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ABSTRACT

Comparative genomic analyses of Candida glabrata and Saccharomyces cerevisiae suggest many signal
transduction pathways are highly conserved. Focusing on the phosphate signal transduction (PHO)
pathway of C. glabrata, we demonstrate that components of the pathway are conserved and confirm the
role of CgPHOS1, CgPHOS80, CgPHO4, and CgMSN5 in the PHO pathway through deletion analysis. Unlike
S. cerevisiae, C. glabrata shows little dependence on the transcription factor, Pho2, for induction of
phosphate-regulated genes during phosphate limitation. We show that the CgPho4 protein is necessary
and sufficient for Pho2-independent gene expression; CgPho4 is capable of driving expression of PHO
promoters in S. cerevisiae in the absence of S¢PHO2. On the basis of the sequences of PHO4 in the
hemiascomycetes and complementation analysis, we suggest that Pho2 dependence is a trait only observed
in species closely related to S. cerevisiae. Our data are consistent with fransregulatory changes in the PHO
pathway via the transcription factor Pho4 as opposed to cistegulatory changes (the promoter).

IFFERENT species exploit specific niches. Gene
expression programs have evolved to allow for
optimal growth in these niches. Many gene expression
programs are common to species (e.g., DNA damage
response, or nutrient starvation response); however, it
is unclear how signal transduction pathways have evolved
to tailor gene expression programs to their niche (Fry
et al. 2006; GascH 2007). Traditional signal transduction
studies utilize conservation of signaling components in
one species to infer conservation of functional output
and this has been successful at predicting behaviors of
important signal transduction pathways in organisms
ranging from humans to bacteria (StmoN 2001; PINTER
et al. 2005). However, recent work has demonstrated that
even when components are highly conserved between
organisms, the network architecture, or how the compo-
nents may interact, is different. For example, chemotaxis
in Escherichia coli and Bacillus subtilis relies on the same
components but the interactions are different, resulting
in divergent behavior (ALON et al. 1999; Rao et al. 2004).
This is underscored by examples of signal transduction
pathways that behave differently between humans and
mice (MIGEON et al. 2005; GArRorALO 2006). Thus, com-
parative analyses of signaling pathways are the first step
in establishing the evolutionary pressures regulating spe-
ciation. Multicellular systems (notably the drosophilids)
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present a diversity of sequenced organisms and molec-
ular genetic tools; however, the complexity of pathways,
the number of components, and the exponential
number of possible network interactions makes a thor-
ough comparative analysis difficult (YEGER-LOTEM et al.
2004; Mosks et al. 2006).

The complete genomic sequence of many ascomy-
cetes has begun to allow for a comparative genomic
approach to understand the evolutionary steps required
for speciation (CLIFTEN et al. 2003; DUJON et al. 2004).
For example, if a species does not experience an
environmental condition during evolutionary time,
the pathway required to respond to that condition can
decay (HITTINGER ef al. 2004). Furthermore, promoters
responsive to important signaling pathways, such as
ribosomal protein biogenesis, can drift and acquire the
ability to bind different transcription factors (TsonG
et al. 2003; BUTLER et al. 2004; THMELS et al. 2005). In this
study, we have utilized a comparative genomic approach
to study the PHO pathway in Candida glabrata and
contrast its signaling pathway with the well studied
PHO pathway of Saccharomyces cerevisiae.

The PHO pathway in S. cerevisiae activates the tran-
scription of at least 20 genes during phosphate starva-
tion (LENBURG and O’SHEA 1996; OsHiMa 1997;
CARROLL et al. 2001). The PHO pathway consists of
upstream signaling components (Pho81, Pho80, Pho85,
Pho4, and Pho2) and a downstream transcriptional
output. For the purposes of this study, we examine the
transcription of PHO5 and PHOS84 in S. cerevisiae and
PHOS84 and GITI in C. glabrata. Core to the signaling
pathway is Pho4, a transcription factor regulated by a
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cyclin/cyclin-dependent kinase (CDK)/CDK inhibitor
complex composed of Pho80, Pho85, and Pho81. In
high phosphate conditions, the Pho80/Pho85 complex
phosphorylates Pho4 on four key serine residues,
causing export of Pho4 by Msnb from the nucleus and
cytoplasmic localization (O’NEILL et al. 1996; KOMEILI
and O’SHEA 1999). In low phosphate conditions, Pho81
inhibits the kinase complex causing dephosphorylated
Pho4 to accumulate in the nucleus via the import re-
ceptor Psel, allowing Pho4 to cooperatively bind phos-
phate starvation promoters with the transcriptional
coactivator Pho2 (VOGEL et al. 1989; YOSHIDA et al.
1989a; SCHNEIDER et al. 1994).

We examined the PHO pathway in C. glabrata, because
it is closely related to S. cerevisiae in the ascomycete
lineage; however, both species experienced an ancestral
whole genome duplication supplying the raw material for
neofunctionalization (WoLFE 2001; DujoN et al. 2004).
Because these species diverged from a common ancestor
~10 MYA, share ~75% protein sequence identity, and
share manysignal transduction pathways, we hypothesized
C. glabratawould have many similarities to S. cerevisiae, with
the notable difference of environment; C. glabrata is a
commensal pathogen with mammals (REDONDO-LOPEZ
et al. 1990; CorMAacK and FALKOw 1999; CORMACK et al.
1999; DOMERGUE et al. 2005).

We demonstrate that whereas most components of the
PHO pathway are conserved between the two species, an
important difference exists that may affect speciation.
Pho2isnotasimportantfor the transcriptional response
to phosphate starvation in C. glabrata as it is in
S. cerevisiae. We propose this Pho2 requirement (or lack
of) has evolved in ¢rans and that mutations in promoters
have had a minimal impact on the Pho2 requirement as
is evidenced by the sufficiency of CgPho4 to circumvent
the Pho2 requirementin S. cerevisiae. (We abbreviate the
derivation of genes from the two organisms as Sc,
S. cerevisiae and Cg, C. glabrata.) Comparative genomic
analysis of the hemiascomycetes suggests that the re-
quirement for Pho2 in the transcriptional induction of
PHO genes in S. cerevisiae is a derived trait, and the
inclusion of Pho2 into the PHO pathway could have
allowed for the Saccharomyces genus to take advantage
of low inorganic phosphate conditions in nature.

MATERIALS AND METHODS

Strain construction: C. glabrata mutants were generated
using antibiotic resistance genes KANMX6 or NATMX6 and
homologous recombination to inactivate various phosphate
signaling genes in a C. glabrata his3~ background (LONGTINE
et al. 1998; CorMACK and FALKOw 1999; HENTGES et al. 2005).
See Table 1 for a summary of strains and supporting in-
formation, Table S1, for a description of primers utilized to
generate strains and plasmids. Deletion of genes was con-
firmed by PCR. The mutant strains were further confirmed by
a semiquantitative phosphatase assay to confirm that multiple
isolates behaved similarly.

TABLE 1

Strains used in this study

Strain Genotype Reference

S. cerevisiae

EY57 K699 with MATa WyKOFF and O’SHEA
(2001)

WYKOFF et al. (2007)

WYKOFF el al. (2007)

WYKOFF et al. (2007)

EY131 EY57 with pho4ATRPI
EY337 EY57 with pho2ALEU2
EY338 EY57 with pho4ATRPI
pho2ALEU2
C. glabrata
BG99  his3A(1 + 631) CoRrRMACK and

FaLkow (1999)

DG2  BG99 with Cgpho4AKANMX6  This study
DG3  BG99 with Cgpho2AKANMX6  This study

DG6  BG99 with CgphoSIAKANMX6 This study

DG8  BG99 with CgphoSOANATMX6 This study

DGY9  BG99 with Cgmsn5SANATMX6 This study

DGI11 BG99 with Cgpho4AKANMX6  This study
Cgpho2ANATMX6

The genotype of K699 is ade2-1 trpl-1 canl-100 leu2-3,112
his3-11,15 ura3.

To generate PHO4 and PHO2 containing plasmids, the ORF
for the gene with at least 500 bp upstream was PCR amplified
with primers that created a Noi restriction site at the 5" end and
a Pad restriction site at the 3’ end of the gene. Primers used in
this study are described in Table SI1. The PCR fragment was
digested with Nofl and Pac and ligated in frame into pRS313-
13myc, so that the myc epitope was C terminal (SIKORSKI and
HieTer 1989; Wykorr and O’SHEA 2005). For Figure 6, all
PHO4 genes were amplified with a stop codon and were not in
frame with the myc epitope. The PHO4 and PHO2 plasmids, for
both S. cerevisiae and C. glabrata, were transformed into yeast
strains using a standard lithium acetate yeast transformation
protocol with selection on medium lacking histidine (WyKOFF
and O’SHEA 2001; GUTHRIE and FINK 2002).

Media and growth conditions: Yeast strains defective in
PHO pathway genes, but without plasmids, were grown in
synthetic dextrose (SD) media with complete supplement
mixture (CSM) amino acids (Sunrise Science Products, San
Diego, CA) at 30° until logarithmic growth phase (see
GutHRIE and FINK 2002 for media components). Logarithmic
growth is an ODgyy ~0.5. Yeast strains defective in pathway
genes and containing HIS3* plasmids were grown in SD +CSM
—histidine. For all described experiments, cells were grown to
logrithmic phase, pelleted by centrifugation, washed three
times in medium lacking phosphate, then transferred to
media lacking phosphate or media with 10 mm KHsPO, (for
phosphate replete conditions) and grown at 30° for 3 hr.

Comparative genomic analysis: Orthologs of each S. cerevi-
siae PHO pathway component were identified in C. glabrata on
the basis of sequence similarity using the “Blastp vs. Fungi”
feature in the Saccharomyces Genome Database (http:/
www.yeastgenome.org/). The result with the lowest expect
(E) value (specifically a cutoff of = 10"*) was determined to
be the ortholog in C. glabrata. To obtain values useful in
comparing the two species, the sequences for the orthologs in
the two species were aligned using the National Center for
Biotechnology Information (NCBI) Blastp and the BLOSUM62
matrix (http://www.ncbi.nlm.nih.gov/). The relevant values
were recorded; specifically, percentage of amino acid iden-
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TABLE 2

Genomic sequence predicts a C. glabrata PHO pathway very similar to S. cerevisiae
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Sc to Cg Length of protein

Gene Cg systematic name Identity (%) Expect Sc Cg
MSN>5 CAGLOMO1144g 935/1219 (76) 0 1225 1221
PHO84 CAGLO0B02475g 448/586 (76) 0 588 580
PHOS87 CAGLOF02387g 649/966 (67) 0 924 952
PHO90 CAGLOF02387g 624/957 (65) 0 882 952
PSE1 CAGLOM13871g 754/1091 (69) 0 1090 1091
VIPI CAGLOMO09823¢g 832/1113 (74) 0 1147 1128
PHOS85 CAGLOL12474¢g 273/299 (91) 3E-159 306 302
PHOS1 CAGLOL06622g 344/900 (38) 5F-144 1179 1137
ADKI CAGLOK11418g 201/222 (90) 6113 223 222
PHO23 CAGL0G06556g 197/336 (58) 5F-88 331 316
PHOS6 CAGLOL05456g 163/300 (54) 5F-86 312 306
PHO2 CAGLOL07436g 180/384 (46) 8I-85 560 515
PHOS80 CAGLOE02541g 138/261 (52) TET3 294 342
PHOS88 CAGLOK12276g 134/196 (68) 8I-68 189 194
PHO4 CAGLOD05170g 32/60 (53) 4F-08 313 533
SPL2 No ortholog

PHOS89 No ortholog

NCPI CAGLOD04114g 457/693 (65) 0 692 687
PHM1 CAGLOF02145g 499/831 (60) 0 829 816
PHM?2 CAGLOF02145g 489/854 (57) 0 836 816
PHM3 CAGL0G06952¢g 582/719 (80) 0 722 717
PHOS8 CAGLOH07359¢g 322/488 (65) 4F-176 567 545
AUTH CAGLO0B00770g 311/538 (57) 15162 529 541
PHOY1 CAGL0I05632g 289/690 (41) 8133 895 886
SDT1 CAGLOH09218¢g 158/265 (59) 6£90 281 279
IRCI5 CAGLOF01947g 183/471 (38) 5E79 500 493
GIT1 CAGLO0A01243¢g 146/483 (30) 3E-60 519 531
PHMS8 CAGL0C02321g 136/292 (46) 258 322 314
PHM4 CAGLOM12705g 110/124 (88) 15553 130 127
CTF19 CAGLOF02035g 105/334 (31) 6£-32 370 373
PHMo6 No ortholog

PHO5 No ortholog

PHOI11 No ortholog

PHOI12 No ortholog

Orthologs of the PHO pathway components, both regulators and transcriptional output, in S. cerevisiae (Sc) were determined for
C. glabrata (Cg) on the basis of sequence similarity. Components are listed from lowest expect value to highest expect value and
components with no ortholog are listed last. MSN5 through PHOS9 are signaling components and NCPI through PHOI2 are
genes upregulated in response to phosphate starvation.

tity, the number of amino acids over which the percentage of
amino acid identity was measured, expect value, as well as the
sizes of the proteins in S. cerevisiae and C. glabrata (Table 2).

Detection of phosphatase activity: For a semiquantitative
phosphatase assay, the agar plates with colonies were over-
laid with a-naphthyl phosphate, Fast Blue Salt B stain, and
0.1 m sodium acetate (pH 4.2) (WYKOFF el al. 2007). This
assay causes a colony to turn red when phosphatase is
secreted and remain white in the absence of phosphatase.
For quantification of p-nitrophenyl phosphatase activity,
strains were grown in high or no phosphate conditions in
liquid media for 16 hr, with high phosphate samples diluted
to stay in logarithmic phase. One mL of cells (ODggy ~0.5)
was pelleted and resuspended in sterile water. Measured
units of phosphatase activity were expressed as ODygo/
ODgoo (HuanG and O’SHEA 2005). Data were normalized to
either wild type grown in phosphate starvation or pho4A +
PHO4 such that induction for these strains was 100%
(maximal induction expected).

Quantitative reverse-transcription PCR: RNA was extracted
by a standard phenol-chloroform protocol (Huanc and
O’SHEA 2005). RNA was converted to cDNA with a reverse-
transcription reaction (BIO-RAD iScript cDNA synthesis kit).
Quantitative PCR using a 50-pl PCR reaction with Sybr Green I
(Sigma-Aldrich, St. Louis) was performed. Primers were
designed for ACT1, PHOS84, and PHOS for S. cerevisiae and
ACTI1, PHOS84, and GITI for C. glabrata (see Table SI1). Data
were normalized to expression of ACT1 to control for loading
differences, and we confirmed that ACTI transcript abun-
dance does not change dramatically during phosphate starva-
tion (data not shown). These values were then normalized as
described above to 100% induction.

Immunoblot analysis: Abundance of S. cerevisiaeand C. glabrata
Pho4 protein was analyzed by immunoblot. The pho#A + PHO4
strains for both species were grown in high- and no-phosphate
conditions as described. Protein was extracted and quantified and
30 pg of protein were subjected to SDS-PAGE and analyzed as
described previously (Wyxkorr and O’SHEA 2005).
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PHO4 Regulated
Genes

F1cure 1.—Genomic sequence predicts a C. glabrata PHO
pathway similar to S. cerevisiae. The values indicate the per-
centage of amino acid identity and the number of amino acids
over which the identity was measured by BLASTP alignment.
Shading of each component differs on the basis of the expect
(E) value for each C. glabrata ortholog. Components with an
Evalue <107 are darkly shaded; E values >10"'" are lightly
shaded; and E values >10"'° are open. Systematic C. glabrata
names are given in Table 2.

RESULTS

Comparative genomic analysis of PHO pathway in S.
cerevisiae and C. glabrata: To determine PHO pathway
conservation in C. glabrata, we identified orthologous
sequences for each component of the pathway using
BLASTP and the yeast genome order browser (BYRNE
and Worre 2005). Utilizing a predetermined cutoff
value of E=10"%, most of the components of the PHO
pathway in S. cerevisiae have clear orthologs in C. glabrata
(Figure 1 and Table 2), suggesting that a PHO pathway
of similar architecture is present. However, C. glabrata
does not contain orthologs of the acid phosphatases
present in S. cerevisiae (PHO5, PHOI11, and PHOI2) or
the Pho89 high-affinity phosphate transporter, nor is
there obvious positive feedback through SPL2 (PERSSON
et al. 2003; WYKOFF et al. 2007). It is unclear what genes
encode the inducible acid phosphatase activity because
there are no homologs of acid phosphatases in the C.
glabrata genome, but there is clear inducible acid phos-
phatase activity (Figure 2A). The transcription factor
Pho4 is the least conserved component of the pathway

and is identifiable by amino acid identity in the C-
terminal DNA binding domain (Figure S1).

Confirmation of PHO pathway functions in
C. glabrata: To confirm that the identified orthologs
regulate a phosphate-starvation-inducible acid phos-
phatase, we inactivated candidate genes with antibiotic
resistance genes KANMX6 or NATMX6 (LONGTINE et al.
1998). Assaying these mutants by a semiquantitative
assay for acid phosphatase activity, we confirmed that
CgPho4 is required for induction of phosphatase activity
during phosphate starvation (Figure 2A). We further
determined that CgPho4 is regulated by the orthologous
cyclin/CDK/CDK inhibitor complex and that CgPho4
localization is likely one mode of regulation as deletion
of CgMSN5, a putative exporter of CgPho4, results in
partial activation of the pathway. Notably, deletion of
CgPHOZ2 does not abolish phosphatase induction, as it
does in S. cerevisiae (YOSHIDA el al. 1989a; SPRINGER e¢f al.
2003).

Using quantitative PCR, we quantified the amount of
transcript of two genes we hypothesized were regulated
by extracellular phosphate status, CgPHOS84 and CgGIT1,
and confirmed that they are transcriptionally induced
during phosphate starvation (Figure 2B). Quantitative
analysis of the mutant strains supported the semiquanti-
tative conclusions, although the two promoters behaved
slightly differently from one another. Because the acid
phosphatase gene has not been identified, we cannot
directly compare transcriptional induction of these two
genes with induction of phosphatase activity. Deletion of
PHO4 in C. glabrata results in no increase in gene
expression during phosphate starvation, which is true
in S. cerevisiae. Unlike S. cerevisiae, C. glabrata exhibits a
reduced dependence on the Pho2 transcription factor.
Although not at wild-type levels, gene expression of the
starvation-regulated promoters still occurs when PHOZ2is
deleted in C. glabrata.

C. glabrata Pho4 is sufficient for Pho2 indepen-
dence: To determine whether the Pho2 independence
in C. glabratais due to alterations in the C. glabrata Pho4
transcription factor (in ¢rans) or alterations to C. glabrata
promoters (in cis), we characterized the ability of Pho4,
from both S. cerevisiae and C. glabrata, to induce gene
expression independent of Pho2 in either species. Plas-
mids containing PHO4 or PHOZ2 genes from either S.
cerevisiae or C. glabrata were generated and transformed
into S. cerevisiaeand C. glabrata mutants defective in one or
both transcription factors (pho4A, pho2A, or pho4Apho2A).
PHO4 from either species complemented or cross-com-
plemented pho4A strains when subjected to the semi-
quantitative phosphatase assay, suggesting the plasmids
contain functional genes (Figure 3). We also confirmed
cross-complementation with PHO2, although CgPHO2
complemented S. cerevisiae to a lower extent than the
converse condition (Figure 4, A and B and Figure S2). We
confirmed our semiquantitative data by quantifying the
amount of SecPHOS84 and ScPHOS transcript in S. cerevisiae
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and white colonies have reduced phosphatase activity. (B) Induction of PHO84 and GITI and phosphatase activity of C. glabrata
mutants. Transcription of PHOS84 and GIT1 was measured with reverse-transcription quantitative PCR. Data were normalized to
wild-type cells grown in phosphate starvation such that expression for this strain was 100% (maximal induction expected during
starvation). p-nitrophenyl phosphatase activity was quantified and normalized to wild type. Data for PHOS84 and GIT1I are repre-
sentative of four independent experiments and data for phosphatase activity are representative of three independent experi-
ments. Standard error was calculated for PHOS84, GITI, and phosphatase activity. The value for GITI in phoSOA without
phosphate is 380 = 279%. The errors not shown are 63% for GIT1 in pho80A with phosphate, and 135% for phosphatase activity

in pho8OA without phosphate.

strains (Figure 4A) and the amount of CgPHOS84 and
CgGITI transcript in C. glabrata strains (Figure 4B).

We hypothesized that if Pho2 dependence is a
consequence of alterations in the Pho4 protein, then
only CgPho4 should induce phosphate starvation genes
in the pho4Apho2A mutant in both S. cerevisiae and C.
glabrata. However, if the Pho2 dependence is due to
changes in the promoter regions (cisregulatory re-
gions), then both ScPho4 and CgPho4 should induce
starvation genes in the C. glabrata pho4Apho2A, but
neither ScPho4 nor CgPho4 would induce transcription
in the S. cerevisiae pho4Apho2A. Finally, if the Pho2 de-
pendence is due to changes in both the Pho4 protein
and the promoter regions, then both ScPho4 and
CgPho4 should induce starvation genes in C. glabrata
phodApho2A and only CgPho4 should induce starvation
genes in S. cerevisiae pho4Apho2A.

Analysis of gene expression during phosphate starva-
tion demonstrates that only CgPho4, and not ScPho4,
can dramatically induce starvation genes in the absence
of the Pho2 in either species (Figure 4, A and B).
Specifically, CgPho4 suppresses the Pho2 dependence in
S. cerevisiae and ScPho4 is not sufficient in Cgpho4A pho2A.
These results suggest that the Pho2 dependence is a
consequence of alterations in the Pho4 protein and that
CgPho4 obviates the need for Pho2. The CgPho4 gener-
ation of Pho2 independence is most clear in S. cerevisiae
strains; with CgPho4, the S. cerevisiae promoters do not
require Pho2. While not as dramatic, C. glabrata pro-
moters exhibit similar behavior with ScPho4 being de-
pendent on Pho2 and CgPho4 not requiring Pho2, but we
cannot eliminate the possibility that there are subtle cis
changes to phosphate-regulated promoters.

. cerevisiae

Strain + plasmid

C. glabrata

7]

wild-type + vector (-)
|| pho4A + vector (-)
pho2A + vector (-)

- | pho4Apho2A + vector (-)
pho4A + ScPHO4
pho4A + CgPHO4

- | pho4Apho2A + ScPHO4
pho4Apho2A + CgPHO4

No
Phosphate

FIGURE 3.—Semiquantitative phosphatase assay demon-
strating that PHO4 plasmids are functional and CgPHO%is suf-
ficient for Pho2 independence. S. cerevisiae and C. glabrata
mutants lacking one or both transcription factors (pho4A,
pho2A, or pho4Apho2A) contain either empty vector
(pRS313), ScPHO4, or CgPHO4 plasmids. These strains were
grown on solid media lacking phosphate and overlaid with
phosphatase substrate.
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FIGURE 4.—Quantifica-
tion of phosphate respon-
sive genes in S. cerevisiae
strains and C. glabrata
strains. (A) S. cerevisiae mu-
tants lacking one or both
transcription factors
(pho4A, pho2A, or
photApho2A) were gener-
ated to contain either
empty vector (pRS313),
ScPHO4, CgPHO4, ScPHO?2,
or CgPHO2 plasmids. These
strains were grown in
media lacking phosphate
and quantitative reverse-

280
260
=225

T
T

r 200

r 175

r 150

r 125

r 100

r75

transcription PCR was used
to measure amount of
PHO84 and PHO5 tran-
script. Data were normal-
ized to ScphotA + ScPHO4
(such that expression for
this strain was 100%) rather
than to wild type because
the plasmid alters the copy
number of the PHO4.
pnitrophenyl phosphatase
activity was also normalized

to Scpho#A + ScPHO4. (B)

% gene expression relative to
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C. glabrata mutants lacking one or both transcription factors with the same plasmids as in A. These strains were treated as described
for S. cerevisiae strains except that induction of GITI was measured for C. glabrata rather than PHO5. Data were normalized to
Cgpho4A + CgPHO4 for both the quantitative reverse-transcription PCR and the phosphatase assay. The standard error is of at

least three independent replicates.

While Pho2 may serve an ancillary role in C. glabrata
and the promoters in C. glabrata have a low affinity for
CgPho2, ScPho4 must recruit CgPho?2 to some C. glabrata
promoters because ScPho4 is functional in a Cgpho4A
background. Because the consensus binding site for
Pho2 is an A/T-rich region (BARBARIC et al. 1996), we
are not able to determine whether there are Pho2
binding sites within the phosphate-regulated promoters.

C. glabrata likely confers Pho2 independence as a
consequence of its increased size and not because of
overexpression: Previous studies have demonstrated
that when Pho4 is overexpressed in S. cerevisiae (~20-
fold higher than wild-type expression), transcription of
PHO5 can be induced in the absence of Pho2, although
expression is only ~25% of wild-type levels (YosHIDA
et al. 1989a,b; BARBARIC ¢/ al. 1996). This situation
appears to resemble that of a Cgpho2A strain, where
phosphate-regulated promoters are induced, but less
than wild-type phosphate starvation levels. To deter-
mine whether the Pho2 independence in C. glabrata is
a consequence of overexpression of the PHO4 during
phosphate starvation conditions, we examined the
abundance of the S. cerevisiae and C. glabrata Pho4
proteins in high- and no-phosphate conditions by
immunoblot analysis (Figure 5).

We demonstrate that neither ScPho4 nor CgPho4 change
abundance dramatically in high- and no-phosphate con-
ditions. Although CgPho4 is much fainter for SephodA +

CgPHO4, the amount of protein is still the same for both
phosphate conditions. The lack of abundance changes
is unlikely to be an artifact of C-terminally tagging the
proteins with a myc epitope because the myc-tagged
genes complement many deletion strains (Figures 3 and
4). These results suggest that the Pho2 independence is
not a consequence of overexpression of CgPho4.

Our results demonstrate that only CgPho4, and not
ScPho4, can suppress the Pho2 dependence in either
species. This difference prompted us to look at the
difference between the Pho4 transcription factors from
the two species. One major difference is the size of the
Pho4 proteins: C. glabrata Pho4, which is 533 amino
acids, is much larger than S. cerevisiaePho4, which is only
313 amino acids. Of all of the orthologs that we
identified between the two species, this is the greatest
difference in size (Table 2). An examination of the
ascomycete lineage reveals that the Pho4 protein in the
Saccharomyces genus is small relative to all of the other
sequenced ascomycetes. Furthermore, an extensive
analysis of Neurospora crassa mutants identified many
shared components of the PHO pathway, except that
NcPHOZ2 was never demonstrated to be important for
phosphatase induction during phosphate starvation
(PELEG et al. 1996a,b; YANG et al. 1991). We hypothesized
that the Pho2 dependence is a trait that has only
appeared in species closely related to S. cerevisiae with
relatively small Pho4 proteins.
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FIGURE 5.—Immunoblot analysis demonstrating little
change in Pho4 abundance between high- and no-phosphate
conditions. S. cerevisiae and C. glabrata pho4A strains with a
PHO4 plasmid with 13-myc epitope were grown to log phase,
washed, and then transferred to high- and no-phosphate con-
ditions for 3 hr. Pho4 was detected with 9E10 as described pre-
viously (Wykorr and O’SHEA 2005). The expected sizes of
Pho4 are 54 kDa in S. cerevisiae and 79 kDa in C. glabrata (size
of Pho4 + 13-myc tag); however, previous studies demonstrate
ScPho4 migrates ~25 kDa heavier than expected and has a
degradation product (KAFFMAN el al. 1998; O’NEILL el al.
1996), and CgPHO4 also appears to migrate aberrantly. This
immunoblot is representative of three independent experi-
ments.

To begin testing this hypothesis, S. cerevisiae and C.
glabrata mutants defective in one or both transcription
factors (pho4A and pho4Apho2A) were transformed with
plasmids containing PHO4 from various ascomycetes
(Figure 6). These strains were tested for phosphatase
activity. The pho4A mutants into which PHO4 plasmids
were transformed demonstrate that the plasmids con-
tain functional genes; the defect caused by the deletion
of ScPHO4 or CgPHO4 is removed and phosphatase
activity is detected. The results for the pho4A pho2A
mutants with PHO4 plasmids resemble the data ob-
tained for ScPho4 and CgPho4 in the phofA pho2A
mutants. Only the larger Pho4 transcription factors [i.e.,
C. glabrata (533 aa) and C. albicans (659 aa)] induce
phosphatase activity independent of Pho2 in both
species. The smaller Pho4 transcription factors [i.e., S.
cerevisiae (313 aa), S. mikatae (321 aa), S. castellii (391 aa) ],
however, do not induce the phosphatase in the absence
of Pho2. These results suggest that Pho2 independence is
likely a consequence of the increased size of the Pho4
transcription factor.

DISCUSSION

We demonstrate that genomic sequence is highly
predictive of the PHO signal transduction pathway in C.
glabrata. Through mutant analysis, CgPho4 is likely
regulated by the cyclin/CDK/CDK inhibitor complex
Pho80/Pho85/Pho81 and likely regulated by localiza-
tion in the same fashion as S. cerevisiae. This is supported
by deletion of PHOS8I, which is unable to induce
phosphatase expression during phosphate starvation

pho4Apho2A
pho4Apho2A

<
<+
o
=
%

pho4A

S. cerevisiae PHO4 (313 aa)
S. mikatae PHO4 (321 aa)
S. castellii PHO4 (391 aa)
C. glabrata PHO4 (533 aa)

C. albicans PHO4 (659 aa)

S. cerevisiae | C. glabrata

Ficure 6.—Phosphatase activity in S. cerevisiae and C. glab-
rala mutants containing the Pho4 transcription factor from
various hemiascomycetes. Plasmids containing the PHO4
gene from various hemiascomycetes (labeled on the right)
were transformed into S. cerevisiae (left two columns) and
C. glabrata mutants (right two columns) defective in one or
both transcription factors (pho4A and pho4#Apho2A). Phospha-
tase activity was determined as described in Figure 2 and is
representative of multiple transformants.

in both S. cerevisiae and C. glabrata, and deletion of
PHOS0 resulting in a constitutive phenotype. It is
unlikely that these phenotypes are independent of the
kinase activity of this complex. Furthermore, the known
phosphorylation sites of ScPho4 are moderately con-
served in CgPho4 also suggesting that these sites are
used in C. glabrata (Figure S1). Finally, the expression of
the phosphatase is increased in high phosphate con-
ditions in a Cgmsn5A strain, identical to Semsn5A strains.
Whereas we have not directly demonstrated that CgPho4
is a substrate for the kinase complex, the simplest
explanation is that CgPho4 is regulated in a similar
fashion to S. cerevisiae.

Switching Pho4 between species demonstrates that
CgPho4 is necessary and sufficient for Pho2-independent
induction of phosphate starvation-regulated promoters
in both species. The Pho2 independence of PHO
promoters in C. glabrata was an unexpected result and
highlights the need for studies in nonmodel species.
Interestingly, there are additional differences between
the PHO pathway of S. cerevisiae and C. glabrata, in-
cluding the lack of a known acid phosphatase gene and
the relative dearth of canonical Pho4 binding sites (CAC
GTG) in many putative phosphate-regulated genes in
C. glabrata (data not shown), suggesting that there are
many subtle differences in how the two organisms reg-
ulate their phosphate starvation response.

The view of speciation being influenced by subtle
changes to promoters has been disputed by many recent
studies and our study supports the idea that species have
exploited changes in frans in the PHO pathway of
ascomycetes (KING and WiLsoN 1975; P1aNo et al.
1999; WitTtrorp et al. 2004, 2008; HOEKSTRA et al.
2006; CHANG et al. 2008). On the basis of size and
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conservation of Pho4 in ascomycetes that did not
experience a whole genome duplication event, we
hypothesize that Pho2 independence is an ancestral
trait, which is supported by small Pho4 proteins appear-
ing to be Pho2 dependent. Because of the relative
promiscuousness of Pho2 binding (it binds to A/T-rich
sequences of DNA) (BARBARIG ef al. 1996; ZHANG et al.
1997), we cannot exclude the possibility that promoter
changes have occurred, but clearly the Pho2 indepen-
dence depends on domains within CgPho4. We expect
that the Saccharomyces species that appear Pho2 de-
pendent likely experienced a selective advantage be-
cause of this increased pathway complexity.

C. glabrata, as a commensal pathogen of mammals
(REDONDO-LOPEZ et al. 1990; CorMack and FALkow
1999), likely experiences two inorganic phosphate
conditions: high phosphate conditions during growth
in mammalian tissues and extremely low phosphate
conditions on external epithelium. S. cerevisiae, however,
likely experiences a different condition: growth on
decaying organic matter that might provide organic
phosphates and moderate levels of inorganic phos-
phate. Contrasting these niches provides for a possible
selective advantage for Saccharomyces species. During
conditions of low inorganic phosphate, S. cerevisiae
through Pho4 is able to induce a subset of phosphate
starvation responsive genes, including the high-affinity
phosphate transporter PHOS84, but maintain relative
repression of the acid phosphatase gene PHO5
(SPRINGER et al. 2003). This alternate gene regulation
program results from an isoform of Pho4 that is
unphosphorylated except on one site (SPRINGER et al.
2003). Phosphorylation of serine 223 decreases the
interaction between Pho4 and Pho2 (O’NEILL et al
1996; KoMEILI and O’SHEA 1999). Because the acid
phosphatase gene in C. glabrata is unidentified, we are
unable to determine whether this same intermediate
phosphate starvation response occurs in C. glabrata, but
future studies will explore this question.

We observe a different signaling architecture in the
PHO pathway of C. glabratarelative to budding yeast and
others have observed differences between pathways
such as galactose metabolism and mating pathways
between the two species (TSONG et al. 2003; BUTLER
et al. 2004; HITTINGER et al. 2004). The two species
inhabit different environments and require divergent
responses for optimal growth. It is appealing to hypoth-
esize that fransregulatory changes to signaling pathways
have allowed the two different species to exploit their
environmental niches through changes in the transcrip-
tion factors that regulate entire gene expression
programs.

We thank Rochelle Argentieri for optimization of the C. glabrata
qPCR primers, Heather Eberhart for collection of mutant qPCR data,
and Brendan Cormack for yeast strains. We thank Erin K. O’Shea, who

generously allowed for preliminary experiments to be performed in
her laboratory. We thank Jonathan Raser, Narendra Maheshri, and

Erin K. O’Shea for insightful comments and suggestions on the
manuscript. This work was funded by the Department of Biology at
Villanova University and by a grant from the National Science
Foundation (RUI-MCB-0747799).

LITERATURE CITED

AroN, U., M. G. SurerTtE, N. BARKRAI and S. LEIBLER,
1999 Robustness in bacterial chemotaxis. Nature 397: 168-171.

BArRBARIC, S., M. MUNSTERKOTTER, J. SVAREN and W. Horgz,
1996 The homeodomain protein Pho2 and the basic-helix-
loop-helix protein Pho4 bind DNA cooperatively at the yeast
PHO5 promoter. Nucleic Acids Res. 24: 4479-4486.

BUTLER, G., C. KENNY, A. FacaN, C. KuriscHKO, C. GAILLARDIN ¢f al.,
2004 Evolution of the MAT locus and its Ho endonuclease in
yeast species. Proc. Natl. Acad. Sci. USA 101: 1632-1637.

BYRNE, K. P., and K. H. WorrE, 2005 The Yeast Gene Order Browser:
combining curated homology and syntenic context reveals gene
fate in polyploid species. Genome Res. 15: 1456-1461.

CarroLL, A. S, A. C. Bisnop, J. L. DeR1s1, K. M. SHOKAT and E. K.
O’SHEA, 2001 Chemical inhibition of the Pho85 cyclin-dependent
kinase reveals a role in the environmental stress response. Proc.
Natl. Acad. Sci. USA 98: 12578-12583.

CEecILIA GAROFALO, E. S., 2006 Leptin and cancer. J. Cell. Physiol.
207: 12-22.

CHANG, Y. W,, F. G. RogerT Liu, N. Yu, H. M. Sung, P. YANG et al.,
2008 Roles of cis- and trans-changes in the regulatory evolution
of genes in the gluconeogenic pathway in yeast. Mol. Biol. Evol.
25: 1863-1875.

CLIFTEN, P., P. SuDARSANAM, A. DESIKAN, L. FuLTON, B. FULTON ¢f al.,
2003  Finding functional features in Saccharomyces genomes by
phylogenetic footprinting. Science 301: 71-76.

CORMACK, B. P, and S. FaLkow, 1999 Efficient homologous and il-
legitimate recombination in the opportunistic yeast pathogen
Candida glabrata. Genetics 151: 979-987.

CorMACK, B. P, N. GHORI and S. FALKOw, 1999 An adhesin of the
yeast pathogen Candida glabrata mediating adherence to human
epithelial cells. Science 285: 578-582.

DOMERGUE, R, I. CasTANO, A. DE LAS PENAS, M. ZuPANCIc, V. LOCKATELL
et al., 2005 Nicotinic acid limitation regulates silencing of Can-
dida adhesins during UTI. Science 308: 866-870.

Dujon, B., D. SHERMAN, G. FISCHER, P. DURRENS, S. CASAREGOLA el al.,
2004 Genome evolution in yeasts. Nature 430: 35—44.

Fry, R. C., M. S. DEMoTT, J. P. CosGRrOVE, T. J. BEGLEY, L. D. SAMSON
et al., 2006 The DNA-damage signature in Saccharomyces cerevi-
siae is associated with single-strand breaks in DNA. BMC Ge-
nomics 7: 313.

GascH, A. P, 2007 Comparative genomics of the environmental
stress response in ascomycete fungi. Yeast 24: 961-976.

GUTHRIE, C., and G. R. FINK, 2002  Guide to Yeast Genetics and Molec-
ular and Cell Biology. Academic Press, Amsterdam.

HENTGES, P., B. VAN DRIESSCHE, L. TAFFOREAU, |. VANDENHAUTE and
A. M. CARR, 2005 Three novel antibiotic marker cassettes for
gene disruption and marker switching in Schizosaccharomyces
pombe. Yeast 22: 1013-1019.

HITTINGER, C. T., A. Rokas and S. B. CArRroOLL, 2004 Parallel inac-
tivation of multiple GAL pathway genes and ecological diversifi-
cation in yeasts. Proc. Natl. Acad. Sci. USA 101: 14144-14149.

HoEeksTra, H. E., R. J. HIRSCHMANN, R. A. BUNDEY, P. A. INSEL and
J. P. CRossLAND, 2006 A single amino acid mutation contributes
to adaptive beach mouse color pattern. Science 313: 101-104.

HuANG, S., and E. K. O’SHEA, 2005 A systematic high-throughput
screen of a yeast deletion collection for mutants defective in
PHOS5 regulation. Genetics 169: 1859-1871.

IHMELS, J., S. BERGMANN, M. GERAMI-NEJAD, I. YANAL M. MCCLELLAN
et al., 2005 Rewiring of the yeast transcriptional network
through the evolution of motif usage. Science 309: 938-940.

KarrMmaN, A., N. M. Rank, E. M. O’NEe1LL, L. S. HuanG and E. K.
O’SHEA, 1998  The receptor Msnb exports the phosphorylated
transcription factor Pho4 out of the nucleus. Nature 396: 482-486.

KiNG, M. C., and A. C. WILsON, 1975 Evolution at two levels in hu-
mans and chimpanzees. Science 188: 107-116.



Pho2-Independent Transcription in Candida glabrata 479

KomeriLl, A., and E. K. O’SHEA, 1999  Roles of phosphorylation sites
in regulating activity of the transcription factor Pho4. Science
284: 977-980.

LENBURG, M. E,, and E. K. O’SHEA, 1996  Signaling phosphate star-
vation. Trends Biochem. Sci. 21: 383-387.

LoNGTINE, M. S., A. McCKENZIE, 3rD, D. J. DEMARINI, N. G. SHAH,
A. WACH et al., 1998 Additional modules for versatile and eco-
nomical PCR-based gene deletion and modification in Saccharo-
myces cerevisiae. Yeast 14: 953-961.

MiGEON, B. R,, J. AXELMAN and P. JEpPESEN, 2005 Differential X re-
activation in human placental cells: implications for reversal of
X inactivation. Am. J. Hum. Genet. 77: 355-364.

Mosgs, A. M., D. A. PoLLarDp, D. A. Nix, V. N. Iver, X. Y. L1 ¢ al.,
2006 Large-scale turnover of functional transcription factor
binding sites in Drosophila. PLoS Comput. Biol. 2: e130.

O’NEiLL, E. M., A. KarrmaN, E. R. JoLLy and E. K. O’SHEA,
1996 Regulation of PHO4 nuclear localization by the
PHOB80-PHOS5 cyclin-CDK complex. Science 271: 209-212.

OsHIMA, Y., 1997 The phosphatase system in Saccharomyces cerevisiae.
Genes Genet. Syst. 72: 323-334.

PerLEG, Y., R. AppisoN, R. ArRaMAvyo and R. L. METZENBERG,
1996a Translocation of Neurospora crassa transcription factor
NUC-1 into the nucleus is induced by phosphorus limitation.
Fungal Genet. Biol. 20: 185-191.

PELEG, Y., R. ARAMAYO, S. KANG, J. G. HALL and R. L. METZENBERG,
1996b NUC-2, a component of the phosphate-regulated signal
transduction pathway in Neurospora crassa, is an ankyrin repeat
protein. Mol. Gen. Genet. 252: 709-716.

PERSSON, B. L., J. O. LAGERSTEDT, ]. R. PRATT, J. PATTISON-GRANBERG,
K. LunpH et al., 2003 Regulation of phosphate acquisition in
Saccharomyces cerevisiae. Curr. Genet. 43: 225-244.

Piano, F., M. ]J. Parisy, R. Karess and M. P. KAMBYSELLIS,
1999 Evidence for redundancy but not trans factor-cis element
coevolution in the regulation of Drosophila Yp genes. Genetics
152: 605-616.

PINTER, R. Y., O. ROKHLENKO, E. YEGER-LOTEM and M. Z1v-UKELSON,
2005 Alignment of metabolic pathways. Bioinformatics 21:
3401-3408.

Rao, C. V., ]. R.KirBY and A. P. ARKIN, 2004 Design and diversity in
bacterial chemotaxis: a comparative study in Escherichia coli and
Bacillus subtilis. PLoS Biol. 2: E49.

RepoNDO-LoPEZ, V., M. LyncH, C. ScamITT, R. Cook and J. D. SOBEL,
1990 Torulopsis glabrata vaginitis: clinical aspects and suscepti-
bility to antifungal agents. Obstet. Gynecol. 76: 651-655.

SCHNEIDER, K. R, R. L. SmiTH and E. K. O’SHEA, 1994 Phosphate-
regulated inactivation of the kinase PHO80-PHOS5 by the CDK
inhibitor PHOS8I. Science 266: 122-126.

SIKORSKI, R. S., and P. HIETER, 1989 A system of shuttle vectors and
yeast host strains designed for efficient manipulation of DNA in
Saccharomyces cerevisiae. Genetics 122: 19-27.

SiMON, J. A., 2001 Yeast as a model system for anticancer drug dis-
covery. Expert Opin. Ther. Targets 5: 177-195.

SPRINGER, M., D. D. Wykorr, N. MILLER and E. K. O’SHEA,
2003 Partially phosphorylated Pho4 activates transcription of
a subset of phosphate-responsive genes. PLoS Biol. 1: E28.

Tsong, A. E.,, M. G. MILLER, R. M. RaIsNER and A. D. JoHNSON,
2003 Evolution of a combinatorial transcriptional circuit: a case
study in yeasts. Cell 115: 389-399.

Vocer, K., W. Horz and A. HINNEN, 1989 The two positively acting
regulatory proteins PHOZ2 and PHO4 physically interact
with PHOb5 upstream activation regions. Mol. Cell. Biol. 9:
2050-2057.

Wirtkorp, P. J., B. K. HAERUM and A. G. CLARK, 2004 Evolutionary
changes in cis and trans gene regulation. Nature 430: 85-88.

Wirtkorp, P. J., B. K. HAErRUM and A. G. CLARK, 2008 Regulatory
changes underlying expression differences within and between
Drosophila species. Nat. Genet. 40: 346-350.

Worrg, K. H., 2001 Yesterday’s polyploids and the mystery of dip-
loidization. Nat. Rev. Genet. 2: 333-341.

Wykorr, D. D., and E. K. O’SHEA, 2001 Phosphate transport and
sensing in Saccharomyces cerevisiae. Genetics 159: 1491-1499.
WykorF, D. D., and E. K. O’SHEA, 2005 Identification of sumoylated
proteins by systematic immunoprecipitation of the budding yeast

proteome. Mol. Cell. Proteomics 4: 73-83.

Wykorr, D. D., A. H. Rizvi, J. M. RASER, B. MARGoOLIN and E. K.
O’SHEA, 2007 Positive feedback regulates switching of phos-
phate transporters in S. cerevisiae. Mol. Cell 27: 1005-1013.

YANG, J. W., S. S. DHAMIjA and M. E. SCHWEINGRUBER, 1991  Char-
acterization of the specific p-nitrophenylphosphatase gene
and protein of Schizosaccharomyces pombe. Eur. J. Biochem. 198:
493-497.

YEGER-LOTEM, E., S. SATTATH, N. KASHTAN, S. ITZKOVITZ, R. MILO
et al., 2004 Network motifs in integrated cellular networks of
transcription-regulation and protein-protein interaction. Proc.
Natl. Acad. Sci. USA 101: 5934-5939.

YosHIDA, K., Z. KuromITsU, N. Ocawa and Y. OsHIMA, 1989a Mode
of expression of the positive regulatory genes PHO2 and PHO4
of the phosphatase regulon in Saccharomyces cerevisiae. Mol. Gen.
Genet. 217: 31-39.

YosHIDA, K., N. Ocawa and Y. OsHiMA, 1989b  Function of the PHO
regulatory genes for repressible acid phosphatase synthesis in
Saccharomyces cerevisiae. Mol. Gen. Genet. 217: 40-46.

ZHANG, F., M. KirouAc, N. ZHu, A. G. HINNEBUSCH and R. J. ROLFES,
1997 Evidence that complex formation by Baslp and Bas2p
(Pho2p) unmasks the activation function of Baslp in an adenine-
repressible step of ADE gene transcription. Mol. Cell. Biol. 17:
3272-3283.

Communicating editor: A. P. MITCHELL



GENETICS

Supporting Information
http: / /www.genetics.org/cgi/content/full/genetics. 109.101063/DC1

Candida glabrata PHO4 Is Necessary and Sufficient for PhoZ—Independent
Transcription of Phosphate Starvation Genes

Christine L. Kerwin and Dennis D. Wykoff

Copyright © 2009 by the Genetics Society of America
DOI: 10.1534/genetics. 109.101063



2SI

Scer]YFR034C/1-312 1
Cela]CAGLODOS170g/1- |
533

Calblorf19.1253/1-659 1

Scer|YFR034C/1-312

Cgla] CAGLODO05170g/1-
533

Calblorf19.1253/1-659

11
11
52

31
31

Scer|YFR034C/1-312

Cgla] CAGLODO05170g/1-
533

Calblorf19.1253/1-659 104

Scer|YFR034C/1-312

Cgla] CAGLODO05170g/1-
533

Calblorf19.1253/1-659

36
48
156

ScerlYFRO34C/1-312 41
Cala|CAGLOD05170g/1-
533 3

Calblorf19.1253/1-659 208

Scer]YFR034C/1-312
Cgla] CAGLODO05170g/1-
533

62
85
Calblorf19.1253/1-659 256

Scer]YFR034C/1-312 89
Cgla] CAGLODO05170g/1-
23 120

Calblorf19.1253/1-659 308

Scer|YFR034C/1-312

Cgla] CAGLODO05170g/1-
533

Calblorf19.1253/1-659 357

122
172

Scer|YFR034C/1-312

Cgla] CAGLODO05170g/1-
533

Calblorf19.1253/1-659 393

135
206

Scer|YFR034C/1-312
Cgla] CAGLODO05170g/1-
533

164
249
Calblorf19.1253/1-659 443

Scer|[YFR034C/1-312 182

Cgla] CAGLODO05170g/1-
533

Calblorf19.1253/1-659 486

300

Scer|YFR034C/1-312 200

Cgla] CAGLODO05170g/1-
533 352

Calblorf19.1253/1-659 526

Scer|[YFR034C/1-312 229

C. Kerwin and D. Wykoff

MGRTTSEGIH

MG EIVEIMDK

-MP@QVWNPIFSPSGTTPGKSPSYYNELAPQSQSHI SNQDPQLPLQTQHHQL

f e e e e e e e e e it --.-GFVDDLEPKBEILBKXVGDFI

LIETPIIMQIIIFIQVINIL

FHIDGGS NHSTPSGNIQLPSSSQQNTPHIVSNTPTAFABDBDQVELQHME MD

30
30
103

TVNTK

HMVNIGLQIDEKEDEIR
NQQHENQSAGNTPGPIS FHNHNP NLQQASQQPHQHI SPHLNNLQQHSQQRPYQ

35

47
155

40

RADBGR - - - -

EIEDAII- -

HSRSHIDSEAPSANDTETS SGALGMAPQPPLLSSTTNPQSEBLGLEBTI

54

207

-- - - ------------EDFNE@BNDELUNBE@ENENSEEN

GGASLIMILYN 1 IITLNGVSIDNGIFDMVI

PEELNFD- - TDPNHISSAFPP@LPA- - DETPBLLAVBKLKQLQQQQQQ

s e - .- ------GNENENEQDBSLALDDLDR
LIFGPTLTTDDIPIKMAE-LQITTIHH GILDVNGNR
QQRQQDPLSELSSPVLEPGQNBQE YNPHHEEER QS SNSVFVAGKNTGESVsaA

AFELVEGMD

307

MBwMMPEEAERS P A T

IISLFSPFDI LVID

PSQEVRP DAV

HAMIKPR- - ----------CLEYEPEL

IPILEAINIIQLTNEGSTSAL IP F 1

EPVvVAPLDENGKADKENGNNE

121
171

IGKNHIDDHGN
BHSESESP - - -

356

----------------- 134

205
392

LNAEPSTIKSKGGKKNHKE TD

AESEEEANRBVTKNRESN- - - - - - -

NQEQQIWNIIIRRASNSSSRSIIVLPS-

DRRR SHEBAYAPSE-DENRQYRRR TPH-GEPILQGHASNATTVNGSGRP YK 442

RGRPG 163

VI INI 248

\ SSTINK

PDBIA - - - - - - o o o oo TSLEELPBEVIPTP
PIMNASS RRLQKTISNGNSKRDEWDE-FMFSLPIIILANDLTTGNDENMD 1S 299

PIMKNGKN---SQ KQDFSFETN-QFEKLPESMIBVKSEPMETSVEPPL 485

181

199

C e e e e e e e e i oo - -KPKPKPK - QNPRVILPSNE
LPAGHSPTKEYNSIPKVILPSHAAINESMETDNIEIASLLIDIQPDETQNNN 351

APQGQQQDDSNPMLPPNGKPV- - -BITGAPLMGFETMGKLAEGG - - - - - - - - - 525
BrRRVSPVEHAKBEBBEAEG - - - -VVVARBERPVI AP - - - - - - - - - - o o - oo o - o 228
PQNNNPIINGIIIIPVGKNDSVMLAIG PVIJKPQNSSSNILQTPYSSKRV FK 403
AGTVADKKSAKKAGANNGKL--- - -BRKPEESK----- - - - - - - - 553
------------------------------ HGESHEREL sKRRE - - - - - - - - 242
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CellCAGLODOSITON 404 s P AD 158 TEQTADEASNDASNDAKIKDKKIRKPIIIGPNKLIIIITGG S 1 GR 455

Calb|orf19.1253/1-659 554 - - - - - - - -« - - - - o .- o - NRNS VEBISSSDES sEESASESPREMLANNGT - - - - 582

Scer]YFR034C/1-312 243 - - - SGALVDDB- - - -KRESAREAEQ@ARRNRLC AVALHELABLIPAEWRQQNVE 287

Cgla‘CAGSL3°3D05”°g“'456 VRS DIA S QNIIYVQRIIIVIIIAIIEIIIILIIAL S ILNIL L PIIWI - - IAV 505

Calb|orf19.1253/1-659 583 - - - NEISGKREEKPATRRASARCAEQGRRNRMNNAVQELGRLEIP@SHEH - - BEV 629

Scer[YFR034C/1-312 288 AAP - BRAMBVEAACRYIRBELQ@NV ST - - - - - 312
CelCAGLIDOSTTOR- 50 IV P - IIA II ILACIIIIILLIILIIIIK .- 533
Calblorf19.1253/1-659 630 BT P - SRAFEBVELASEE I TALLKEVEELRGR K 659

FIGURE S1.—Alignment of ScPho4 with CgPho4 and CePho4. Utilizing a tree-assisted alignment of OG9983 which is the
orthogroup of Pho4, we removed the other 16 species after CLUSTAL alignment, removed gaps common to all three proteins and
colored residues according to the clustal option in Jalview. The most conserved portion of the proteins is in the C-terminal DNA
binding domain. The known phosphorylation sites of ScPho4 are surrounded by boxes.
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. cerevisiae

Strain + plasmid

C. glabrata

75

wild-type + vector (-)
pho4A + vector (-)
pho2A + vector (-)
pho4A + ScPHO4
pho4A + CgPHO4
pho2A + ScPHOZ2

pho2A + CgPHO

No
Phosphate

FIGURE S2.—Semi-quantitative phosphatase assay demonstrating that PHO4 and PHOZ2 plasmids are
functional. S. cerevisiae and C. glabrata mutants lacking the Pho4 transcription factor (pho4A) contain either
empty vector (pRS313), ScPHO4, or CgPHO4 plasmids. S. cerevisiae and C. glabrata mutants lacking the Pho2
transcription factor (pho2A) contain either empty vector (pRS313), SePHOZ2, or CgPHO2 plasmids. These
strains were grown on solid media lacking phosphate and overlaid with phosphatase substrate.
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TABLE S1

Primers used in this study

58I

Primer Sequence Purpose

OD16 tgactgggattccgtgagacggac Delete C. glabrata PHO4 with KANMX6
OD17 ttaattaacccggggatccgacctgttcacccatcactaacag

OD18 ctgttagtgatgggtgaacaggtcggatccccgggttaattaa

OD19 gtttaaacgagctcgaattctacagatactccaagacaaaac

OD20 gttttgtcttggagtatctgtagaattcgagetegtttaaac

OD21 atcttgtgccctccaaacagaactg

OD25 gctegetcteeattgectattgtag Delete C. glabrata PHOZ2 with KANMX6
OD26 ttaattaacccggggatccgecatccatttaactacaaagttgge

OD27 gccaactttgtagttaaatggatggcggatcecegggttaattaa

OD28 gtttaaacgagctcgaattcgctacgaatattcatgtacat

OD29 atgtacatgaatattcgtagcgaattcgagctegtttaaac

OD30 tcccatccaatcttatecggtge

(O] gacagtcaaagtggtaaaggg Delete C. glabrata PHOS81 with KANMX6
02 ttaattaacccggggatccgeagatatttaccaaacttcat

03 atgaagtttggtaaatatctgeggatcecegggttaattaa

O4 GTTTAAACGAGCTCGAATT Cgacgataaaaacctgatgcett

(05} aagcatcaggtttttatcgtcGAATTCGAGCTCGTTTAAAC

06 taatctagatcttcaaacgtc

o7 ctgteetggtettggtgtgge

O15 caccagacatccttagtggat Delete C. glabrata PHO80 with NATMX6
O16 ttaattaacccggggatcegetgageatcttggggagteat
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O17
018
019
020
021

029
030
031
032
033
034
035

OD18
OD20

DWOI
DWO2

DWO7
DWO8

DWO5
DWO6

DWOI1
DWO12

atgactccccaagatgetcageggatceccgggttaattaa
GTTTAAACGAGCTCGAATT Cagcatatatccttcatctata
tatagatgaaggatatatgct GAATTCGAGCTCGTTTAAAC
cgtgtgaaatacacacctctg

cgtgtcaaaacttgattccag

ggcacttaatgtaatatattc
ttaattaacccggggatcecgactggecaacttetecttta
taaaggagaagttggccagteggateceegggttaattaa
GTTTAAACGAGCTCGAATT Cctgatagcgatggetggtte
gaaccagccatcgetatcagGAATTCGAGCTCGTTTAAAC
acacgagcaccataaatcca

atgaatgtcggggctaatcaag

ctgttagtgatgggtgaacaggtcggatccccgggttaattaa

gttttgtcttggagtatctgtagaattcgagetegtttaaac

CGATCGGCGGCCGCTGCATTATTTAGATCGGAAAAAGTC
CGACACTTAATTAACGTGCTCACGTTCTGCTGTAGGTG

CGATCGGCGGCCGCGATGAGCTCTTTTCATCACTTCTCG
CGACACTTAATTAATATCCATCTATGCTCGTCAGTTAG

CGATCGGCGGCCGCGTATGCATTACCTTCTCAATTAGG
CGACACTTAATTAATTTCTTGTACTGCTCAAGCTCTTCG

CGATCGGCGGCCGCAGCAACCACCCTGGCGTCCTGCGC
CGACACTTAATTAATATCCAACGGTTGTCTTCGTTTAC

C. Kerwin and D. Wykoff

Delete C. glabrata MSN5 with NATMX6

Delete C. glabrata PHO4 with NATMX6 in DG3

Amplify S. cerevisiae PHO4 with 5' Notl and 3' Pacl restriction sites
for cloning into pRS313-13myc

Amplify S. cerevisiae PHOZ2 with 5' Notl and 3' Pacl restriction sites
for cloning into pRS313-13myc

Amplify C. glabrata PHO4 with 5' Notl and 3' Pacl restriction sites
for cloning into pRS313-13myc

Amplify C. glabrata PHO2 with 5' Notl and 3' Pacl restriction sites
for cloning into pRS313-13myc



0163
0164

0128
0161

O174
0175

0167
0168

0157
0158

0155
0156
0153
O154
0151
0152

075
076
078
079
081
082

CGATCGGCGGCCGCtgcattatttagatcggaaaaagtc
CGACACTTAATTAACtcacgtgctcacgttetgetgtaggtg

CGATCGGCGGCCGCtagtgaagecagtecttcacgeeca
CGACACTTAATTAAtcacgtgcteccattcegttgtagatga

CGATCGGCGGCCGCaggtagaggaggaggeagag
CGACACTTAATTAAggaatttgcttagattcctaatcg

CGATCGGCGGCCGCgtatgeattaccttctcaattagg
CGACACTTAATTAACcatttcttgtactgctcaagetettcg

CGATCGGCGGCCGCcagccatgtactcatgatactg
CGACACTTAATTAAttacttccttectttcaactcctcaac

TCCTACGAACTTCCAGATGGT
GGCAGATTCCAAACCCAAAA
GCCGGTTCCAAAAACGTTTA
GACAGTGAAGACGGATACCCA
TGCTTGTAACTCATGTCCTGC
TTGAGGTCAAGTTCAAACCCT

gaccaaactacttacaactcc
ccactttcgtcgtattcttgettg
gccttgggtactctgatcgace
gtgctgtcggegacagtaac
ggttaacgccacaccagtaagagc

gatagtggacaattcactctcgtc

C. Kerwin and D. Wykoff

Amplify S. cerevisiae PHO4 with 5' Notl and 3' Pacl restriction sites for cloning into

pRS313-13myc, with stop codon

Amplify S. mikatae PHO4 with 5' Notl and 3' Pacl restriction sites for cloning into
pRS313-13myc, with stop codon

Amplify S. castellii PHO4 with 5' Notl and 3' Pacl restriction sites for cloning into
pRS313-13myc, with stop codon

Amplify C. glabrata PHO4 with 5' Notl and 3' Pacl restriction sites for cloning into
pRS313-13myc, with stop codon

Amplify C. albicans PHO4 with 5' Notl and 3' Pacl restriction sites for cloning into
pRS313-13myc, with stop codon

Quantify S. cerevisiae ACT1 with quantitative reverse-transcription PCR

Quantify S. cerevisiae PHO84 with quantitative reverse-transcription PCR

Quantify S. cerevisiae PHOS with quantitative reverse-transcription PCR

Quantify C. glabrata ACTI with quantitative reverse-transcription PCR

Quantify C. glabrata PHO84 with quantitative reverse-transcription PCR

Quantify C. glabrata GITI with quantitative reverse-transcription PCR

781
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