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Summary

The highly conserved fungal Ste12 transcription fac-
tor family of proteins play critical roles in the regula-
tion of many cellular processes including mating, cell
wall biosynthesis, filamentation and invasive growth.
They are also important mediators of fungal virulence.
The Candida glabrata STE12 homologue was cloned.
The encoded protein has a single DNA binding home-
odomain but lacks both a C.H, zinc finger DNA binding
domain and an apparent Dig1/Dig2 regulatory motif.
Candida glabrata STE12 can functionally complement
the nitrogen starvation induced filamentation and
mating defects of Saccharomyces cerevisiae ste12
mutants. We also show that C. glabrata STE12 is
required for nitrogen starvation-induced filamentation
as ste12 mutants rarely produce pseudohyphae on
nitrogen depeleted media. Finally we describe a novel
murine model of C. glabrata systemic disease and use
this to demonstrate that C. glabrata ste12 mutants,
although still able to cause disease, are attenuated for
virulence compared with STE12 reconstituted strains.
Candida glabrata STE12is therefore the first virulence
factor encoding gene to be described in this increas-
ingly important fungal pathogen.

Introduction

Candida species now account for almost 10% of nosoco-
mial infections and are the fourth most commonly isolated
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agent causing blood stream infections in the US (Beck-
Sague and Jarvis, 1993; Pfaller et al., 2000). Candida
albicans remains the most commonly encountered spe-
cies in clinical practice but other species now cause sig-
nificant levels of disease. In particular, Candida glabrata
which is the second most commonly documented species
isolated from up to 20% of all candidiasis patients (Pfaller
etal, 2001). Infections caused by this haploid fungal
pathogen are often difficult to treat as it is naturally resis-
tant to a number of antifungal drugs, especially flucona-
zole. Furthermore C. glabrata candidiasis is associated
with a high mortality (Gumbo et al., 1999).

Despite this increase in incidence little is known about
the molecular basis of C. glabrata virulence (Haynes,
2001). Although a C. glabrata lectin (Epat) is required for
adhesion to buccal epithelial cells, the epa1 null mutant is
not attenuated in two murine models of candidiasis (Cor-
mack et al., 1999). This discrepancy may be due to redun-
dancy within the EPA1 gene family (De Las Penas et al.,
2002).

In contrast to C. glabrata, a number of attributes have
been shown to be required for virulence in C. albicans.
These include epithelial adhesion, secreted hydrolases
and the ability to undergo a reversible morphogenetic
switch from yeast to hyphal or pseudohyphal growth forms
(Calderone and Fonzi, 2001; Liu, 2001; Navarro-Garcia
etal., 2001). It is possible that C. glabrata shares some
of these characteristics. Indeed, recently we have shown
that C. glabrata possesses a gene family (GAS1-3) that
share homologies with the PHR1 and PHRZ2 genes from
C. albicans (Weig et al., 2001). The latter are pivotal in
cell wall biosynthesis and virulence (De Bernardis et al.,
1998). Candida glabrata can also switch to a pseudohy-
phal growth form, similar to that seen in diploid Saccha-
romyces cerevisiae strains when starved for nitrogen in
vitro, however it has not been seen to filament in vivo and
this trait does not appear to be important in terms of C.
glabrata disease (Csank and Haynes, 2000; Weig et al.,
2001).

One of the major regulators of the morphogenetic
switch in S. cerevisiae is the transcriptional regulator
Ste12 which is activated by a mitogen activated protein
kinase (MAPK) pathway. Ste12 consists of a DNA binding
homeodomain and a Dig1/Dig2 interaction domain that
partially regulates function (Yuan and Fields, 1991; Pi
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etal.,, 1997). In haploid S. cerevisiae strains Ste12 is
known to regulate the response to mating pheromone and
the invasive growth phenotype whereas in diploid cells it
plays a role in the filamentous growth response to nitrogen
starvation (Gustin etal, 1998; Roberts etal., 2000;
Gancedo, 2001). In addition, recent genome-wide location
analysis has shown that Ste12 binds to the promoters of
a number of genes involved in cell wall biosynthesis (Ren
et al., 2000). The homologous transcription factor in C.
albicans, Cph1, is also required for full function of a
restricted number of morphogenetic programmes and in
combination with a second regulator, Efg1, plays an
important role in virulence (Lo et al., 1997).

Ste12 homologues have also been described in a num-
ber of other fungi. The pathogenic basidiomycete Crypto-
coccus neoformans has two mating type specific STE12
genes STE12a and STE12a which play different roles in
haploid fruiting mating and the regulation of genes (e.g.
CNLAC1 and the CAP family) involved in cryptococcal
virulence (Wickes et al., 1997; Yue et al., 1999; Chang
et al., 2000; 2001). Similarly the Ste12 homologues in
Aspergillus nidulans (SteA) and Candida lusitaniae
(Cls12) are also required for mating (Vallim et al., 2000;
Young et al., 2000), however, neither of these proteins are
essential for filamentous growth. Recently a Ste12 homo-
logue (StlA) has been described in the dimorphic fungal
pathogen Penicillium marneffii (Borneman et al., 2001),
deletion of which resulted in no detectable phenotypic
changes. Ste12-like proteins that play essential roles in
virulence have also been described in the plant pathogens
Magnaporthe grisea (Park etal.,, 2002) and Colletotri-
chum lagenariu (Tsuji et al., 2003).

The increasing importance of C. glabrata as a pathogen
plus the multifunctional nature of Ste12 proteins led us to
determine if a homologue was to be found in this fungus
and, if so, to investigate what role(s) it played in the many
Ste12 regulated processes. Here we describe the cloning

of the C. glabrata STE12 homologue and show that the
encoded protein is required for nitrogen starvation
induced filamentation and to maintain wild-type virulence
in a murine model of candidiasis

Results

C. glabrata STE12 encodes a member of the fungal Ste12
protein family

Polymerase chain reaction amplification with primers
1444 and 1447 (Table 1) yielded a 314 bp fragment that
had 73% identity with the 5 end of the S. cerevisiae
STE12 open reading frame (ORF). The PCR product was
radiolabelled and used to screen a C. glabrata genomic
library in YEp24 (kindly provided by Dominique Sanglard).
Two independent clones were isolated that contained
identical 6.7kb inserts. Sequencing of one insert revealed
an uninterrupted 1791 bp ORF, with significant homology
to fungal STE12 genes. In addition, the insert contained
the entire C. glabrata homologue of YDR333C and a 5
fragment of YHR0O85W. Notably the gene order around C.
glabrata STE12 was not syntenic to that seen in S. cere-
visiae. These sequence data have been submitted to the
DDBJ/EMBL/GenBank databases under accession num-
ber AJ515385.

The C. glabrata STE12 ORF is predicted to encode a
protein of 597 amino acids with a molecular mass of
67.62 kDa. The homology to other members of the fungal
Ste12 family is mainly found in the DNA binding
homeobox domain, having 66%, 64% and 42% identity
over the 219, 233 and 403 N-terminal amino acids of the
Ste12 homologues of C. albicans, S. cerevisiae and Klu-
veromyces lactis respectively. It contains the home-
odomain found in all Ste12 homologues described to
date but lacks the two C;H, zinc fingers found only in StIA
(P marneffei), SteA (A. nidulans) and both cryptococcal

Table 1. Sequences of primers used in this

Primer name Primer sequence (5" to 3’) study.
1444 AAYTGGCARGARAAYCA
1447 AACCARAARAAIACYTTYTGYTTYTT

CgSTE12-890
CgSTE12-8908Sall

AAGCTTCAGGAGGCATTGCTA
NNNNGTCGACAAGCTTCAGGAGGCATTGCTA
NNNNGCATGCAAGCTTCAGGAGGCATTGCTA

CgSTE12-890Sphl
CgSTE12-473Sall

NNNNGTCGACCAATGCCAGGGTTCTGAGTCAGG

CgSTE12-16 CTGTAATATCTACACCATGAGCC
CgSTE12-16Spel NNNNACTAGTCTGTAATATCTACACCATGAGCC
CgSTE12+720 GAAGAGATATCATTTGCCTC
CgSTE12+720Spel NNNNACTAGTGAAGAGATATCATTTGCCTC
CgSTE12+2030 GAACCCGCAAGAACTAGATA
CgSTE12+2030Sphl NNNNGCATGCGAACCCGCAAGAACTAGATA
CgTIP1F CTAGTCCACGCTCAAAATGC

CgTIP1R TTCATAGCAACATAGCGGCAGC

CgCIS3F TGTTTAACAGTCAACCAAAGAG

CgCIS3R ACGATGGTACTTTGCAATTGAC

Restriction enzyme recognition sequences are underlined.

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 50, 1309—-1318
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proteins. Candida glabrata Ste12 also lacks the Dig1/
Dig2 consensus binding site (DFPLDYF). It is most
closely related to the S. cerevisiae and K. lactis proteins
(Fig. 1).

Computational analysis of the C. glabrata Ste12 pro-
moter with Matinspector (Quandt et al, 1995) revealed
no matches with S. cerevisiae pheromone or filamenta-
tion response elements (Bardwell et al., 1994; Madhani
and Fink, 1997). However, possible binding sites for
Gcen4 (-390, —397, —551, —558) and Nit2 (— 386, —679,
—883) were identified suggesting that C. glabrata Ste12
may be regulated by amino acid and/or nitrogen
starvation.

C. glabrata Ste12 is a partial functional homologue of
S. cerevisiae Ste12

Transformation of S. cerevisiae L5627, a homozygous
diploid ste12 null mutant, with the C. glabrata STE12
containing plasmid pKH310 resulted in rescue of the fila-
mentation defect seen in this strain (Fig. 2A). In addition
C. glabrata STE12 was able to complement the mating
defect of the haploid S. cerevisiae ste12 null mutant

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 50, 1309—-1318

HLY635 (Fig.2B). However, C. glabrata STE12 was
unable to complement the defective growth phenotype of
S. cerevisiae ste12 mutants on calcofluor white and S.
cerevisiae HLS105 acquired a slight SDS sensitive growth
defect (data not shown). These data demonstrate that C.
glabrata STE12, in addition to having sequence homology
with STE12, encodes a protein that is at least a partial
functional homologue of Ste12.

C. glabrata Ste12 is required for nitrogen starvation
induced filamentation

We have previously demonstrated that C. glabrata pro-
duces pseudohyphae, similar to those of diploid S. cere-
visiae strains, in response to nitrogen starvation (Csank
and Haynes, 2000). We therefore sought to determine if
C. glabrata Ste12 was required for this filamentation. The
ste12 null mutant C. glabrata HLS112T rarely produces
filaments in response to nitrogen starvation whereas the
parental strain C. glabrata ATCC 2001 and the C. glabrata
STE12 reconstituted strain HLS113 produce large num-
bers of filaments. However, the reconstituted strain was
unable to produce filaments to the same extent as the
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ste12/ste12  5627::CgSTE12
5627 HLS105
cross
ste12 (HLY635) X4003-5Ba
ste12 YEp24 (HLY637) X4003-5Ba
X4003-5Ba

ste12::CgSTE12 (HLS107)

Fig. 2. Candida glabrata STE12 complements the filamentation and
mating defects of S. cerevisiae ste12 mutants.

A. Diploid wild-type (5366), ste12/ste12 (5627) and C. glabrata
STE12 complemented ste12/ste12 (HLS105) S. cerevisiae strains
were cultured on SLAD medium for 7 days at 30°C. Representative
colonies were viewed with a Leitz Laborlux 12 microscope using a
10x objective. Images were captured with a Nikon CoolPix digital
camera and imported into Microsoft Word.

B. Haploid S. cerevisiae HLY635 (MAT« ste12), HLY637 (MATo ste12
YEp24) and HLS107 (MATo ste12 CgSTE 12) were patch mated with
the MATa strain X4003-5Ba. After 48 h culture on YPAD the patches
were transferred to SC without histidine and cultured for a further 48 h
at 30°C. The left and right columns represent the parental strains as
indicated and the centre column the products of mating.

wild-type parental strain, possibly as a result of the episo-
mal complementation (Fig. 3).

C. glabrata STE12 is not required for cell wall integrity

We constructed a mutant, C. glabrata HLS108, with a
doxycycline regulatable C. glabrata STE12 allele and
demonstrated that STE712 expression in this strain was
suppressed by the presence of 10 ug mI”" doxycycline
(Fig. 4A). Total RNA was extracted from C. glabrata

ste12 STE12

2001 HLS112T HLS113

Fig. 3. Candida glabrata STE12 is required for nitrogen starvation
induced filamentation. Wild-type ATCC 2001, ste12 (HLS112T) and
reconstituted STE12 (HLS113) C. glabrata strains were cultured on
SLAD medium for 10 days at 37°C. Representative colonies were
viewed with a Leitz Laborlux 12 microscope using a 10x objective.
Images were captured with a Nikon CoolPix digital camera and
imported into Microsoft Word.

HLS108 grown in the presence and absence of doxycy-
cline, and converted to cDNA. The two cDNA populations
were used to probe S. cerevisiae GF100 gene filters
(Research Genetics). Visual comparison of the hybridiza-
tion patterns obtained revealed apparent differences in
binding to at least five ORFs, i.e. TIP1, CIS3, PAU1, PAU6
and YJLO51W. In all cases expression of C. glabrata
Ste12 resulted in de-repression of gene expression. We
attempted to confirm these data by Northern analysis.
Polymerase chain reaction primers were designed using
available C. glabrata genomic information (T/P1 and
CIS3) or by analogy to the S. cerevisiae genes (PAUT,
PAU6 and YJLO51W). The resultant PCR products were
sequenced and used to probe Northern blots of total RNA
extracted from C. glabrata HLS108 cultured in the pres-
ence or absence of doxycycline. This analysis revealed
that C. glabrata CIS3 expression was de-repressed in the
absence of C. glabrata Ste12 whereas TIP1 expression
appeared to be only partially dependent on Stel12
(Fig. 4B). Neither TIP1 nor CIS3 expression was induced
in C. glabrata ATCC 2001 by the presence of doxycycline
(data not shown). We were unable to design primers that

A

STE12
-+

B
CIS3 TIP1
+ -+

-' -
i1 %

Fig. 4. The absence of C. glabrata Ste12 de-represses CIS3 and
TIP1 expression. C. glabrata HLS108 was cultured overnight in YPAD,
diluted 1:20 in fresh YPAD and cultured for a further 2 h in the
presence (+) or absence (=) of 10 ug ml~" doxycycline. The upper
panels show the Northern analysis and the lower panels total RNA
stained with methylene blue.

A. Doxycyline represses STE12 expression in C. glabrata HLS108.
Total RNA was transferred onto a nylon membrane and probed with
a C. glabrata STE12 (—16/+720) PCR product.

B. C. glabrata CIS3 and to a lesser extent TIP1 expression is de-
repressed by the absence of Ste12. Blots were probed with PCR
products generated by CgCIS3F/CgCIS3R and CgTIP1F/CgTIP1R
respectively.

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 50, 1309—-1318
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Fig. 5. Candida glabrata causes systemic disease in a murine model of candidiasis.
A. Groups of seven mice were immunosuppressed with 200 mg kg™ cyclophosphamide and inoculated i.v. with (x) 1 x 107 (A) 7 x 107 and (H)
2 x 108 wild-type C. glabrata ATCC 2001 blastospores. Mice were sacrificed when predetermined end-points (as described in the text), e.g. 20%

weight loss, were reached.

B. Representative liver sections from mice infected with 7 x 107 (i, i) or 2 x 108 (iii, iv) C. glabrata ATCC 2001 wild-type cells. Sections were
stained with Grocott and Light Green. The resultant stained slides were viewed with a Leitz Laborlux 12 microscope using a 10x (i, iii) or 25x (ii,
iv) objective. Images were captured with a Nikon CoolPix digital camera and imported into Microsoft Word. The differences in tissue colour

represent varying intensities of Grocott/Light green staining.

were capable of amplifying the C. glabrata homologues of
PAU1, PAU6 and YJLO51W and therefore the C. glabrata
Ste12 regulatory status of these genes could not be deter-
mined. We were also unable to confirm their Ste12 depen-
dant regulation by probing with heterologous S. cerevisiae
probes.

As four of the putative C. glabrata Ste12 regulated
ORFs (TIP1, CIS3, PAU1 and PAU6) encode proteins that
have known or putative cell wall functions we decided to
investigate the role of C. glabrata STE12 in maintenance
of cell wall integrity. Candida glabrata HLS112T demon-
strated no growth defects on media containing SDS, caf-
feine or calcofluor white (data not shown).

Murine model of C. glabrata systemic candidiasis

We initially attempted an immunosuppressive regimen
where cyclophosphamide (200 mg kg™) was adminis-
tered the day before infection with C. glabrata. Using
this regimen we were unable to initiate infection with C.
glabrata ATCC 2001. However disease was established
when immunosuppression was started three days before
infection. Administration of increasing numbers of C. gla-
brata cells resulted in more severe disease (Fig. 5A). A
dose of 2x 10° cells reproducibly resulted in a 100%
fatal infection after 5 days. Histological examination of
major organs (brain, heart, kidney, liver, lung and
spleen) demonstrated the presence of large numbers of
C. glabrata cells, occurring as large microcolonies
(Fig. 5B). In all cases there was little or no evidence of
necrosis or inflammation around the sites of C. glabrata

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 50, 1309—-1318

microcolonies. Large numbers of C. glabrata cells were
recoverable from all organs in mice that died after
3 days (from 7x10” g™ in the lung to 9.4x108g™" in
the spleen). Conversely culture of blood, obtained from
the lateral tail vein, revealed only limited candidaemia
(<10 cells ml™"). When a lower dose of 7x 10" was
administered mortality fell to 70% by day 10 (Fig. 5A). In
addition histology revealed a much lower tissue burden.
Infrequent small microcolonies or individual blastospores
only were seen (Fig.5B). Again no necrosis or inflam-
mation was evident. All mice inoculated with 1x 107
cells survived for the entire course of the experiment
(Fig. 5A).

C. glabrata Ste12 is required to maintain wild-type levels
of virulence

Groups of 15 immunosuppressed mice were inoculated
with equivalent doses of the ste12 mutant C. glabrata
HLS112T (9.1 x 107) or the reconstituted STE72 strain
HLS113 (8.8 x 107). Kaplan Meier Log Rank analysis of
the survival curves shown in Fig. 6 demonstrate that C.
glabrata ste12 cells are attenuated compared with their
STE12 reconstituted siblings (P = 0.004). Median survival
times for animals infected with the STE12 reconstituted
strain was three days compared with five days for mice
inoculated with C. glabrata ste12 cells. These data dem-
onstrate that C. glabrata STE12 is required to maintain
wild type levels of virulence and indicates that the
encoded protein plays a role in the pathogenesis of can-
didiasis caused by this fungus.
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Fig. 6. Candida glabrata STE12 is required to maintain wild-type
levels of virulence. Groups of 15 mice were immunosuppressed with
200 mg kg™' cyclophosphamide and inoculated with the C. glabrata
ste12 mutant (W) HLS112T (9.1 x 107) or the STE12 reconstituted
strain (¢) HLS113 (8.8 x 107). Mice were sacrificed when predeter-
mined end-points (as described in the text), e.g. 20% weight loss,
were reached. Kaplan Meier Log Rank analysis of the survival curves
demonstrate that ste12 cells are significantly attenuated (P = 0.004)
compared to STE12 reconstituted strains, and have an extended
median survival time of 5 days compared to 3 days.

Discussion

Ste12 proteins are conserved in many fungi, regulating
processes involved in mating, filamentation, substrate
invasion, cell wall integrity and virulence (Liu et al., 1994;
Singh etal., 1994; Lo etal., 1997; Wickes et al., 1997;
Chang et al., 2000; 2001; Vallim et al., 2000; Young et al.,
2000; Borneman et al., 2001). We have demonstrated that
C. glabrata has a Ste12 homologue. There are two major
subclasses within the Ste12 family of proteins, those with
both homeodomain and C;H, zinc finger DNA binding
domains (i.e. SteA, CnSte12a, CnSte120 and StlA) and
those that only have the homeodomain (i.e. Cph1, Cls12,
KISte12 and Ste12). Candida glabrata Ste12 falls into the
latter category. Unusually for this group of Ste12 proteins
C. glabrata Ste12 lacks an apparent consensus binding
motif for the regulatory proteins Dig1 and Dig2 (Pi et al.,
1997). These two S. cerevisiae proteins bind to Ste12 in
their unphosphorylated state and repress its function.
Upon activation of the pheromone/filamentation MAPK
cascade these proteins are phosphorylated resulting in
their disassociation from Ste12 and its activation (Olson
et al., 2000). The lack of a Dig1/2 binding motif on C.
glabrata Ste12 suggests a different regulatory model. One
possibility is that C. glabrata Ste12 is directly activated by
a MAPK cascade. We are currently investigating this
hypothesis.

The complementation of the mating defect of ste12 S.
cerevisiae strains by C. glabrata STE12 is an interesting
observation. This demonstrates that C. glabrata Ste12
can activate transcription from S. cerevisiae promoters
containing pheromone response elements resulting in
mating. This data taken together with our cloning of other

C. glabrata STE genes, plus the identification of a large
number of genes with no known roles outside of sexual
development during a genome sequence scan (Wong
etal.,, 2003) and the characterization of three mating
type-like loci (Srikantha et al., 2003), suggest that at least
a cryptic mating pathway exists in this apparently asexual
organism. Recently a sexual cycle has been demon-
strated in the diploid species C. albicans (Hull etal.,
2000; Magee and Magee, 2000). The frequency of this
mating was initially reported to be very low. However,
more recent evidence has shown that phase variation is
an important stimulus of mating (Miller and Johnson,
2002). Candida albicans opaque phase cells mate
approximately 10° times more efficiently than white cells,
in which initial mating experiments were performed.
These data demonstrate the need to define conditions
under which mating can proceed. It is possible that the
conditions that would allow C. glabrata to mate have not
yet been defined.

Our Northern analysis data suggests that C. glabrata
Ste12 plays an important role in C. glabrata cell wall
biology as its absence results in derepression of T/IP1 and
CIS3 expression. Tip1 and Cis3 are structural
components of the S. cerevisiae cell wall (http://
www.yeastgenome.org).  Saccharomyces  cerevisiae
Ste12 also plays a major role in maintaining cell wall
integrity as it can be targeted to the promoters of a set of
genes involved in cell wall biology by interaction with
another DNA binding protein Mcm1 (Kuo et al., 1997).
However, C. glabrata ste12 null mutants are not sensitive
to growth on SDS. This suggests that the cell wall integrity
pathway of C. glabrata is distinct from that in S. cerevisiae.

Candida albicans cph1/cph1 mutants do not filament in
response to certain stimuli and are slightly attenuated
whereas cphi1/cph1 efg1/efg1 mutants cannot form fila-
ments in vitro and are severely attenuated (Lo etal.,
1997). The attenuation has been causally linked to defec-
tive filamentation. However, recent work has shown that
these mutants can, and do, produce filamentous forms in
vivo (Riggle et al., 1999). In contrast C. glabrata has not
been shown to form filaments in vivo even though fila-
mentation occurs in response to nitrogen starvation in
vitro (Csank and Haynes, 2000). We have extended our
previous findings and demonstrated that this filamenta-
tion is dependent on C. glabrata Ste12, i.e. ste12 null
mutants in contrast to wild-type cells only rarely produce
filaments when starved for nitrogen. We have also shown
that C. glabrata ste12 null mutants are not as virulent as
wild-type or STE12 reconstituted strains. As filamentation
is not thought to be important in C. glabrata virulence it is
possible, even likely, that other C. glabrata Ste12 depen-
dent processes mediate disease initiation and progres-
sion in the mammalian host. Recent genome-wide
analysis of S. cerevisiae Ste12 DNA binding has

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 50, 1309—-1318
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Table 2. Fungal strains used in this study.

Candida glabrata STE12 1315

Strain Genotype Reference

C. glabrata ATCC 2001 type strain ATCC?

C. glabrata AH1 his3::URA3 Aura3 Weig, 2001
C. glabrata AHT6 his3::URA3 Aura3 Atrp1 Weig, 2001
C. glabrata ACG4 his3, trp1, PScHOP1::tetR::GAL4AD::TRP1 Hanic-Joyce, 1998
C. glabrata HLS108 his3, trp1, PScHOP1::tetR::GAL4AD:: TRP1 tetOpSTE12 HIS3 this study

C. glabrata HLS112 his3::URA3 Aura3 Atrp1 Aste12::HIS3 this study

C. glabrata HLS112T his3::URA3 Aura3 Atrp1 Aste12::HIS3 [pCgACT-14] this study

C. glabrata HLS113 his3::URA3 Aura3 Atrp1 Aste12::HIS3 pKH269 [STE12 TRP1] this study

S. cerevisiae L5633 ura3/ura3 Mosch, 1997
S. cerevisiae L5627 ura3/ura3 ste12/ste12 Mésch, 1997
S. cerevisiae HLY635 MATo ste12::LEU2 ura3 leu2 his3 FLC®

S. cerevisiae HLY637 MATo ste12::LEU2 ura3 leu2 his3 YEp24 FLC®

S. cerevisiae X4003-5Ba MATa leu2 ade1 his4 met2 ura3 trp5 galt AFGLC*

S. cerevisiae HLS105 ura3/ura3 ste12/ste12 pKH310 [CgSTE12 URA3] this study

S. cerevisiae HLS107 MATo ste12::LEU2 ura3 leu2 his3 pKH310 [CgSTE12 URAS3] this study

a. American Type Culture Collection.
b. Fink laboratory collection.
c. Aberdeen Fungal Group laboratory collection.

revealed a role for this transcription factor in the regula-
tion of many aspects of S. cerevisiae biology, e.g. trans-
port, environmental sensing and vacuolar trafficking
which in pathogenic fungi may act to mediate in vivo
survival and growth (Ren et al.,, 2000). These data sup-
port the hypothesis that many Ste12 dependent pro-
cesses, in addition to the regulation of filamentous
growth, may play a significant role in virulence and that
perhaps the causal link ascribed to the relationship
between reduced ability to filament and an attenuated
phenotype needs to be re-evaluated.

Our data suggest that the C. glabrata and S. cerevisiae
Ste12 proteins play different roles in these two fungi. This
hypothesis is supported by our observations of the differ-
ent phenotypes of C. glabrata and S. cerevisiae ste12
mutants. Furthermore C. glabrata Ste12 while able to fulfil
a number of the functions of the S. cerevisiae protein, e.g.
complementation of the diploid filamentation defect and
haploid sterility, it is unable to complement all phenotypes,
e.g. the calcofluor white sensitive growth defect. It is pos-
sible that analysis of other biological differences between
C. glabrata and S. cerevisiae will reveal insights into why
the former is a much more common cause of infection
than the latter.

Experimental procedures
Strains and growth media

All strains used in this study are listed in Table 2. Fungal cells
were routinely cultured in YAPD (2%(w/v) peptone, 2%(w/v)
glucose, 1%(w/v) yeast extract, 0.01%(w/v) adenine) or SD
(0.17%(w/v) yeast nitrogen base without amino acids (Difco),
2%(w/v) glucose and appropriate drop out mix (Clontech,
Basingstoke), at 30°C or 37°C. For solid media 2%(w/v) agar
was added prior to autoclaving. SLAD media was prepared
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as previously described (Csank and Haynes, 2000). Other
additives were filter sterilised and added at the appropriate
concentration to media after autoclaving.

Cloning of C. glabrata STE12

Degenerate PCR primers (1444 and 1447) designed to align-
ments of Ste12 proteins from S. cerevisiae, C. albicans and
K. lactis were a generous gift from Mike Lorenz (Whitehead
Institute, Boston, USA). All primers used in this study are
listed in Table 1. Polymerase chain reaction amplification was
performed on a PCR Engine (MJ Research, Watertown, MA,
USA) in 1x PCR buffer (MBI, Vilnius, Lithuania) containing
1 U of Taq polymerase and 100 ng of C. glabrata ATCC 2001
genomic DNA. Polymerase chain reaction conditions were
5 min at 94°C, then 25 cycles of 30 s at 94°C, 30 s at 50°C
and 2 min at 72°C followed by a final extension step of 10 min
at 72°C. The resulting PCR product was cloned into pGEM
T-Easy (Promega, Southampton) and sequenced. The
314 bp fragment showed significant sequence homology to
fungal STE12 genes.

A C. glabrata genomic DNA library constructed in YEp24
was a kind gift from Dominique Sanglard (CHUV, Lausanne,
Switzerland). The 314 bp C. glabrata STE12 PCR product
was labelled with *P using Ready-to-Go beads (Amersham-
Pharmacia, Chalfont) and used to probe replicate filters of
this library. Two positive colonies were identified that con-
tained the same YEp24 plasmid (pCgSTE12). The entire
6.7kb insert of one of these plasmids was sequenced on both
strands at the Imperial College London sequencing facility
using synthetic primers.

Disruption of C. glabrata STE12

Polymerase chain reaction primers CgSTE12-890Sphl and
CgSTE12 + 2030Sphl were used to amplify a 2920 bp frag-
ment from pCgSTE12. Each of these primers contained
embedded Sphl sites. The PCR product was cloned into
pGEM T-Easy. The resultant plasmid (pKH313) was digested
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with Xbal and Kpnl to remove 2027 bp from —505 to +1522,
with respect to the C. glabrata STE12 ATG start codon. The
C. glabrata STE12 stop codon is at +1791. The plasmid
backbone was blunt ended and a C. glabrata HIS3 cassette
was cloned in as previously described (Weig et al., 2001).
This disruption cassette was amplified with the primer pair
CgSTE12-890 and CgSTE12 +2030 (without embedded
Sphl sites) and transformed into C. glabrata AHT6
(his3::URA3 Aura3 Atrp1) using a lithium acetate protocol.
Histidine prototrophs were selected. Homologous integration
was confirmed by Southern analysis and gene disruption by
PCR using the primer pair CgSTE12-6 and CgSTE12 + 720.
A representative strain C. glabrata HLS112 (his3::URA3
Aura3 Atrp1 Aste12::HIS3) was selected for further analysis.
For the infection and phenotypic analysis this strain was
made prototrophic for tryptophan by transformation with
pCgACT-14 (Kitada et al., 1996) and designated C. glabrata
HLS112T.

Reconstitution of C. glabrata STE12

Plasmid pKH269 was constructed by digesting pKH313 with
Sphl and cloning the purified 2920 bp C. glabrata STE12
fragment into Sphl digested dephophorylated pCgACT-14
(Kitada et al., 1996). To reconstitute C. glabrata STE12 we
transformed C. glabrata HLS112 with pKH269. Tryptophan
prototrophs were selected. Reconstitution of C. glabrata
STE12was confirmed by PCR with the primer pair CQSTE12-
16 and CgSTE12 + 720 plus Northern analysis. A represen-
tative C. glabrata STE12 reconstituted transformant C. gla-
brata HLS113 (his3::URA3 Aura3 Atrp1 Aste12::HIS3
pKH269 [STE12 TRP1]) was selected for further analysis.

Complementation of S. cerevisiae ste12 mutants

The 2920 bp C. glabrata STE12 Sphl fragment was removed
from pKH313 and cloned into the Sphl site of YEp24. The
resultant plasmid pKH310 was used to transform the diploid
S. cerevisiae ste12 mutant L5627 (ura3/ura3 ste12/ste12)
(Mosch and Fink, 1997). Uracil prototrophs were selected
and episomal uptake of C. glabrata STE12 was confirmed by
PCR with the primer pair CgSTE12-16 and CgSTE12 + 720.
A representative transformant S. cerevisiae HLS105
(ura3/ura3 ste12/ste12 pKH310 [STE12 URAS3]) was
selected. In addition the haploid S. cerevisiae ste12 mutant
HLY635 (MATa ste12::LEU2 ura3 leu2 his3) was transformed
with pKH310. A representative transformant S. cerevisiae
HLS107 (MATo ste12:LEU2 wura3 leu2 his3 pKH310
[CgSTE12 URA3)]) was selected.

Mating assays

To determine if C. glabrata Ste12 could complement the
mating defect of the haploid S. cerevisiae ste12 mutant
HLY635 we performed a series of patch matings with the
MATa strain X4003-5Ba (MATa leu2 ade1 his4 met2 ura3
trp5 galt). This strain was crossed with HLY635 (MATo
ste12::LEU2 ura3 leu2 his3), HLY637 (MATo ste12:LEU2
ura3 leu2 his3 YEp24) and HLS107. After 48 h at 30°C on
YAPD portions of each patch were transferred to SC without
histidine and incubated for a further 48 h at 30°C.

Construction of a doxycycline regulatable C. glabrata
STE12 allele

Two PCR products were generated by amplification with
the primer pair CgSTE12-890Sall/CgSTE12-473Sall and
CgSTE12-16Spel/CgSTE12 + 720Spel, respectively, and
cloned into pGEM T-Easy. The —16/+720 fragment was
released by Sall digestion and cloned into Sall cut p99CGH
(Nakayama etal., 1998). The -890/-473 fragment was
released from pGEM T-Easy by Spel digestion and cloned
into the Spel site of the resultant plasmid. The promoter
replacement cassette was generated by amplification with
the primer pair CgSTE12-890/CgSTE12 + 720 (there were
no embedded Sall or Spel restriction sites in these primers)
and transformed into C. glabrata ACG4 (Nakayama et al.,
1998). Histidine prototrophs were selected and doxycycline
repressible C. glabrata STE12 expression was confirmed
by Northern analysis. DNA sequencing was performed to
establish that no mutation had occurred in the C. glabrata
STE12 locus of these strains. A representative strain was
selected and designated C. glabrata HLS108 (his3 trp1
PScHOP1::tetR::GAL4AD::TRP1 tetOp STE12 HIS3).

Nucleic acid manipulations

DNA isolation, RNA preparation, Northern and Southern
analysis were essentially as previously described (Weig
et al., 2001).

Saccharomyces cerevisiae Yeast Index Gene Filters
(GF100, Research Genetics, Huntsville, AL, USA), which
contain PCR products corresponding to each annoated S.
cerevisiae ORF on two nylon membranes, were probed with
either 500 ng of genomic DNA (labelled using Ready-to-Go
beads) or the cDNA generated from 5 ug of total RNA that
was reverse transcribed, radiolabelled and hybridized follow-
ing the manufacturers instructions.

Model of systemic candidiasis

All mice included in this study were part of ongoing studies
performed under UK Home Office project licence PPL 70/
5361. Experiments were performed at dedicated facilities at
Imperial College London. Male CD1 mice, 4-5 weeks old and
weighing between 18 and 20 g were purchased from Charles
River UK (Margate, Kent). The mice were virus-free and were
allowed free access to food and water. Each cage was
inspected at least twice daily.

When the mice had reached a weight of 25-28 g cyclo-
phosphamide (Sigma-Aldrich Poole, Dorset) was adminis-
tered ip to all animals at a dose of 200 mg kg™ to induce
immunosuppression. A state of profound neutropenia was
achieved three days after administration of the drug.
Cyclophosphamide was re-administered every fourth day to
maintain neutropenia. Initial dose LD90 experiments were
performed in groups of seven mice. Animals were immuno-
suppressed with 200 mg kg™ cyclophosphamide and inocu-
lated with varying doses of C. glabrata ATCC 2001 (1 x 107,
7 x 107 and 2 x 108) using |V injection into the lateral tail vein
of 0.15 ml. Mice were sacrificed when predetermined end-
points, as described in the project licence were reached, e.g.
20% weight loss, ascites where the burden exceeds 10% of
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baseline bodyweight, a moribund state, lethargy or failure to
respond to gentle stimuli. Infection of non-immunosup-
pressed mice with 2 x 10° C. glabrata ATCC 2001 cells
resulted in 100% survival for the duration of the experiment
(data not shown).

For the infection experiments groups of 15 mice were
immunosuppressed with 200 mg kg™ cyclophosphamide and
then inoculated with blastospores of C. glabrata HLS112T
(9.1 x 107) or HLS113 (8.8 x 107) using IV injection into the
lateral tail vein. All dilutions were perfomed in saline and mice
were inoculated with a volume of 200 ul. Mice were sacrificed
when the previously described predetermined end-points,
were reached. Survival curves were compared using Kaplan-
Meier Log Rank analysis.
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