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mutations in Saccharomyces cerevisiae

Chung-Yung Chen and John Rosamond+

Author for correspondence: John Rosamond. Tel: +44 1625 513086. Fax: +44 1625 517436.
e-mail: John.Rosamond@alderley.zeneca.com

School of Biological
Sciences, University of
Manchester, Oxford Road,
Manchester M13 9PT, UK

The SSD1 gene of Saccharomyces encodes a 160 kDa cytoplasmic protein that
can suppress mutations in a number of other genes. A functional homologue
of SSD1 from the human pathogen Candida albicans was isolated on the basis

of its ability to restore viability at the restrictive temperature in a
Saccharomyces cerevisiae swi4 ssd1-d strain. The C. albicans gene, designated
CaSSD1, encodes a 1262 aa protein which has 47 % identity overall to S.
cerevisiae SSD1 as well as significant identity to Schizosaccharomyces pombe
dis3 and sts5 products. It is shown that CaSSD17 expression is constitutive
through the mitotic cell cycle, which is consistent with a role for the protein in
cell growth. CaSSD1 rescues the swi4* defect in an ssd7-d background when
expressed from its own promoter on a single-copy plasmid and under the same
conditions can rescue mutations in genes encoding protein phosphatase type
2A catalytic subunits. These data suggest that CasSSD1, like its S. cerevisiae
homologue, can limit the effect of mutations on a variety of cellular processes.
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INTRODUCTION

Growth and division in eukaryotic cells are tightly
regulated processes. Cell division in almost all cells
comprises four distinct phases, G1, S, G2 and M.
Changes in the DNA content of the cell occur exclusively
during S phase, the period of DNA synthesis when the
genome content is doubled, and M phase, the period of
genome segregation and mitosis. Overall control of
division is achieved principally by regulating the entry
into one of these two phases, so that the major cell cycle
controls operate at the G1-S-phase transition or at the
G2—M-phase boundary. In budding yeast such as Sac-
charomyces, the major control occurs in late G1 with a
process termed START (Pringle & Hartwell, 1981).
Although START is molecularly complex, the key event
is the activation of the Cdc28 protein kinase by
phosphorylation and by association with labile G1
cyclins encoded by CLNI, CLN2 and CLN3
(Richardson et al., 1989; reviewed by Sherlock &
Rosamond, 1993). Completion of START and acti-
vation of the Cdc28 kinase set in train the pathways
needed to progress the cell from G1 to S phase.
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The GenBank/EMBL/DDBJ accession number for the sequence reported in
this paper is AF012898.

One consequence of the assembly of Cdc28 protein
kinase with Cln3 is the activation of the SBF tran-
scription factor which is a heterodimer of Swi4 and Swi6
proteins (Nasmyth & Dirick, 1991; Ogas et al., 1991).
Cells with mutations in SWI4 fail to bud at the non-
permissive temperature, are delayed for entry into G2
and are defective in the damage-induced transcription of
RNR2 and RNR3 (Ho et al., 1997). Some swi4 mutant
haploids grow slowly with large, aberrantly shaped cells
in which CLN1, CLN2 and PCL1 transcript levels are
markedly reduced (Ogas et al., 1991). However, the
specific phenotype of swi4 cells is influenced by alleles of
a second unrelated gene, SSD1, such that haploid cells
carrying a swi4® mutation only exhibit a temperature-
sensitive phenotype if the cells also carry a defective
SSD1 allele.

The SSD1 gene was identified initially as a suppressor of
mutations in the SIT4 protein phosphatase. SSD1 is
naturally polymorphic within strains of S. cerevisiae and
exists as either the SSD1-v (viable) allele which encodes
a 160 kDa protein, or the ssd1-d (dead) allele which
appears to encode an 83 kDa C-terminally truncated
form of the protein (Uesono et al., 1994, 1997). Unlike
ssd1-d, the SSDI-v allele can suppress lethality of
mutations in a number of genes, including CLN1, CLN2
(Fernandez-Sarabia et al., 1992), BCY1, SLT2, RPC31,
RPC53 (Chiannilkulchai et al., 1992; Mazzoni et al.,
1993; Stettler et al., 1993 ; Watanabe et al., 1995 ; Wilson
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. Fig. 1. Partial restriction maps and
35°C complementation  analysis of  CaSSD7

subclones. (a) Complementation was assayed
by the ability of subclones to restore growth
of the JO221 strain at 35°C; + indicates
growth, — indicates no growth. The arrow
shows the location, size and direction within
the cloned DNA of the CaSSD7 ORF. The
deletion regions are indicated by dotted
lines. B, Bglll; E, EcoRI; H, Hpal; Sa, Sacl; Sp,
Spel. (b) pCY2 suppresses the growth defect
of JO221. The empty vector (pRS316) and
YEp24 containing the SWI4* gene were
introduced into JO221 as controls. The
transformed strains were then streaked out
on Ura dropout plates to select for the
presence of the plasmids and incubated for
2dat 25 or 35°C.

etal.,1991) and SIT4 (Sutton et al., 1991). The molecular
mechanism by which SSD1 suppresses any of these
mutations is unclear although the protein has significant
homology to a fungal protein phosphatase (Sutton et al.,
1991) and weak but significant similarity to RNase II-
related proteins (Uesono et al., 1997). Recently, SSD1
has been shown to bind to RNA in vitro although there
is as yet no evidence for RNase activity (Uesono et al.,
1997).

We are interested in the control of cell division in the
related pathogen Candida albicans and have shown
previously that many of the central elements responsible
for cell cycle control during G1 phase are conserved in
this organism (Sherlock et al., 1994; Nolan &

Rosamond, 1996). We were interested to determine
whether that conservation extends to factors which
influence the periodic expression of a number of genes
during G1 phase. To examine this, we sought to identify
C. albicans genes that could restore viability in S.
cerevisiae swi4 ssd1-d mutants under restrictive con-
ditions. In this paper we describe the results of this work
in which we have isolated and characterized the C.
albicans homologue of S. cerevisiae SSD1.

METHODS

Microbial strains and methods. The S. cerevisiae strains used
in this work were: JO221 (a/a TRP/TRP swi4A/swid-ts
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BAR1/barl::LEU2 ura3-52/ura3-52 lys2-801/lys2-801 ade2-
101/ade2-101 his3A200/his3A200 leu2Al /leu2Al ssd1-d /ssd1-
d) obtained from Jim Murray, University of Cambridge (Ogas
et al.,1991); DEY102D (a/a pph21A1:: HIS3/pph21A1:: HIS3
pph22-12/pph22-12 pph3A1::LYS2/pph3A1::LYS2 ade2-1/
ade2-1 his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 trp1-1/
trpl-1 wura3-1/ura3-1 canl1-100/canl-100 ssd1-d2/ssd1-d2)
and DEY1032-2C (pph21A1:: HIS3 pph22A1::URA3 ade2-1
his3-11,15 leu2-3,112 trp1-1 ura3-1 canl-100 ssd1-d2 FUS3
KSS1), both kindly provided by Mike Stark, University of
Dundee (Evans & Stark, 1997); and W303 (a/o ura3-1/ura3-
1 leu2-3,112/leu2-3,112 trp1-1/trp1-1 his3-11,15/his3-11,15
ade2-1/ade2-1 can1-100/can1-100 ssd1-d/ssd1-d. C. albicans
strain 126 was obtained from Richard Barton, University of
Manchester. All strains were routinely grown on YEPD
(complete) medium and supplemented synthetic minimal
medium (YNB) with appropriate nutritional supplements was
used for the selection and maintenance of plasmids in S.
cerevisiae (Sherman et al., 1986). Standard yeast genetics and
recombinant techniques were used (Sherman et al., 1986).
Yeast transformations were performed by the lithium acetate
procedure with single-strained carrier DNA (Schiestl & Gietz,
1989).

Escherichia coli HW87 was used routinely as the host for the
propagation and preparation of plasmid DNA (Birnboim &
Doly, 1979). Bacteria were transformed and DNA prepared
using standard protocols (Dower et al., 1988).

Nucleic acid methods. Standard recombinant DNA techniques
were used throughout (Sambrook et al., 1989). Restriction
endonucleases, Klenow fragment of DNA polymerase I, Tagq
DNA polymerase and T4 DNA ligase were purchased from
Boehringer Mannheim or Gibco-BRL and used according to
the manufacturer’s instructions. The nucleotide sequence of
the cloned DNA was determined by the dideoxynucleotide
sequencing technique (Sanger et al., 1977) using Sequenase
version 2.0 (USB). The deduced sequence was analysed by
using University of Wisconsin Genetics Computer Group
(GCG) software on the Daresbury database facility. Two sets
of oligonucleotide primers were used to amplify parts of
the CaSSD1 coding sequence by PCR. One pair of primers
comprised CYCO02 (5 CAGAGAGCTCAAACGATACCAG-
AGGT 3’) and HPA1F (5" TGTCGTCATTATCGTCAT 3)
which amplify the region encoding residues 208—652 within
CaSsd1, with the engineered Sacl site in CYCO02 shown by
underlining. The other set was CYC03 (5" TGATCACAT-
AATATCTACCCCT 3%) and PV2 (5" TGAAGAAGAGGA-
AATTA 3’) which amplify the region encoding residues
499-960 within CaSsd1, with the engineered Bcll site in
CYCO03 shown by underlining.

Plasmid constructions for functional domain mapping. The
serial deletion constructions for analysis of functional domains
were designed using two methods. First, the 5-5kb
HindIlI-Notl fragment containing the full-length genomic
insert of pCY2 was cloned into the HindIll/Notl backbone of
pCR2.1 (Invitrogen), yielding pCY2-0. The 1278 bp Nsil-Nsil,
525 bp Ndel-Ndel and 429 bp Spel-Spel fragments derived
from C. albicans DNA were removed from pCY2-0; the
residual genomic DNA in pCY2-0 was religated and the
HindIlI-Notl fragments carrying the modified CaSSD1 coding
sequences were cloned back into Hindlll/Notl digested
pRS316, yielding pCY2-2, pCY2-3 and pCY2-4, respectively.
Second, a PCR method was used to create 5 and 3’ deletion
constructs. Plasmid pCY2-1 was constructed in this way by
replacing the Sacl-Asp718 fragment within CaSSD1 in pCY2-
0 with a 1-3 kb PCR product double-digested with Sacl and

Asp718. This PCR product was amplified with the primers
CYCO02 and HPATF. This construct was then double-cleaved
with HindIIl and Notl, and cloned into the HindIIl/NotI site
of pRS316, yielding pCY2-1, a 5" deletion construct. For the 3
deletion construct, plasmid pCY2-5 was constructed by
replacing the Asp718—Bcll fragment of CaSSD1 within pCY2-
0 with a 1-3 kb PCR product double-digested with Asp718 and
Bcll. This PCR product was amplified with the primers
CYCO03 and PV2. The HindIII-Notl fragment of this construct
was cloned back into the HindIII-NotI site of pRS316, yielding
pCY2-5. All PCR products and constructs were confirmed by
sequencing to avoid PCR artefacts and to confirm reading
frames.

Cell cycle synchronization of C. albicans. C. albicans strain
126 was grown overnight to mid-exponential phase (ODy,,
0-4-0-6) in 1 1 complete Edinburgh Minimal Medium (EMM)
as described previously (Nolan & Rosamond, 1996). The cells
were harvested and inoculated into 11 EMM lacking am-
monium sulphate at 23 °C overnight. The culture was
examined microscopically to check for uniform G1 arrest,
then harvested and inoculated into 250 ml YEPD at 23 °C.
Synchrony of the culture was monitored by microscopic
examination of the cells at various times after inoculation.

Budding index and FACScan analysis. The cells were sonicated
for 5s prior to determination of the budding index by
microscopic examination of small budded cells. For FACScan
analysis, samples were prepared as described by Hutter &
Eipel (1979) and analysed by using a Becton Dickenson FACS
analyser and FACSCAN software (Hewlett Packard).

Northern analysis and probes. Total RNA samples were
prepared as described by Schmitt ef al. (1990). Total RNA was
loaded on to 12% (w/v) agarose containing 6% (v/v)
formaldehyde, 0:02 M MOPS, 0-:005 M sodium acetate and
0-001 M EDTA (final pH of 7:0). The gel was blotted on to
Hybond-N nylon membranes (Amersham). Probes were the
1:3 kb Pvull-EcoRI fragment from pCY2 and a 550 bp
fragment corresponding to the 3" end of the C. albicans actin
gene which was amplified using the primers 5 TCTGAAC-
GTGGTTACAGTT 3’ and 5° CTTAGAAACATTTGTG-
GTG 3'. The blot was washed once (10 min) at 25 °C using
2xSSC, 0:5% SDS and twice (10 min each) at 60 °C using
0-1xSSC, 0:1% SDS (1x SSC is 0-15 M sodium chloride,
0-015 M sodium citrate).

RESULTS

Isolation of clones which rescue the swi4 ssd1-d
mutations

To identify C. albicans clones which could rescue the
swi4 ssd1-d temperature-sensitive lesion in S. cerevisiae
strain JO221, we used CLS1 library DNA (Nolan &
Rosamond, 1996). This library carries fragments of C.
albicans genomic DNA in the vector pRS316 which is a
centromeric vector carrying URA3 (Sikorski & Hieter,
1989). S. cerevisiae JO221 was transformed to uracil
prototrophy with CLS1 DNA and approximately 4 x 10*
transformants were selected at 23 °C. These cells were
recovered in pools of about 5 x 10® transformants and
aliquots of each pool were replated on YPD agar at
35 °C. Plasmid DNA was recovered from the cells of two
of the pools that grew at 35 °C and electroporated into
E. coli for amplification. Plasmids isolated in this way
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Fig. 2. Comparison of the C terminus
of CaSsd1, S. cerevisiae Ssd1 (ScSsd1),
Schizosaccharomyces pombe Dis3
(SpDis3) and Schizosaccharomyces
pombe Sts5 (SpSts5). Sequences were
aligned using the GCG PILEUP program.
Dots represent gaps introduced to
maximize the alignment while the
highly conserved regions within these
proteins are boxed.

were rescreened for their ability to rescue the swi4'®
mutation in JO221 and individual clones were amplified
again in E. coli. In this way we isolated two independent

plasmids that were able to restore growth in S. cerevisiae
JO221 at 35 °C (Fig. 1); these clones were designated
pCY1 and pCY2.
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Characterization of cloned DNA in pCY1 and pCY2

The genomic fragments cloned in pCY1 and pCY2 were
analysed after restriction enzyme digestion which
demonstrated that pCY1 contained an insert of 7-1 kb
while that of pCY2 was 56 kb. Although the genomic
fragments were different in the two clones, analysis of
the restriction maps showed that the two fragments
were related and shared a common region of about
52 kb which we presumed carries the gene responsible
for complementation of the swi4 ssd1-d mutations in
JO221 (Fig. 1).

To define more precisely the region required for
complementation, we constructed subclones of the
cloned genomic fragment of pCY2 and tested each
subclone for its ability to restore growth in S. cerevisiae
JO221 at 35 °C. However, we were unable to construct
any subclones from pCY2 that retained the capacity to
rescue swi4 ssd1-d, with the exception of one subclone
that had a deleted region of approximately 350 bp from
one end of the genomic fragment (pCY2-d; Fig. 1a).
From this we concluded that the gene responsible for
complementation spanned most of the insert in pCY2.

We have determined the nucleotide sequence of the
5:2kb genomic fragment contained within pCY2-d.
This sequence contains a single significant ORF of
3786 nt encoding a predicted protein of 1262 aa. Com-
parison of this predicted C. albicans protein sequence
with a database of other known and predicted protein
sequences revealed that the protein was most similar to
the S. cerevisiae SSD1 gene product with 47 % identity
over 1197 aa. Consequently, we have designated this
gene CaSSD1. The predicted CaSsd1 protein also has
28:8% identity over 667 aa with Schizosaccharomyces
pombe Sts5 and 21:4% identity over 636 aa with
Schizosaccharomyces pombe Dis3 (Fig. 2). The highly
conserved domains in these proteins are most obvious
within amino acid residues 327-424, 472-643 and
975-1130 of CaSsd1. Within these domains, the proteins
show up to 87 % identity in pairwise comparisons. Thus
our data suggest that CaSSD1 is a member of a conserved
fungal gene family.

Analysis of the domain organization of CaSSD1

To investigate if these highly conserved domains are
necessary for the function of CaSSD1, five CaSSDI1
derivatives were constructed. Each construct removes a
DNA fragment which was predicted to encode a domain
of about 200400 aa while leaving the remainder of the
CaSSD1 ORF intact. In pCY2-1, the N-terminal 200 aa
residues, which contain a poorly conserved domain,
were deleted. In pCY2-2, a fragment encoding the
predicted amino acid residues from 196 to 370, which
contains the first conserved domain, was removed. In
pCY2-3 and pCY2-5, fragments encoding predicted
amino acid residues from 371 to 796 and 960 to 1241,
which include the second and third conserved domains,
were removed, respectively. The region between the
second and third conserved domain was removed in the
pCY2-4 subclone (Fig. 3). The functional ability of each

ORF (1262 aa)

— Growth
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} 1 L 1 L [N L : pCYZ +
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Fig. 3. Functional domains and complementation analysis of
CaSSD1 subclones. Complementation was assayed by the ability
of subclones to restore growth of the 10221 strain at 35 °C; +
indicates growth, — indicates no growth. The arrow shows the
location, size and direction within the cloned DNA of the
CaSSD1 ORF. The deletion regions are indicated by dotted lines.
B, Bcll; E, EcoRl; N, Ndel; Ns, Nsil; Sa, Sacl; Sp, Spel.

clone was examined after transformation into JO221
cells. Remarkably, only pCY2-1, which is deleted for the
N-terminal 207 aa, allowed JO221 cells to grow at the
restrictive temperature. Even pCY2-4, which is deleted
for a poorly conserved region, cannot rescue the swi4
ssd1-d defect in JO221 cells at the restrictive tem-
perature, suggesting that this region is either essential
for CaSSD1 function in S. cerevisiae cells or that the
spacing between the highly conserved domains in
CaSSD1 is critical for protein function. Significantly,
none of the conserved domains can be deleted without
loss of CaSSD1 function.

Morphological analysis of S. cerevisiae expressing
CassD1

Expressing C. albicans genes in S. cerevisiae can cause
abnormal morphologies, while phenotypic changes in
JO221 cells carrying pCY2 could be informative about
the mechanism by which CaSSD1 acts to restore viability
at the restrictive temperature in this strain. To examine
this, JO221 was independently transformed with pCY2
and YEp24 carrying S. cerevisiae SWI4. Cultures of these
transformants together with untransformed cells and
the original parental strain (W303) were grown in liquid
medium to mid-exponential phase, then a sample of the
culture was incubated at the restrictive temperature and
the cells examined by phase-contrast microscopy. Over
250 cells were examined for each sample and rep-
resentative examples of each are shown in Fig. 4.

S. cerevisiae W303 grows at 25 and 35 °C with a normal
budded phenotype (Fig. 4a, €), whereas strain JO221
grows with an enlarged, slightly elongated morphology
but without any major abnormalities at 25 °C and
arrests division at 35 °C as large unbudded cells as
observed previously by Ogas et al. (1991) (Fig. 4b, f).
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25 °C

Fig. 4. Phenotypes of S. cerevisiae strains at
25 and 35°C. Unfixed cells were
photographed using phase-contrast
microscopy. (a—d) Strains in exponential-
phase growth at 25°C; (e-h) the same
strains 7 h after shifting to 35°C. Strains:
W303 (a, e), JO221 (swi4") (b, f), 10221
containing YEp24-SWi4 (c,g) and J0O221
containing  pRS316-CaSSD71  (d, h). Bar,
10 pm.

JO221 cells transformed with either YEp24-SWI4 or
pCY2 (CaSSD1) grow by budding with an apparently
normal morphology at both 25 and 35 °C (Fig. 4c, d, g,
h). In both cases the cells are smaller than untransformed
JO221 cells although there is a small difference between
the two in that cells expressing CaSSD1 are slightly
larger than cells carrying YEp24-SWI4. This probably
reflects a small variation in the coordination of growth
and division in these two cell types resulting from a
difference in the effective Swi4 activity when the swi4
mutation in JO221 is suppressed by CaSsd1 (on a single-
copy plasmid) rather than complemented by expression
of wild-type Swi4 protein from YEp24-SWI4.

Expression of the CaSSD1 gene through the mitotic
cell cycle

SWI4 is involved in G1 phase of the cell cycle and
CaSSD1 has a genetic relationship with SWI4 because

CaSSD1 suppresses the swi4 temperature-sensitive
phenotype in JO221 cells. Since this implies that CaSSD1
may have a periodic function during cell division, we
examined the expression of CaSSD1 during a synchron-
ous round of mitotic division in C. albicans. A culture of
C. albicans 126 was induced to undergo synchronous
division (see Methods) that was monitored by mi-
croscopy (Fig. 5a) and by FACS analysis (Fig. 5b). Total
RNA was prepared from aliquots of the culture,
immobilized on to a Hybond-N filter and then probed
for C. albicans SSD1 and actin.

Although the results obtained by microscopy are am-
biguous, the FACS analysis shows clearly that the first
cell cycle begins about 100 min after release from
nitrogen starvation and proceeds synchronously until its
completion about 220 min later (Fig. 35a,b).
Significantly, the C. albicans SSD1 transcript is de-
tectable throughout this period with changes in signal
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Fig. 5. Expression of C. albicans SSD1 through the mitotic cell cycle. Samples were taken at 20 min intervals after release
from nitrogen starvation. Samples were examined by microscopy for the appearance of small buds, which were scored as
spherical outgrowths with a diameter less than a quarter of that of the mother cell (a) and analysed by FACS (b). Total
RNA was prepared from each sample and visualized by (c) staining with ethidium bromide, (d) probed for CaSSD17 and (e)
probed for C. albicans actin. For CaSSD1, the probe corresponded to a 1294 bp region of the 3’ end of CaSSD1 which was
prepared by EcoRl and Pwvull double digestion. For C. albicans actin, the probe was prepared by amplifying a 500 bp

region of the 3’ end of the actin gene by PCR.

intensity largely paralleling the variation in total RNA,
as reflected in the ethidium-bromide-stained gel (Fig. 5c,
d). When compared with actin, the CaSSD1 transcript
level largely parallels that of the actin mRNA transcript
signal level, which suggests that C. albicans SSDI1
transcription is not periodically regulated during cell
cycle progression. However, this clearly does not pre-
clude the possibility that Ssd1 function is regulated
periodically in the cell cycle by translational or post-
translational mechanisms, a possibility supported by the
demonstration that the Ssd1 protein in S. cerevisiae is
phosphorylated (Uesono et al., 1994).

Effect of CaSSD1on protein phosphatase regulation

S. cerevisiae contains two genes, PPH21 and PPH22, that
encode protein phosphatase 2A (PP2A) catalytic sub-
units (Ronne et al., 1991). Strains deleted for both
PPH21 and PPH22 retain viability that is both
temperature-sensitive and dependent on PPH3 which
encodes another protein phosphatase catalytic subunit

that is presumed to have some overlapping functions
with PP2A (Ronne et al., 1991; Evans & Stark, 1997).

SSD1-v suppresses mutations in genes required for PP2A
activity (Evans & Stark, 1997; Sutton et al., 1991) and
we have examined whether CaSSD1 can perform the
same function in S. cerevisiae.

Initially we used S. cerevisiae strain DEY102D which is
deleted for PPH21 and PPH3 and carries the
temperature-sensitive pph22-12 allele as well as ssd1-d
(Evans & Stark, 1997). Expressing CaSSD1 in these cells
restored growth at 37 °C (Fig. 6b), indicating that
CaSsd1 can suppress temperature-sensitive mutations in
PP2A. We then examined the effect of expressing
CaSSD1 in S. cerevisiae DEY1032-2C cells, which are
deleted for both PPH21 and PPH22 and which show
temperature-sensitive, PPH3-dependent growth. In these
cells, CaSSD1 restored weak growth at 35 °C (Fig. 6a)
but not at 37 °C (not shown), probably because these
cells lyse at the higher temperature (Evans & Stark,
1997). Thus these data show that CaSsd1 can apparently
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(a)

DEY 1032-2C
containing
pRS315-PPH22

DEY 1032-2C
containing
empty vector

DEY 1032-2C
containing
PRS315-CasSSD1

25°C 35°C

(b)

DEY 102D
containing
pRS316-PPH22

DEY 102D
containing
empty vector

DEY 102D
containing
pRS315-CasSSD1

25°C 37 °C

Fig. 6. Complementation analysis of CaSSD1
on pph21~ pph22- strains. CaSSD1
suppresses the growth defect of (a)
DEY1032-2C and (b) DEY102D strains. The
empty vectors (pRS316 and pRS315) and
vectors containing PPH22* were introduced
into DEY102D or DEY1032-2C as controls.
The transformed strains were then streaked
out on dropout plates lacking (a) Ura or (b)
Leu to select for the presence of the
plasmids and incubated for 3 d at 25, 35 or
37 °C.
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elevate both PP2A and PP2A-related protein phospha-
tase activity in these strains and so it is functioning in a
manner similar to S. cerevisiae SSD1.

DISCUSSION

We have described here the isolation and charac-
terization of the C. albicans homologue of S. cerevisiae
SSD1 which was isolated by complementation of the
swi4® ssd1-d mutations. The CaSSD1 gene encodes a
potential 140 kDa protein that has 47 % identity to its S.
cerevisiae counterpart. Both proteins show homology to
Schizosaccharomyces pombe dis3 which encodes a
protein phosphatase involved in the control of mitosis
(Kinoshita et al., 1991). Since we have shown that
CaSSD1, like S. cerevisiae SSD1, can suppress mutations
in the genes encoding PP2A protein phosphatase cata-
lytic subunits, then one possibility is that, like dis3, SSD1
encodes a protein phosphatase whose activity at least
partially overlaps the functions of PPH21, PPH22 and
PPH3. However, this is difficult to reconcile with the
recent demonstration that Ssd1 can bind RNA, with a
preference for rRNA, and has sequence similarity with
exoribonucleases from a number of micro-organisms
(Dmochowska et al., 1995; Uesono et al., 1997). This
would suggest that the ability of SSD1 to suppress
mutations in a number of genes whose products have
various molecular and cellular functions might be a
consequence of post-transcriptional or translational
regulation. Whichever of these possibilities is the case,
the clear structural and functional relationship between
the S. cerevisiae and C. albicans proteins indicates a
common molecular activity for the two proteins.

Although SSD1 influences some functions specifically
associated with the G1 phase of the cell cycle, it also has
a relationship with genes needed for cell growth.
Consequently, it is perhaps not surprising that the
CaSSD1 transcript is present throughout the mitotic cell
cycle at an approximately constant level, implying a lack
of critical regulatory motifs within the CaSSD1 pro-
moter. However, our results also suggest that the level of
CaSSD1 transcription is important and cannot exceed a
relatively low threshold. In all cases, we have cloned
CaSSD1 into S. cerevisiae on a single-copy plasmid and
expressed the gene from its own promoter, which we
would expect to produce a relatively low level of CaSSD1
expression. This view is reinforced by our observation
that we can remove all upstream sequences from
CaSSD1 such that its expression in S. cerevisiae is driven
from adjacent cryptic promoter elements within the
vector and that such constructs are still capable of
complementation (data not shown). Furthermore, all
attempts to increase CaSSD1 expression by increasing
the vector copy number or expressing CaSSD1 under the
control of the S. cerevisiae GAL1 promoter have been
unsuccessful. It seems likely then that excess CaSSD1
protein might be toxic to the cell and that the level of
expression of CaSSD1 (and presumably S. cerevisiae
SSD1) is specifically maintained at a low level.

Finally, we note that we were only able to isolate
CaSSD1 from our original screen when we might also
have expected to isolate plasmids carrying a homologue
of S. cerevisiae SWI4. The fact that we were unable to
isolate such a clone is probably not due to the parameters
of the CLS1 library that we used since we have failed to
identify such a gene in two other independent libraries
that we have also screened. One possible explanation for
this is that C. albicans does not regulate gene expression
during G1 by a mechanism that involves a homologue of
SW14, although this is unlikely given the overall general
conservation of function between C. albicans and S.
cerevisiae and particularly the conservation of cell cycle
components (Odds, 1988; Scherer & Magee, 1990;
Smith et al., 1988). However, we note that there is
currently no obvious SWI4 homologue that has been
identified in the C. albicans genome sequencing project.
Another possibility is that a putative C. albicans SWI4
contains CTG codons that are differentially decoded in
the two yeasts (Leuker & Ernst, 1994; Santos et al.,
1993), thus leading to a loss of function. A further
possibility is that C. albicans SWI4 interacts with a
different specific sequence such that it cannot function at
the SBF in S. cerevisiae. This is consistent with the
absence of SBF motifs in the upstream regions of all
currently known C. albicans cyclin genes (Sherlock et
al., 1994; Whiteway et al., 1992).
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