphology

context, it is noteworthy that cdr2p has been implicated igheckpoint?

regulating septum formation, although at which level is nofThe involvement of flplp in theS. pombemorphology

clear (Breeding et al., 1998). checkpoint could be at several levels. One possibility is that it
In S. pombgboth cdc25p and weelp are nuclear proteinss an essential effector of the checkpoint, and that its activation

found predominantly, although not exclusively, in the DAPI-(or release from the nucleolus) is required to delay the next

staining region of the nucleus (Aligue et al., 1997; Wu et al.¢cycle of nuclear division, and the resumption of tip-growth.

1996; Zeng and Piwnica-Worms, 1999). It is also noteworthylternatively, since the morphology checkpoint requires both

that some flplp-GFP is observed in the non-nucleolar part efeelp and SIN signalling for its activity, it is possible that the

the nucleus. It is therefore possible that during interphaséqilure of the checkpoint results from reduced SIN signalling

cdc25p and weelp phosphorylation states are modulated bytheflpl::kanMX6cells.

flolp to maintain them in an inactive and active state, ] ]

respectively. Whether this is direct or indirect remains to b&Vhat are the physiological substrates of flp1p?

determined. Thus, although flp1p function is not essential foDur studies suggest that elements of the mitotic control system

entry into (or exit from) mitosis, flplp may play a ‘fine-tuning’ (or their upstream regulators) may be targets of flplp. Flplp is

role in regulating entry into mitosis. The fact that flp1 functionalso located on the spindle pole body, mitotic spindle and the

is not essential either for mitotic onset or completion may beontractile ring. It is known that many regulators of mitosis and

due to the presence of multiple control systems, which caseptum formation, are located on the spindle pole body (Alfa

compensate for each other. et al., 1990; Bahler et al., 1998a; Cerutti and Simanis, 1999;
o ) Chang and Gould, 2000; Eng et al., 1998; Guertin et al., 2000;

How does flp1p function in controlling the onset of Hou et al., 2000; Mulvihill et al., 1999; Sohrmann et al., 1998;

septation? Sparks et al., 1999), so these may be among the targets of flp1p.

It has been suggested tlsatcerevisia€€dcl14p is the essential The diversity of phenotypes associated with loss of flplp
effector of the MEN. By contrast, flplp is not an essentiafunction may reflect the fact that it has more than one important
effector of SIN signalling. Nonetheless, SIN mutants thasubstrate, and so its absence may reduce the fidelity, or
appear wild-type at 25°C infp1* background show a strong efficiency, of several processes. Identification of the substrates
septation phenotype in the absence of flplp function. It iand anchors of flplp on the mitotic spindle, the contractile ring
therefore possible that one of the roles of flplp is to potentiatnd the nucleolus will be the subject of future studies.

SIN signalling, for example, by activating one or more

elements of the network. Two observations are consistent with We thank Elena Cano for technical assistance, and Moira Cockell
this: first, flpl::kanMX6 cells show defects in septation @nd Andrea Krapp for helpful comments about the paper. V.S.
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