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Swmlp subunit of the APC/cyclosome is required for
activation of the daughter-specific gene expression
program mediated by Ace2p during growth at high
temperature in Saccharomyces cerevisiae
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Summary

SWM1was originally identified for its role in the late steps
of the sporulation process, being required for spore wall
assembly. This protein, recently identified as one of the core
subunits of the anaphase-promoting complex (APC) is also
required to complete cell separation in vegetative cells
during growth at high temperature. Mutants lacking
SWM1 show a thermosensitive growth defect that is
suppressed by osmotic support in the culture medium. At
the restrictive temperature, swml mutants are unable to
complete separation, forming chains of cells that remain
associated and, with prolonged incubation times, the
stability of the cell wall is compromised, resulting in cell

SCW11 DSE1 and DSE2). Interestingly, these genes are
specifically regulated by the transcription factor Ace2p,
suggesting that Swm1p is required for normal expression
of Ace2p-dependent genes during growth at high
temperatures. Although no defect in Ace2p localization can
be observed at 28°C, this transcription factor is unable to
enter the nucleus of the daughter cell during growth at
38°C. Under these growth conditionsswm1cells undergo
a delay in exit from mitosis, as determined by analysis of
Clb2p degradation and Cdc28p-Clb2p kinase assays, and
this could be the reason for the cytoplasmic localization of
Ace2p.

lysis. This separation defect is due to a reduction in
expression of CTS1 (the gene encoding chitinase) and a

group of genes involved in cell separation (such &NG1, Key words: Cytokinesis, APC, Cell separation, Chitinase, Ace2p

Introduction In the budding yeasSB. cerevisiaga signalling cascade
Cell growth and morphogenesis is a complex process that kgown as the mitotic exit network (MEN) controls exit from
controlled by intricate signalling pathways and is tightly linkedmitosis and ensures that this transition occurs only after sister-
to the cell cycle. It has been extensively studied irchromatid separation has been initiated and the genetic
Saccharomyces cerevisigéor a review, see Madden and material has been segregated between the mother and the
Snyder, 1998) and involves several different processes the@aughter cell. Cytokinesis in budding yeast is analogous to that
need to be perfectly coordinated in time and space to @ animal cells and involves actomyosin ring contraction and
successfully completed, such as specific programs of gesgnthesis of the division septum at the mother-daughter
transcription (Cho et al., 1998; Spellman et al., 1998), selectigbnction as an extension of the vegetative cell wall, which
of the new bud site (Chant, 1999), transport of new material taltimately needs to be cleaved to allow the two cells to become
growth sites, or cell wall synthesis (Smits et al., 1999; Smitévo independent entities. The MEN is composed of highly
et al., 2001). Many of these processes involve cytoskeletatonserved proteins that include the protein kinases Cdc5p,
reorganization (Pruyne and Bretscher, 2000). To ensure th@dcl5p, Dbf2p and Dbf20p, the phosphatase Cdcl4p, the
each daughter cell receives only one copy of eackTPase Temlp and its GEF Ltelp, and Moblp, a protein that
chromosome, exit from mitosis and cytokinesis must not occusinds Dbf2p and Dbf20p (for a review, see Bardin and Amon,
before chromosome segregation has been completed. Thus, ##®1; McCollum and Gould, 2001). This regulatory network
onset of cytokinesis (which involves actomyosin ringis required for inactivation of mitotic cyclins by ubiquitin-
contraction and delivery of new plasma membrane to adependent proteolysis. A ubiquitin ligase, the anaphase-
ingressing division furrow) only occurs after the completion ofpromoting complex (APC) or cyclosome, together with a
previous events in the cell cycle, owing to the presence dfpecificity factor, ubiquitinates mitotic cyclins and targets them
control mechanisms. for degradation by the 26S proteasome (reviewed in Harper et
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al., 2002; Peters, 2002; Zachariae and Nasmyth, 1999). Thesis. Their transcription is cell-cycle regulated and depends on
dual-specificity phosphatase Cdcl4p is essential for thehe protein encoded YCE2 This transcription factor is very
inactivation of mitotic cyclins and acts through two differentsimilar to Swi5p but, in spite of their similar DNA binding
mechanisms. First, it dephosphorylates the APC specificityequences, each of them regulates the expression of specific
factor Cdhlp/Hctlp, promoting its association with the APCarget genes. For example, Swi5p controls the expression of the
and the consequent activation of this complex. Second, genes encoding HO endonuclease (Dohrmann et al., 1992),
dephosphorylates the Siclp inhibitor, which also contributesyclins Pcl2p and Pcl9p (Aerne et al., 1998) and the cell wall
to inactivation of mitotic cyclin-dependent kinases protein Pirlp (Doolin et al., 2001), whereas Ace2p regulates
(CDKs) (Jaspersen et al, 1999; Visintin et al.,, 1998)the expression ofCTS1 ENG1l SCW1]1 DSE1 and DSE2
In addition, Cdcl4p upregulates transcription $iC1 by  (Baladron et al.,, 2002; Dohrmann et al., 1992; Doolin et al.,
dephosphorylating the transcription factor Swi5p, which2001). There is also a third group of genes, whose expression
promotes its translocation to the nucleus (Knapp et al., 199& dependent on both transcription factors, includa@T2
Moll et al., 1991; Visintin et al., 1998). The MEN also controlsSIC1, ASH1andRMEZ1 (Doolin et al., 2001).
the onset of cytokinesis, because actomyosin ring contraction In this report, we present evidence that Swmlp, recently
and septum deposition do not occur when MEN function isdentified as one of the subunits of the APC/cyclosome
abrogated, even when progress from mitosisits @rtificially ~ complex (Hall et al., 2003; Passmore et al., 2003; Yoon et al.,
allowed by suppression of mitotic CDK activity (Lippincott et 2002), is important for cell separation and for maintaining cell
al., 2001; Luca et al., 2001). integrity during growth at high temperature (38°C). In addition,
Another two proteins also play an important role in thewe show thaswmlcells display a delay in Clb2p degradation
completion of cell separation: the protein Mob2p, which isand in the inactivation of CDK activity at the end of mitosis
closely related to Mob1p, and the protein kinase Cbk1p, whicturing growth at 38°C. The high CDK activity levels could
is similar to Dbf2p. Cbklp is a protein kinase of the Cot-account for the inability of the cells to accumulate Ace2p in
1/Orb6/Ndr/Warts family, whose members are importanthe nucleus of the daughter cell at the end of mitosis.
regulators of cell morphogenesis and proliferatic. Consequently, the cells fail to activate the daughter-specific
cerevisiae cbkA cells fail to degrade the septum separating thgene expression program regulated by Ace2p that is required
mother and daughter cells, which results in the formation dior cell separation.
chains of connected cells (Bidlingmaier et al., 2001; Racki et
al., 2000). These cells also display other defects in cell )
morphogenesis, such as round cells, random budding pattefM@terials and Methods
and abnormal mating projections. The cell separation defect dfast strains and growth conditions
cbklA cells is probably due to reduced activity of theTable 1 lists the yeast strains used in this study. Yeast cells were grown
transcription factor Ace2p, which is essential for thevegetatively in YEPD (1% yeast extract, 2% peptone, 2% glucose).
transcription of a group of genes expressed at thelM/GTransformant_s _carrying tljb_anMX4gene were selected on YEPD
transiton and whose products are required for septurplates containing geneticin (20pg mi) and transformants
degradation and cell separation (Bidlingmaier et al., 200 containing thehph selection marker on YEPD plates containing

) . X : ygromycin B (300ug mtY). Strains YPA24 (wt) and YPA207
Dohrmann et al., 1992; Doolin et al., 2001; Racki et al., 2000 swm1l::his@Gswml::hisG have been described previously (Ufano et

Ace2p exhibits Mob2- and Cbklp—dependgnt.Iocallzatlon t |., 1999). Strain SEP3 was derived from strain WOZLBC) by

the daughter cell nucleus at the end of mitosis, and controfgpjacing thesWM1gene with theswm1::kanMXZ&assette contained
daughter cell-specific transcription of genes that are necessafy plasmid pSU29. To construct the isogenic diploid strain LS61
for septum degradation (Colman-Lerner et al., 2001; Weiss ebntaining a deletion oACE2 strains W303-1A and131-20 were

al., 2002). Furthermore, the nuclear accumulation of Ace2p isansformed with a linear fragment containing #lte2::hphdeletion
cell-cycle regulated, because this protein associates with tleassette, and transformants were selected on YEPD plates containing
Cdc28 kinase, which presumably phosphorylates three Ser/TRygromycin B. After verifying the deletions by PCR, the haploid
residues, preventing its nuclear entry until late mitosis angirains were mated to generate the homozygous diploid strain LS61
early G (O’Conallain et al., 1999). In addition, MEN function (ace2::hph/ace2::hph A similar approach was used to construct the

is also required for Ace2p nuclear accumulation, because t gg!,eh mgéaegt_,hd'}?lglﬁ ussti:]amsst . ;ﬁzoingmzlég“ZGﬁZW%l,;ggg as
protein remains in the cytoplasm tdcl4-1 or mobl-77 recipiénes for trénspformation. 9

mutants (Weiss et al., 2002). , The ace2:hph deletion cassette was constructed using the
For a daughter cell to become separated from its mothagchnique described by Goldstein and McCusker (Goldstein and
specific enzymatic processes leading to partial degradation BfcCusker, 1999). Specific oligonucleotide primers were used to
the cell wall components at the mother-daughter junction aramplify two fragments: one containing theffanking region (-372
activated, such as chitinase (encodedCdys), an endo-1,3- to -5) and the other thé flanking region (401 bp downstream from
B-glucanase (encoded BNGJ) or the product of th€CW11  the stop codon). These fragments were fused by recombinant PCR to
gene (reviewed by Cabib et al., 2001). Chitinase partiall e hph cassette (Gold_steln and McCusker, 1999) and the.ampllfled
removes chitin, which is deposited in the cell wall between thdagment was used directly for gene replacement. Plasmid pSUSO0,
containing theCTS1coding region under the control of the strong

mother and daughter cells, forming the primary SeptumConstitutive promoter TPI, was constructed by PCR amplification

whereas Englp and Scwllp might be required for dissolutio the CTS1 coding region with specific oligonucleotides’-(5

of theB-qucan that composes the ;econdary septum (B_a'_adrQEbATGGCACTCCTTTACATc_g and 3-GTCGACTTAAAAGT-

et al., 2002; Kuranda and Robbins, 1991). TranscriptiongAATTGCTTTCC-3), which generateNca andSal sites at the ends,
regulation of these genes is important in order to avoi@nd cloning the resulting fragment between the same sites of plasmid
untimely gene expression, which will presumably result in celpYX112 (R&D Systems; http://www.rndsystems.com), which
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Table 1. Yeast strains used in this study

Strain Genotype Source

W303-1A MATa ura3 ade?2 leu?2 his3 trp1 canl (Ufano et al., 1999)
al131-20 MATa ura3 ade? leul canlcyh2 (Ufano et al., 1999)
YPA202 0131-20swm1l::hisG (Ufano et al., 1999)
YPA203 W303-1Aswml::hisG (Ufano et al., 1999)
W9317 W303-1ACLB2A (Schwab et al., 1997)
SEP3 W303-1ACLB2HA swm1::kanMX4 This work

YPA24 MATa/MATa ura3/ura3 ade2/ade2 leu2/+ his3/+ trpl/+ +/leul canl/canl +/cyh2  (Ufano et al., 1999)
YPA207 YPA24swm1::hisG/swml::hisG (Ufano et al., 1999)
TD28 MATa ura3-A52 inol cah F. del Rey

LS40 TD28swm1l::kanMX4 This work

contains the constitutive TPl promoter. The dominant al€l&2-1  washed and treated with 1% sodium metaperiodate for 15 minutes,

cloned in a yeast-shuttle vector has been described previously (Raskashed again and resuspended in 50 mM ammonium phosphate for

et al., 2000), and was kindly provided by C. Herbert (CNRS, Gif-Suranother 15 minutes. Fixed cells were embedded in agar, dehydrated

Yvette, France), whereas plasmids pACE2-YFP and pACE2-G128Ehrough a graded series of ethanol and then embedded in LR White

YFP (Colman-Lerner et al.,, 2001) were kindly provided by A.Resin (London Resin Company, London, UK). Thin sections were

Colman-Lerner (The Molecular Sciences Institute, Berkeley, CA). stained with uranyl acetate and Reynold’s lead citrate and examined
under a Zeiss EM900 electron microscope.

Gene expression analysis

Cells (1.%10°) were collected at different times after transfer to theNocodazole-induced cell cycle arrest

restrictive temperature (38°C) and total RNA was prepared using th@ultures were incubated with shaking in the presence of nocodazole
method described by Percival-Smith and Segall (Percival-Smith and5 mg mt1) for 2.5 hours, transferred to 38°C for 1.5 hours and
Segall, 1984). For northern blot analysigidbof RNA was denatured finally released from the nocodazole arrest at the restrictive
and transferred to Hybond membranes (Amersham Bioscienceemperature. Samples were collected for fluorescence-activated cell
http://www.apbiotech.com) using the manufacturer’s instructions. Theorting (FACS), western analysis or kinase assays at different time
DNA probes used to detect the different transcripts were internahtervals after the release.

fragments of the coding region of each gene amplified by PCR using

specific oligonucleotide pairs, except #&€T1 (the 1.7-kbBanHI- ) )

HindlIl fragment of plasmid pYactl) (Ng and Abelson, 1980). PCRProtein extract preparation

probes were as followSWM1 a 360 bp fragment from +38 to +398; Soluble protein extracts were prepared as described previously
CTS1 a 734 bp fragment from +41 to +7DRISEL a 914 bp fragment  (Moreno et al., 1991). Cells were collected, washed and broken in 30
from +505 to +1418DSE2 a 610 bp fragment from +50 to +659; ml of histone buffer using glass beads. The HB buffer contained 60
SCW11 a 646 bp fragment from +18 to +66BGT2 a 1010 bp  mM B-glycerophosphate, 15 mtnitrophenylphosphate, 25 mM 4-
fragment from +39 to +104&CE2 a 462 bp fragment from +19 to morpholinepropanesulfonic acid (pH 7.2), 15 mM MgCl5 mM
+480. EGTA, 1 mM dithiothreitol, 0.1 mM sodium orthovanadate, 1 mM

Whole-genome transcriptional analyses were carried out usinghenylmethylsulfonyl fluoride and 20g mi! each leupeptin and
Yeast GeneFilters Microarrays (Research Genetics; http://m@protinin. The glass beads were washed with 500 ml of histone buffer
invitrogen.com), with the conditions described by the manufactureand the supernatant was recovered. Protein concentrations were
Briefly, polyA" mRNA was prepared from wild-type ewmlmutant  measured using the BCA assay kit (Pierce; http://www.piercenet.
cells grown for 4 hours at 38°C using an mRNA purification kitcom). Protein extracts and immunoprecipitates were electrophoresed
(Amersham Biosciences) as specified by the manufacté#r.  using 10% or 8-16% gradient SDS-polyacrylamide gels.

Labeled cDNA probes were prepared and hybridized to DNA filters.

Membranes were scanned using a Molecular Imager FX System )

(BioRad; http://www.bio-rad.com) using a resolution of 5@ and  \Western-blot analysis

the resulting images were processed using Pathways softwaFer Western blots, 4(g total protein extracts from each sample was

(Research Genetics). blotted onto nitrocellulose and proteins were detected using anti-
haemagglutinin (HA) antibody (12CA5, 1:500; Roche; http://www.

) ) roche.com) or anti-Pgkl antibody (mouse monoclonal; Molecular
Microscopy techniques Probes; http://www.probes.com). Horseradish peroxidase-conjugated
For light microscopy, cells were fixed in ethanol and stained withanti-mouse antibodies and the ECL kit (Amersham Biosciences) were
DAPI (4',6-diamino-2-phenylindole) or Calcofluor, as previously used.
described (Pringle, 1991). Samples were viewed and photographed as
wet mounts using a Leica DMXRA microscope equipped for o
Nomarski optics and epifluorescence. Pictures were taken with Kinase activity assays
Photometrics Sensys CCD camera. Total p34DC28 protein kinase activity was assayed after

Samples were prepared for electron microscopy according to thenmunoprecipitation with 12CA5 antibody, using histone H1 (Roche)
protocol described by Wright and Rine (Wright and Rine, 1989). Iras substrate (Moreno et al., 1991). $3#8was immunoprecipitated
brief, cells from strains YPA24 and YPA207, which had beenfrom 0.8 mg soluble protein extracts with O of anti-HA
incubated for 8 hours at 38°C in YEPD or YEPD supplemented witlantibodies. Immunoprecipitates were incubated in a 0.1 mM ATP, 0.5
1 M sorbitol, were fixed directly by the addition of 0.1 volumes of amg mi-1 histone H1 and 2QCi mi-1[y-32P]ATP reaction mix at 30°C
10x fixation solution (10% glutaraldehyde, 2% methanol, 0.4 Mfor 30 minutes. Reactions were stopped witfihal Laemmli-SDS
potassium phosphate, pH 7) to the culture medium, pelleted and theample buffer and denatured for 5 minutes at 100°C. Samples were
incubated in fixation solution on ice for 30 minutes. Samples wereun on a 12% SDS-polyacrylamide gel. Phosphorylated histone H1
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was detected by autoradiography and quantified using a Fujifilfound when the strains were cultured in liquid medium at 38°C.
BAS1200 Phosphorimager. swmlcells ceased proliferation after 6-8 hours at the restrictive
temperature and, after prolonged incubation (12-16 hours or
more), the cells appeared non-refractiie under the light

Chitinase assays %l‘ricroscope, which suggests cell lysis (data not shown). The

Chitinase activity was assayed on culture supernatants and whole ¢ o - e .
using the protocol described previously (Kuranda and Robbins, 1991 ddition of 1 M sorbitol to the liquid cultures rescued the lysis

In brief, culture supernatants or whole cells were incubated for 1 ho efeqt of the mUtar,]t strain. These resu',ts squeSt th"?‘t’ In
at 30°C with 200 pM 4-methylumbelliferyl B-D-N,N',N"- addition to the prewously_descrlbed _functlon in spo_rulatlon,
triacetylchitotrioside (Sigma; http://www.sigma-aldrich.com) in 0.1 SWM1also plays a role during vegetative growth, sharing some
M sodium citrate buffer, pH 3.0, in a final volume of 080 The  phenotypes with mutants defective in cell wall construction.
reaction was stopped by the addition of 2.9 ml of 0.5 M glycine,

NaOH buffer (pH 10.4) and the 4-methylumbelliferone released was

measured with a fluorescence spectrophotometer (excitation at 38@orphological defects and altered chitin distribution at

nm, emission at 400 nm). One unit of activity was defined ashe restrictive temperature

nanomoles of 4-methylumbelliferone released per hour. To further characterize the effects of Swmip depletion during
vegetative growth, the morphology of mutant cells at different
times after transfer to the restrictive temperature was
Results examined. Microscopic inspection of cells grown at 28°C
swml mutants have a thermosensitive growth defect revealed no obvious differences between mutant and wild-type
We have previously reported tHa¥WMlexpression is induced cells. However, after 8 hours of incubation at the restrictive
during sporulation and that its product is required for spore celemperature, chains of connected cells were observed in
wall construction (Ufano et al., 1999). The fact that a basaliploid swmlcells that were absent in the isogenic wild-type
level of expression was also detected during vegetative growttirain grown under the same conditions (Fig. 2). The cells in
prompted us to analyse the phenotypes arising from thhe chains and branched chains were tightly bound (they could
absence of Swmilp during this part of the yeast life cycle.
Because the main defect fvmlspores is in the maturation
of the spore cell wall, the possible contribution of Swml1p tc
the construction of the vegetative cell wall was monitored b
growing the cells under conditions described to challenge tt
integrity of this structure. These include growth at high
temperature (38°C), growth in the presence of the cell-wall
disturbing agents Calcofluor white or Congo Red, or growtt
on plates containing low levels of caffeine, which has bee
shown to inhibit the growth of cells containing mutations in the
Pkclp/Slt2p  mitogen-activated-protein  kinase pathway
(Costigan et al., 1992; Posas et al., 1993). Growtewahl
mutants in YEPD medium containing caffeine or Congo Re«
was indistinguishable from the isogenic wild type, but deletior
of SWM1resulted in a weak sensitivity to Calcofluor white.
Interestingly,swmlmutants were unable to form colonies at
38°C, a defect that was suppressed by the addition of 1 |
sorbitol to the culture medium (Fig. 1). Similar results were

38°C

YEPD YEPD + S

swm1

swm1

Fig. 2. Microscopic appearance of wild-type aswimlmutant cells
during growth at 38°C. Diploid wild-type (YPA24) swmlmutant

Fig. 1. Growth of wild-type angwmlmutants. Growth of wild-type  (YPA207) cells were grown for 8 hours at the restrictive temperature
(YPA24) and mutant (YPA207) cells at 38°C in solid medium. Cells on YEPD medium, washed and stained with Calcofluor. Photographs
were streaked out onto YEPD or YEPD plates supplemented with 1of differential interference contrast microscopy or Calcofluor-stained
M sorbitol (YEPD +S) and incubated for 48 hours at 38°C. cells are shown. Arrowheads indicate the position of thickened septa.
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not be separated by sonication). DNA staining with DAPI AP
revealed that most of the cells contained a single nucleu [ .
indicating that there was no defect in nuclear division o
segregation in the mutant cells (data not shown). Thi
phenotype suggests a defect in the last stages of the cell cyc
either in cytokinesis or in completion of cell separation.

To distinguish between these two possibilities, cells wer
stained with Calcofluor white, a specific chitin-binding dye in
S. cerevisiaeln wild-type cells, chitin is primarily deposited
at the neck between the mother and the daughter cells and, a
cell separation, remains on the mother cell as circular rings (tt
‘bud scars’). A low level of chitin also accumulates throughou
the cell wall, which results in a dim Calcofluor-white staining
of the cell wall of the mother cell, whereas the daughter cell
stain more weakly (Fig. 2). Calcofluor-white staining revealec
that the chains presentsiwmlIcells after 8 hours of incubation
at the restrictive temperature showed an intense staining at t
neck region between mother and daughter cell, indicating th:
cytokinesis had been completed. In addition, the cells had ¢
aberrant chitin deposition, because this polymer was als
spread right across the surface of the cells. It has be¢
described that mutants with severe cell wall defects flesd.
or gaslmutants) or mutants with defects in polarized growth
(e.g.actl, cdc24or myod show a significant increase in chitin
synthesis and in some cell wall proteins as part of a cellul
response to ensure cell viability (Madden et al., 1992; Popol _ _ ) )
et al., 1997; Ram et al., 1998; Smits et al., 1999). Thereforf9: 3- Electron microscopic appearance of wild-type anth1 .
these results suggest that the depletion of Swmlp produchtam cells incubated for 12 hours at 38°C. (A,C) Wild-type strain

defects | ther-d ht I fi dalso | I "YPA24; (B,D-F)swmistrain YPA207. Cells grown in YEPD
etects in mother-daughter cell separation and aiso in ce W‘supplemented with 1 M sorbitol are shown at low magnification in

assembly during growth at high temperature. (A,B), whereas higher magnifications of the septal region are shown
in (C-F). The structure of the septum is clearly visible in wild-type

. cells, in which the chitin-rich primary septum (ps) is surrounded by
Abnormal ultrastructure of the septum In swml mutants the secondary septum (ss), composed mainly of glucans and

cells mannoproteins. The chitin ring (cr) synthesized by Chs3p is visible
To analyse the nature of the defects produced in the cell wadl both sides of the primary septum. In mutant cells (D-F), the same
by growth at 38°C in greater detail and to confirm thastructure is visible but the region corresponding to secondary septum
cytokinesis had been completed, wild-type and mutant cell$S) i thickened. Scale barsu (A,B), 0.5um (C-F).

were grown in sorbitol-containing medium for 8 hours and then

prepared for electron microscopy (Fig. 3). In wild-type cells, anutants, in which an extremely thick septum with an
normal structure of the cell wall was observed, in which ammorphous aspect is formed, although no primary septum is
inner layer (which often appeared as an electron-transpargntesent inchs2mutants (Shaw et al., 1991).

layer) was surrounded by an external, osmiophilic layer,

mainly corresponding to mannoproteins (Fig. 3A). Electron- ) N

microscopic examination afwmlcells revealed that the cell Cell separation defect caused by lack of chitinase

wall had a more-or-less-normal morphology, although thiell separation is a complex process that requires the
structure was thicker than in wild-type cells (Fig. 3B). Incontrolled action of hydrolytic enzymes to degrade the
addition, although a septum was presentsimml cells, components of the cell wall partially in the septum region
confirming that cytokinesis had been completed, the maifreviewed by Cabib et al., 1997). $& cerevisiaethe major
differences between mutant and wild-type cells were found imle in cell separation is performed by the chitinase encoded
this region, which separates mother and daughter cells. Wildyy CTS1 (Kuranda and Robbins, 1991), which specifically
type cells contain a normal three-layer structure in which thbydrolyses the chitin present in the primary septum. Its activity
primary septum (composed of chitin) is sandwiched betweecan be readily assayed in culture supernatants (in which the
two secondary septa composed mainly of glucans and mannaagivity accumulates) using a fluorogenic substrate. For this
(reviewed by Cabib et al., 2001). In these cells, the chitin ringeason, chitinase activity was measured in culture supernatants
was also observed as two electron-translucent regions locatedm wild-type and mutant cells at different times after transfer
at both ends of the neck (Fig. 3C). Mutant cells lacl8gM1  of the fresh cultures to 38°C. As can be seen in Fig. 4A, in
showed an extremely thick septum (Fig. 3D-F), although thevild-type cells, chitinase activity accumulated slowly as the
three-layer structure was still apparent, because the chitin ringcubation progressed (from 0 U to over 130 U after 10 hours),
and the primary septum could be observed, but the regiomhereas no such accumulation was detectesmimlcells.
corresponding to the secondary septum was thickened. Thigis result suggests that the defect in cell separation observed
morphology is reminiscent of the defects describedck®2  in cells lacking theSWM1gene at the restrictive temperature
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Fig. 4.(A) Chitinase activity in culture supernatants. Wild-type (YPA24, black circles) and mutant cells (YPA207, white circlesreells
grown overnight in YEPD medium at 28°C and then diluted into fresh YEPD medium that was transferred to 38°C. At the indlisated t
aliquots were taken, cells were removed by centrifugation and chitinase activity was measured using the fluorogenic substrate 4-
methylumbelliferyl-D-N,N',N" -triacetylchitotrioside. Activity is expressed in nmoles 4-methylumbelliferone (4-MU) released per minute and
per millilitre of culture. (B) Expression @TS1in wild-type and mutant cells. RNA was purified from wild-type (strain TD28)savid 1
(strain LS40) cells at the indicated times (hours) after transfer to 38°C. RNA blots were hybridized sequentially witivegdiabetled
probes foICTS1andACT1 (C) Analysis ofCTSImRNA stability. RNA was purified fromwmcells (strain LS40) transformed with vector
(left, swm2 or pSUS50 (rightswm+Prp-CTS) containing theCTS1ORF under the control of theP| promoter (Rpi-CTS1allele) at the
indicated times (hours) after transfer to 38°C. RNA blots were hybridized with radioactively labelled prabESTandACT1 Arrows
indicate the position of the transcript corresponding to the heterologous promoter (upper) or the chromosomal locus)(Ex@mgs$ion of
genes involved in cell separationswmZicells. RNA was purified from wild-type (strain TD28) aswimlcells (strain LS40) at the indicated
times (hours) after transfer to 38°C. RNA blots were hybridized sequentially with radioactively labelled praJeSfexSE1L DSE2
SCW11EGT2andACE2 TheACT1gene was used to test for equal RNA loading in all lanes.

might be due, among other reasons, to a reduction in chitinati@s construct were considerably higher than from the native

activity. gene and did not decrease when the cells were transferred to
In order to assess whether the defect in chitinase activity watevated temperatures. OverexpressiorCoS1under these

due to a transcriptional defect or to some post-transcriptionabnditions did not complement the cell separation defect

modification,CTS1expression was analysed by northern blotobserved irswmlcells. Taken together, these results indicate

after the cells had been transferred to 38°C. The results (Fithat Swm1p is required for the correct expression oOh81

4B) indicated that, in contrast to control cells, in which nogene during growth at 38°C and, consequently, for normal

significant variation was detecte@TS1expression irswml chitinase activity but that the separation defect is not only due

cells slowly decreased and almost disappeared after 2 hourstofa reduction in this enzymatic activity.

incubation at the restrictive temperature. To rule out the

possibility that the reduction IBTS1expression was due to a . ] )

defect in MRNA stability, theCTS1promoter was replaced Deleting SWM1 affects the expression of genes involved

with the constitutiveT Pl promoter, generating ther®-CTS1  in cell separation

allele. The resulting construct was introduced into mutant cellslother-daughter separation following cytokinesis is a complex

and northern-blot analysis was performed after transfer of therocess that requires the activity of t6&@S1gene product,

cells to the restrictive temperature. The results showed that tladthough other genes are also involved in this process. Apart

mRNA corresponding to the chromosom&@TS1 gene from chitinase, other enzymatic activities must be present at

disappeared after 2 hours of incubation at 38°C (Fig. 4C, lowe¢he mother-daughter junction to dissolve additional cell wall

band), whereas the mRNA corresponding to the-€TS1 components, and several known (Englp) or putative glucanases

construct (Fig. 4C, upper band) remained more or less constg@un4p/Scw3p and Scwl1lp) are also required for the process

during the experiment. The morphology of the cells carryindo be successfully completed (Baladrén et al., 2002; Cappellaro

the Rp-CTS1construct was also analysed by microscopicet al., 1998; Mouassite et al., 2000). To examine the nature of

inspection, because ti&T S1transcript levels produced from the separation defect sivmlmutants in more detail and to
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attempt to identify other genes whose expression might also lo@e of the genes whose expression was most compromised in
affected during growth at the restrictive temperature, thenutant cells during growth at the restrictive temperature.
transcriptional profiles of wild-type (TD28) assvmlmutant  Additionally, the expression of several other genes encoding
cells (LS40) were analysed. Cells were grown asynchronousbell-wall-related proteins was reducedswm1cells, such as

in YEPD medium at 38°C for 4 hours, and RNA was purifiedDSE2 (a gene that could be involved in mother-daughter
and used to compare the transcriptional patterns usingeparation), ENGYDSE4 (which encodes an endo-1,3-
microarray membranes (Tables 2, 3). Similar to the results @&glucanase involved in cell separation)RHK1 (a

the northern-blot analysiSCTS1 expression was markedly mannosyltransferase-encoding geneffidi2 andFIT3 (which
reduced irswm1cells (3.5- to 4.5-fold reductionf;TS1being  encodes two glycosylphosphatidylinositol cell-wall proteins

Table 2. Genes with a higher expression in wild-type cells (more than twofold)

Gene or ORFE WT/mut ratid Functiorf

CTS1 3.9 Endochitinase; cell separation.

DSE2 3.8 Protein involved in cell separation.

FIT2 3.6 GPI-CWP; facilitator of iron transport.

FIT3 3.0 GPI-CWP; facilitator of iron transport.

RNR2 3.0 Ribonucleotide reductase.

TIM54 2.8 Mitochondrial inner membrane protein.

HTA2 2.7 Histone H2A.

HTB2 2.6 Histone H2B.

SML1 25 Protein that negatively affects dNTP pools.

RNR4 2.4 Ribonucleotide reductase, small subunit.

CUP1 2.4 Metallothionein.

YMRO09w 2.4 None known.

YOLO14w 2.4 None known.

CPR6 2.3 Cyclophilin.

ENG1/DSE4 2.1 Endo-1,3-glucanase; involved in cell separation.
IMD4 2.1 Protein with similarity to inosine-Bnonophosphate dehydrogenase.
SCC3 2.1 Cyclophilin of the endoplasmic reticulum membrane.
SSAl 2.1 Cytoplasmic chaperone and heat shock protein of the HSP70 family.
SSA4 2.1 Protein chaperone of the HSP70 family.

SSA2 2.0 Cytoplasmic protein chaperone of the HSP70 family.
RHK1 2.0 Mannosyltransferase involvedNAglycosylation.

AHA1 2.0 Activator of heat-shock protein 90 ATPase.

30RF, open reading frame.
bThis is the mean of the normalized ratios of expression in the wild type and mutant strains (three independent experiments).
CAccording toSaccharomyce§enome Database.

Table 3. Genes with a higher expression iswmZ1cells (more than twofold)

Gene or ORF mut/WT ratic® Functiorf

PIR3 5.3 Cell wall protein of the PIR family.

YLRO042¢c 5.3 Putative glycosylphosphatidylinositol-anchored protein of unknown function.
SED1 4.0 Cell wall glycoprotein important for cell wall integrity and stress resistance.
GIC2 3.4 Effector of Cdc42p, important for bud emergence.

BNA4 3.1 Kynurenine 3-hydroxylase. Biosynthesis of nicotinic acid.

HXT4 3.0 Moderate- to low-affinity hexose transporter.

PRY2 2.8 Protein expressed under starvation conditions.

Svs1 2.7 Serine- and threonine-rich protein required for vanadate resistance.
COSs8 2.5 Member of the COS family of subtelomere-encoded proteins.

ASH1 2.4 GATA-type transcription factor required for pseudohyphal growth.

AFR1 2.4 Protein involved in morphogenesis of the mating projection.

MAL32 2.3 Maltase.

COS3 2.2 Member of the COS family of subtelomere-encoded proteins.

PST1 2.2 Glycosylphosphatidylinositol protein of the Sps2p-Ecm33p-Ycl048p family.
PIR1 2.1 Cell wall protein of the PIR family.

HXT3 2.1 Low-affinity hexose transporter.

TOS6 2.1 Probable cell wall protein; has weak similarity to Mid2p.

YGR146¢ 2.1 Protein of unknown function.

YRO2 2.1 Protein paralog of Mrh1p; has similarity to heat-shock protein Hsp30.
SuUL1 2.1 Sulphate permease.

YMRO57¢c 2.1 None known.

CLN3 2.0 G1/S-phase-specific cyclin.

CCW14 2.0 Mannoprotein from the cell wall.

30RF, open reading frame.
bThis is the mean of the normalized ratios of expression in the mutant and wild type strains (three independent experiments).
CAccording to SGD.




552 Journal of Cell Science 117 (4)

involved (GPI-CWPs) in iron transport) (Baladron et al., 2002pf overexpression ACE2was also analysed during growth at
Colman-Lerner et al., 2001; Protchenko et al., 2001). 38°C in order to test whether it could compensate some of the

Conversely, the expression of a group of genes encodirdgefects observed iswmlcells. We found that increasing the
glycosylphosphatidylinositol or protein with internal repeatscopy number of this transcription factor was not sufficient to
(PIR) cell wall proteins SED], PIR1, PIR3 PST1 CCW14 restore the ability of mother and daughter cells to separate, nor
TOS6or YLR042¢ was significantly elevated swmicells, as  to compensate for the cell lysis observed in mutant cells. Taken
was the expression @&VSlor PRY2 (whose products are together, these results indicated that Swmlp is required for the
located in the extracellular region). The increase in expressiaorrect expression, during growth at high temperature, of the
of this group of cell-wall-related genes could be part of thgroup of genes that are regulated by the transcription factor
response obwm1lcells to cell wall damage when they are Ace2p, and that this effect is not due to a transcriptional defect
transferred to 38°C, similar to what has been described faf ACE2
the fks1 mutant (Terashima et al., 2000). Additionally, the
expression ofGIC2 (a putative effector of Cdc42pASH1 ) )

(encoding a GATA-type transcription factor required forSwmlp is required for entrance of Ace2p to the nucleus
pseudohyphal growth) ar@LN3was also increased swm1  of the daughter cell
cells. Ace2p is a zinc-finger protein synthesized duringttat has
been shown to shuttle between the nucleus and cytoplasm in
_ ) mother and daughter cells (Jensen et al., 2000; O’Conallain et
Expression of Ace2p-regulated genes is decreased at al., 1999). During the M-to-Giransition, Ace2p accumulates
high temperature specifically in the daughter nucleus, where it activates a
The previous results suggested that the expression of sevedalughter-specific expression program that is required for cell
genes whose products are involved in cell separation (e.geparation, and this accumulation requires the function of the
CTS1 DSE2 and ENGJ) is reduced inswmlcells during Cbklp-Mob2p kinase complex (Colman-Lerner et al., 2001;
growth at 38°C. Interestingly, transcription of these three genaaleiss et al., 2002). To investigate the nature of the separation
is cell-cycle regulated, peaking during Ghase, and their defect thaswmlmutants show during growth at the restrictive
expression depends on Ace2p (Baladrén et al., 2002; Colmatemperature, the localization of Ace2p was analysed in wild-
Lerner et al., 2001; Doolin et al., 2001). In addition, it has beetype and mutant cells using a fusion protein between Ace2 and
shown that expression of two other gerfe€\(V11andDSE])  yellow fluorescent protein (YFP) that has been described to
also requires the transcription factor Ace2p, because Hocalize to the daughter nucleus during growth at 28°C
transcripts can be detecteddne2mutant strains (Doolin et (Colman-Lerner et al., 2001). A similar localization pattern
al.,, 2001). Because the data 8€CW1land DSElwere not was found during growth at 38°C (Fig. 5A). Ace2-YFP
clear in our membrane filters, northern blot analysis was usextcumulated in the nucleus of the daughter cell of large
to compare the expression of these genes between wild-typedded cells in both wild-type amtvmlmutant cells during
and mutant cells after transfer of the cells to the restrictivgrowth at 28°C (Fig. 5B), consistent with the absence of defect
temperature. In wild-type cells, no significant change wast this temperature. However, after the shift to the restrictive
detected in any of the genes (Fig. 4D). Howevesyimlcells, temperature, differences were observedvimlcells. Thus,
the expression pattern of three gen&SKE1 DSE2 and after 2 hours of incubation at 38°C, Ace2-YFP was still
SCW1) was almost identical to that found f@TSt the present in the daughter nucleus of some of the chains,
transcripts disappeared after 1-2 hours of incubation at 38°@lthough a significant proportion of cells showed diffuse
This suggests that the expression of the group of gendlsiorescence in the cytoplasm. After 8 hours of incubation, no
controlled by Ace2p is affected in a similar fashiorswm1 fluorescence in the nucleus of mutant cells could be observed
cells. The expression &GT2 another gene whose deletion and, in some cases, a faint fluorescence accumulated at the
results in the formation of chains of cells but that is regulateud necks and sites of polarized growth, where Cbklp and
by Swi5p and Ace2p (Doolin et al., 2001; Kovacech et al.Mob2p have been reported to localize (Colman-Lerner et al.,
1996), was also assessed by northern blot analysis, but 2601; Weiss et al., 2002). A similar diffuse cytoplasmic
change was detected in the mutant cells (Fig. 4D). The normiaicalization for Ace-GFP has been reported previously for
transcription ofEGT2in swmlcells, which is temporarily co- mutants impaired in MEN function, such asobl-77 or
regulated (in late M early Johase) withCTS] indicated that cdc14-1(Weiss et al., 2002). Therefore, these results suggest
the effect ofSWM1ldeletion was not general for all late M and that the cell separation phenotype observedviml cells
early G genes, and that it could be specific for the set of geneturing growth at the restrictive temperature could be due to a
that are regulated by Ace2p (e@I'S1 DSE1 DSE2 SCW11 defectin accumulation of Ace2p in the nucleus of the daughter
andENGJ). cell.

The expression ACE2was also analysed in wild-type and A similar result was obtained when the localization of the
mutant cells after transfer to the restrictive temperature in ordéxce2-G128E mutant protein was analysed. This mutant
to test whether the phenotypessimlcells might be due to a version of Ace2p was isolated as a dominant suppressor of the
defect in the expression of this transcription factor duringlefects associated with the loss of @#K1gene (Racki et al.,
growth at high temperature, thus indirectly affecting the2000) and it has been shown to accumulate in mother and
expression of CTS1 and its co-regulated gene®A\CE2 daughter nuclei (Fig. 5A) (Colman-Lerner et al., 2001).
expression was similar in wild-type and mutant cells aftet.ocalization of the mutant Ace2-G128-YFP protein was
transfer to the restrictive temperature (Fig. 4D), ruling out thaimilar in wild-type andswmZlcells during growth at 28°C
possibility of an indirect effect o8TS1expression. The effect (Fig. 5C), accumulating in both the mother and daughter
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Fig. 5. Localization of Ace2p in wild-type amslvml1mutants. (A) Diploid wild-type (YPA24) cells carrying the Ace2-YFP or Ace2-G128E-
YFP fusion proteins were grown at 38°C for 4 hours and stained with DAPI. (Left) Differential interference contrast mi¢Bi€jopy

(middle) YFP fluorescence; (right) DAPI fluorescence. (B) Diploid wild-type (YPA24jvonl(YPA207) cells were transformed with plasmid
pPACE2-YFP and the localization of the protein was determined by fluorescence microscopy during growth at 28°C or aftar & lhmuns o

of incubation at 38°C. (Left) Differential interference contrast microscopy; (right) YFP fluorescence. (C) Localization GfLRBED-in
wild-type andswmlmutants. Diploid wild-type (YPA24) awm1(YPA207) cells were transformed with plasmid pACE2-G128E-YFP and the
localization of the protein was determined by fluorescence microscopy during growth at 28°C or after 4 hours of incubaio(Laft38
Differential interference contrast microscopy; (right) YFP fluorescence.

nuclei. However, during growth at 38°C, the fluorescence imccumulation of Ace2p (O’Conallain et al., 1999), the defect
swmlwas diffuse and cytoplasmic, indicating a defect inobserved irswmlcells might be due to a defect in regulation
nuclear accumulation. Furthermore, expression ofAfie2  of CDK/CIb2 activity during growth at the restrictive
G128E allele from a yeast shuttle plasmid that suppressestemperature. To study wheth@wmlcells show defects in the
cbkl deletion (Racki et al., 2000) does not complement thelownregulation of Cdc28/CIb2 activity, we used nocodazole
separation defect afvm1icells (results not shown). Thus, theseblock-and-release experiments to analyse the events from
result suggest that Swmlp function is required for propemitosis until entry into the Gphase in wild-type andwm1
localization of Ace2p at the end of mitosis in order to allowmutants cells carrying an epitope-tagged version oCihg2
mother and daughter cells to separate. gene (theCLB2#A allele) (Schwab et al., 1997). Exponentially
growing cultures were arrested with nocodazole (150 minutes),
) ) o incubated at the restrictive temperature for 1.5 hours and then
Cells with the swm1 mutation have a defect in exit from released from the block at the same temperature. Samples were
mitosis at the restrictive temperature taken at 10 minute intervals and processed for FACS analysis
Because Swmlp has recently been identified as one of taed protein detection. Flow cytometry analysis demonstrated
subunits of the APC (Hall et al., 2003; Passmore et al., 2008 at wild-type cells resumed growth 40 minutes after the
Yoon et al., 2002), a complex that is essential for degradatiarelease, whereas cell cycle progression was blocksd/iml
of the mitotic cyclin Clb2 (Lim et al., 1998; Wasch and Crosscells (Fig. 6A). Microscopic inspection of the cells stained with
2002), and because Cdc28p phosphorylation prevents nuclgaopidium iodide confirmed that, 90 minutes after release,
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A 1f zf 1f z;: B Nz (min) Fig. 6.Cells with theswm1
A 0 10 20 30 40 50 60 70 80 90 mutation have a defect in exit from
W cu:z‘ - RS ‘ mitosis. Cultures of isogenic wild-
M\\ f':r-*‘.'\ E Eé%p(g;/%ﬁ?) oswm_lmutant _
d cells containing an epitope-
W™ &ﬂyﬁ) Pgm‘ ot "w‘:"_"_“:"'_"_"_'ﬁ tagged version of théLB2gene
P (CLB2#A) were arrested in mitosis
.| 'rE- Clbz‘ - —— ‘ with nocodazole (2.5 hours) before
s transfer to the restrictive
z @ Fﬂk“ -—-—-—-—-v“ temperature for thewmimutation
8 (38°C, 1.5 hours). Cultures were
* == then released from nocodazole
i arrest and incubated at 38°C.
_— Samples were taken at the indicated
il . intervals after the release (minutes)
] C Nrerrarrern :n‘ %n}so 5  and processed for FACS analysis
(A), Clb2 and Pgk1l western
o~ WT‘ - . e analysis (B) or Clb2-associated H1
. kinase activity assays (C). In each
SwM1 swm1 swm1 ‘ G e e e e s w- panel asynchronous cultures (A)
3= DNA are also shown for reference.

swmlmutant cells were still arrested in telophase, with largehromosomes have become attached and aligned at the
buds and well-separated nuclei (data not shown). metaphase plate, and for promoting mitotic exit once
Degradation of the mitotic cyclin Clb2p and the kinasechromosome segregation is complete (reviewed in Harper
activity associated with the Cdc28-Clb2 complex wereet al., 2002; Peters, 2002; Zachariae and Nasmyth, 1999).
monitored at the same time intervals in wild-type and mutant€hromosome separation during the cell-cycle transition from
cells. Western-blot analysis using anti-HA antibodies revealethetaphase to anaphase requires the proteolytic destruction of
that, in wild-type cells, Clb2p protein levels began to decreasenaphase inhibitors, such as Pdslp and Cut2p, mediated by
at the same time as the cells entered a new cell cycle (30-#e APC (Zachariae and Nasmyth, 1999). APC-dependent
minutes after the release; Fig. 6B). However, degradation gfroteolysis is also required at the end of mitosis to promote
Clb2p inswm1lcells was much slower and did not completelymitotic exit and cytokinesis. In particular, the degradation of
disappear during the time analysed in this experiment. ThB-type cyclins seems to be crucial for CDK inactivation,
activity of the Cdc28-Clb2p complex at each time point wadeading to spindle disassembly, cytokinesis and entry into a
also analysed in vitro after immunoprecipitation of thenew round of DNA replication (Peters, 2002; Zachariae and
complex with anti-HA antibodies, using histone H1 asNasmyth, 1999). Most subunits of this complex are essential
substrate (Fig. 6C). Similar to the results found for ClbZor cell viability (e.g. Apclp, Apc2p, Cdc23p or Cdc27p),
protein levels, the kinase activity of the complex almostlthough some of them (Apc9p, Apcl0p, Cdc26p and Swmlp)
disappeared 40 minutes after the release in wild-type cellaye dispensable for vegetative growth.
whereas inactivation of kinase activity swm1 cells was Our results indicate thawmlmutants show a clear delay
delayed. Accordingly, these results indicate that, during growtin exit from mitosis, resulting in the accumulation of high Clb2
at 38°C, swml mutants show a delay in mitotic exit, as levels and the associated kinase activity during growth at high
previously observed for other components of the APC completemperature. This indicates that Swm1p, like other subunits of
(Imiger and Nasmyth, 1997; Irniger et al.,, 1995) andthe APC (Irniger and Nasmyth, 1997; Irniger et al., 1995), is
consequently, they accumulate high CDK kinase activityequired at the end of mitosis under these growth conditions.
levels. However, this delay in CDK inactivation does not lead to a
complete block of the cell cycle, because the cells were able
) ) to divide and form chains of connected cells. This was not
Discussion unexpected, because it has been shown that deletion of
In this study, we describe and characterize the phenotyp@&DH1/HCT1 which leads to constant Clb cyclin levels
associated with the loss of tWM1gene during vegetative throughout the cell cycle, is not lethal and does not prevent exit
growth. AlthoughSWM1was originally identified as a gene from mitosis (Schwab et al., 1997; Visintin et al., 1997).
induced during the sporulation process and required for prop&dditional mechanisms to reduce the activity of the Clb-CDK
maturation of the spore cell wall (Ufano et al., 1999), the fackinases at the end of mitosis are also present in the cells, such
that a basal level of transcription was detected durings direct binding of the Siclp inhibitor (Mendenhall, 1993;
vegetative growth prompted us to analyse the role of this ger&chwob et al., 1994; Schwab et al., 1997). The slight reduction
during this part of the cell life cycle. While this work was in CDK activity observed iswmlcells at longer times after
in preparation, three independent groups reported theslease could be brought about by such a mechanism.
identification of Swm1p as one of the core subunits of the APC Characterization of the defects &fvml mutant cells
(Hall et al., 2003; Passmore et al., 2003; Yoon et al., 2002)evealed that two main defects are associated with the loss of
The APC is a multiple-subunit E3 ubiquitin ligase responsiblehis gene in our background. First, in agreement with a role at
for initiating the metaphase-to-anaphase transition once thhe end of mitosis, in the mutant cells incubated at the
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restrictive temperature cytokinesis and septum formation wergonsequence of a rapid decreaseCiiS1transcription after
aberrant and, in addition, the cells were unable to completeansfer of the cells to the restrictive temperature. In addition
mother-daughter separation, forming chains that remained CTS1 a genome-wide transcriptional analysis allowed the
associated. Second, a defect in cell wall construction thadentification of other genes whose expression was reduced in
caused the lysis of the cells when the incubation at elevateslvmlduring growth at restrictive temperature. The products of
temperature was prolonged in the absence of osmotic suppastme of these genes are also involved in cell separation, such
a phenotype traditionally associated with mutants havings Englp, Scwllp, Dselp and Dse2p (Baladrén et al., 2002;
defects in cell wall construction. The fact that these defects i@appellaro et al., 1998; Doolin et al., 2001). Interestingly, all
swmlcells were only apparent at 38°C could be due to a defettiese genes are dependent on the transcription factor Ace2p
in APC stability, which could be more compromised during(Dohrmann et al., 1992; Doolin et al., 2001).
growth at high temperature. This might be similar to the
possible role of the Cdc26p subunit, which has been suggested o o
to be required for maintaining complex stability during growthNuclear localization of Ace2p at the end of mitosis
at high temperature, because it is essential for growth at 3g9€quires Swmlp
but seems to be unnecessary for normal growth at 28°C (Arakiell separation and septum degradation occur only after
et al.,, 1992). Interestingly, no such phenotypes have beenitotic exit and completion of cytokinesis, indicating the
previously described for other subunits of the APC, whiclexistence of a tight temporal coordination of the events that
raises the question of whether they are specificsfeml occur during the mitosis-to<@ransition. CDK activity plays
mutants or are also shared by mutants in other nonessentalnegative role in the regulation of Ace2p localization,
subunits of the complex. Experiments are under way in oysreventing its entry into the nucleus until late mitosis and early
laboratory to answer this question. G1 (O’Conallain et al., 1999). It has been proposed that cell-
cycle regulated entry of Ace2p into the nucleus would be
] ] . associated with dephosphorylation of one threonine and
Swmip is required for the expression of Ace2p- two serine residues located at the C-terminus of the protein,
dependent genes at high temperature which are potential Cdc28p phosphorylation sites. Specific
Budding yeast cytokinesis occurs as cells exit mitosisaccumulation of Ace2p in the daughter nucleus during late
actomyosin ring contraction and septum formationmitosis also requires the participation of Mob2p and Cbklp
accomplishing the fission of the mother and daughter ce{Colman-Lerner et al., 2001; Weiss et al., 2002). Mob2p-
cytoplasms (Bi et al., 1998; Schmidt et al.,, 2002). AfterCbklp form a complex with Ace2p that is co-transported into
cytokinesis is complete, the septum is degraded, allowing thtee nucleus, and it has been suggested that Mob2p-Cbk1p-
separation of mother and daughter cells. From electromediated phosphorylation of Ace2p inhibits its export from the
micrographs ofwmlcells, it was apparent: (i) that the mother- nucleus, thus allowing its accumulation in the daughter nucleus
daughter pair did not separate after the daughter cells hfd/eiss et al., 2002). In addition, MEN signalling is also
completed the septum; and (i) that the structure of this regiorequired for correct localization of Mob2p and Ace2p, because
was extremely thick, in part resembling the defects describetiey do not localize properly to the nucleuscihc14-1or
for chs2 mutants. Cells deficient in Chs2p show a clumpymobl-77mutants (Weiss et al., 2002). Interestingly, in budding
phenotype, with thick septa in which the primary septumyeast, the protein phosphatase Cdcl4p is required for
is completely absent (Shaw et al., 1991). The aberramtephosphorylation of Cdhlp, Siclp and its transcription factor
morphology of the septum Bwmlcells must have a different Swi5p at the end of mitosis (Visintin et al., 1998), suggesting
origin than inchs2mutants because, swmicells, the primary that this phosphatase might also be involved in
septum was clearly visible and presented a normal aspecdephosphorylation of Ace2p.
FurthermoreCHS2expression in wild-type arslvmlmutants Our results indicate thawmlmutants have a defect in the
was similar during growth at the restrictive temperature (datauclear accumulation of Ace2p when incubated at high
not shown). One interesting possibility is that the synthesis démperature, because the Ace2-YFP fluorescence was mainly
the secondary septum in wild-type cells would be tightlyfound in the cytoplasm under these conditions. Interestingly,
regulated in time and perfectly coordinated with other eventthe Ace2-G128E-YFP protein, which shows nuclear
of the cell cycle, and that this regulation (especially the signdbcalization independent of Cbklp, was also found in the
to stop synthesis) is disturbedswm1lcells during growth at cytoplasm at the restrictive temperature, suggesting that the
high temperature, resulting in cells with thick secondary septaature of the defect iswm1cells would be different from that
Related to the defect in the synthesis of the septwm1  of cbkl cells. This is supported by the fact that theE2-
cells also showed defects in mother-daughter cell separatioB128E allele complements the separation defectcbkl
This process requires localized degradation of the componentsutants (Racki et al., 2000) but fails to rescue thawrhl
of the cell wall. Two main enzymatic activities required forcells. These results therefore suggest that Swmlp acts
partial degradation of the cell wall components have beeimdependently of Cbk1-Mob2p to regulate the nuclear import
described. Chitinase, encoded by @ES1gene, is the enzyme of Ace2p. The cytoplasmic localization of both Ace2-YFP and
that partially removes chitin from the primary septumAce2-G128E-YFP inswml cells during growth at the
(Kuranda and Robbins, 1991), whereas the Englp endd-1,3-restrictive temperature is most probably due to the defect in
glucanase might degrade tlfiel,3-glucans present in the Clb2p degradation and the consequent delay in CDK
secondary septum (Baladrén et al., 2002). Here, we show thialctivation observed iswmlmutants grown under restrictive
one of the reasons for the separation defect obsenaenirl  conditions, because CDK activity acts as a negative signal for
cells is a reduction in extracellular chitinase activity, aAce2p nuclear entry (O’Conallain et al., 1999). Although we
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favour this idea, it is also possible that the function of SwmZlgostigan, C., Gehrung, S. and Snyder, M1992). A synthetic lethal screen

is specifically required for the polyubiquitination of a substrate identifies SLK1, a novel protein kinase homolog implicated in yeast cell

or set of substrates whose degradation is essential for nucl(???‘orphoge”“is and cell growtol. Cell. Biol. 12, 1162-1178.
|

|t f Ace2p duri wth at hiah t t ohrmann, P. R., Butler, G., Tamai, K., Dorland, S., Greene, J. R., Thiele,
accumuliaton or Ace<p during gro at high temperature. D. J. and Stillman, D. J.(1992). Parallel pathways of gene regulation:

is interesting that no defect in the transcription of Swi5- homologous regulatorsWi5sand ACE2 differentially control transcription
regulated genes was observed in our whole-genome analysisof HO and chitinaseGenes Dev, 93-104.
because nuclear localization of SwiSp is also negativel{colin. M. T., Johnson, A. L., Johnston, L. H. and Butler, G.(2001).

. 7 Overlapping and distinct roles of the duplicated yeast transcription factors
regulated by Cdc28p phosphorylation (Moll et al., 1991, Ace2p and Swispol. Microbiol. 40, 422-432.

Nasmyth et al., 1990)._ _T_hus, these results might simplgoldstein, A. L. and McCusker, J. H.(1999). Three new dominant drug
indicate different sensitivities to the phosphorylation level resistance cassettes for gene disruptioBancharomyces cerevisia¢east
between Ace2p and Swi5p or different affinities for the 15 1541-1553.

; : Hall, M. C., Torres, M. P., Schroeder, G. K. and Borchers, C. H(2003).
phosphatase that Catalyses the dephosphorylatlon reaCtlé-"?lvlndz and Swml are core subunits of tBaccharomyces cerevisiae
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