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Two-Component Histidine Phosphotransfer Protein Ypd1 Is Not
Essential for Viability in Candida albicans

John Mavrianos,? Chirayu Desai, Neeraj Chauhan®P

Public Health Research Institute® and Department of Microbiology and Molecular Genetics,” New Jersey Medical School, Rutgers, The State University of New Jersey,
Newark, New Jersey, USA

Prokaryotes and lower eukaryotes, such as yeasts, utilize two-component signal transduction pathways to adapt cells to environ-
mental stress and to regulate the expression of genes associated with virulence. One of the central proteins in this type of signal-
ing mechanism is the phosphohistidine intermediate protein Ypdl. Ypd1 is reported to be essential for viability in the model
yeast Saccharomyces cerevisiae. We present data here showing that this is not the case for Candida albicans. Disruption of YPD1
causes cells to flocculate and filament constitutively under conditions that favor growth in yeast form. To determine the function
of Ypd1 in the Hogl mitogen-activated protein kinase (MAPK) pathway, we measured phosphorylation of Hogl MAPK in
ypd1A/A and wild-type strains of C. albicans. Constitutive phosphorylation of Hogl was observed in the ypd1A/A strain com-
pared to the wild-type strain. Furthermore, fluorescence microscopy revealed that green fluorescent protein (GFP)-tagged Ypd1
is localized to both the nucleus and the cytoplasm. The subcellular segregation of GFP-tagged Ypd1 hints at an important role(s)
of Ypd1 in regulation of Ssk1 (cytosolic) and Skn7 (nuclear) response regulator proteins via phosphorylation in C. albicans.
Overall, our findings have profound implications for a mechanistic understanding of two-component signaling pathways in C.

albicans, and perhaps in other pathogenic fungi.

wo-component signaling systems are composed of a mem-

brane-bound sensor histidine kinase (HK) protein, a cyto-
plasmic response regulator (RR) protein, and an intermediate
histidine phosphotransfer (HPt) protein. The proteins which
participate in this pathway are unique in regard to the amino
acids that accept phosphoryl groups, which include either as-
partate or histidine residues. The term “two-component” sig-
naling was first described for bacterial systems, which are usu-
ally less complex in regard to the number of participating
proteins. In bacteria, generally, a membrane-associated HK is
autophosphorylated from ATP on a conserved histidine resi-
due in response to an environmental signal. This autophos-
phorylation event is followed by transfer of the phosphoryl
group to a cognate RR protein on a conserved aspartate resi-
due. The phosphorylated RR then usually acts directly as a
transcription factor to activate genes associated with che-
motaxis, stress responses, virulence factor expression, and an-
tibiotic resistance (1).

Fungal two-component phosphorelays are a bit more intricate
in two respects. First, a third protein is required for phosphotrans-
fer and is positioned in the pathway between the HK and RR
proteins. This protein is referred to as the phosphohistidine inter-
mediate protein Ypdl. Ypdl has transferase activity, and the ma-
jor function of this protein is to shuttle phosphate from histidine
kinase to response regulator proteins (2, 3). The phosphorelay
typically consists of a total of four phosphorylation events on three
proteins. First, the HK is autophosphorylated on a histidine resi-
due within the histidine kinase domain, followed by an intramo-
lecular transfer of the phosphate group to its receiver domain
aspartate (His — Asp). This protein then participates in a third
phosphotransfer to the histidine residue present in the HPt do-
main on Ypdl (His — Asp — His). Finally, the histidine phospho-
transfer relays phosphoryl groups to the RR protein in an ATP-
independent manner (3). Thus, a total of four phosphotransfer
reactions occur (His — Asp — His — Asp), as described above.
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The outcome of this series of reactions is a phosphorylated RR
protein, which terminates any further response, because the phos-
phorylated protein is unable to activate the downstream mitogen-
activated protein kinase (MAPK) pathway (4-6). The reactions
described above occur in unstressed cells, but under conditions of
stress, the RR protein is dephosphorylated, by a poorly under-
stood mechanism, and is able to activate a downstream MAPK
pathway, the result of which is a functional response. The best-
studied MAPK pathway that includes upstream two-component
proteins is the Hogl (hyperosmotic glycerol) MAPK pathway in
Saccharomyces cerevisiae (7, 8). In Candida albicans, Hogl MAPK
regulates glycerol accumulation and adaptation to high osmolar-
ity, as well as oxidative stress, morphogenesis, and cell wall bio-
synthesis (9-11).

The current paradigm that Ypd1 is indispensable for viability
in eukaryotic microorganisms was established mainly by studies
done with S. cerevisiae and, more recently, with Neurospora crassa,
Aspergillus nidulans, and Cryptococcus neoformans (2, 12-14). S.
cerevisiae Ypd1 is essential for viability and has been shown to
interact with both Sskl and Skn7 response regulators (15, 16).
Sskl is a response regulator upstream of the Hogl MAPK path-
way, and its major function in S. cerevisiae is in the osmotic stress
response, while Skn7 provides antioxidant functions and cell wall
biosynthesis regulation (8). In C. albicans, Ssk1 is a response reg-
ulator that is not functionally related to the S. cerevisiae ortholog.
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TABLE 1 C. albicans strains used in the present study

Candida albicans Ypd1

Strain Genotype Reference

SN152 (YPDI/YPDI) argdA/arg4A leu2A/leu2A his1A/hisIA URA3/ura3A::imm434 IRO1/irol::imm434 24

SN425 (YPD1/YPDI) leu2A::C.d.HIS1/leu2A::C.m.LEU2 argdA/argdA::C.d.ARG4 his1A/his1A ura3A/URA3 irolA/IRO1 25

NC6 (ypd1/YPDI) ypdIA::C.m.LEU2/YPDI ura3A-irol Az:imm434/ura3A-irol Az:imm434 his1A/his1A argdA/argdA This study
leu2A/leu2A

NC7 (ypd1A/A) ypd1A::C.m.LEU2/ypdI1A::C.d.ARG4 URA3/ura3A::imm434 IRO1/irol::imm434 his1A/his1A This study
arg4A/argdA leu2A/leu2A

NC8 (ypd1A/A::YPDI) RPS10-YPDI1::C.d.HISI::;ypd1A::C.m.LEU2/ypd1A::C.d.ARG4 This study
ura3A-irol1Az:imm434/ura3A-iro1Az:imm434 his1A/his1A argdA/arg4A leu2A/leu2A

NC9 (SN148::YPDI-GFP) RPS10-ACT1-YPDI1-GFP::C.a.URA3 ura3A-irol A::immd434/ura3A-irol A::imm434 his1 A/his1A This study
arg4A/argdA leu2A/leu2A

NC10 (ypd1A/A::YPD1-GFP) RPS10-ACT1-YPDI-GFP::C.a.URA3:ypd1A::C.m.LEU2/ypd1A::C.d.ARG4 URA3/ura3A::imm434 This study

IRO1/irol:imm434 hisIA/hisIA argdA/A4A leu2N/leu2A

Previous studies with Sskl have shown that it is required for
pathogenesis of C. albicans in a mouse model of hematogenously
disseminated candidiasis, survival in human polymorphonuclear
leukocytes (PMNs) in vitro, adaptation to oxidants, and adher-
ence to human esophageal tissue (17-20). This suggests a more
expansive role for two-component proteins in C. albicans than in
S. cerevisiae. The genome of C. albicans has been shown to encode
three HKs, three RRs, and a single HPt protein, Ypd1 (5, 6, 21, 22).
The function of the phosphohistidine intermediate protein Ypd1l
in C. albicans is not well understood, in part because, thus far,
there have been no reports of a YPDI disruption mutant. We
report here that Ypdl is not essential for viability in C. albicans.
Gene deletion strains lacking YPD1 filament constitutively under
noninducing growth conditions, as evidenced by extensive floc-
culation of ypdIA/A null mutant strains compared to control
strains in yeast extract-peptone-dextrose (YPD) broth at 30°C.
We also observed constitutive phosphorylation of Hogl MAP ki-
nase in our ypd1A/A mutant, suggesting constitutive activation of
the Ssk1-dependent Hog1 pathway in the mutant. Taking both the
data presented here and our earlier findings indicating the pres-
ence of a two-component response regulator in the mitochondria
(23), we propose that the functional circuitry of two-component
signal transduction pathways in C. albicans may be more diver-
gent than previously thought.

MATERIALS AND METHODS

C. albicans strains, plasmids, primers, and growth conditions. The C.
albicans strains used in the present study are listed in Table 1. Lists of all
the plasmids and primers used in the present study are given in Tables S1
and S2 in the supplemental material. All Candida strains were maintained
as frozen stocks and grown on YPD agar (1% yeast extract, 2% peptone,
2% dextrose, and 2% agar). The C. albicans strains were grown routinely
in liquid YPD medium at 30°C in an incubator shaker overnight prior to
use in the experiments. For drop plate assays, overnight cultures of C.
albicans cells were harvested by centrifugation, washed with phosphate-
buffered saline (PBS), and enumerated with a hemacytometer prior
to use.

Construction of YPD1 deletion mutant and reconstituted strains.
The YPDI deletion mutant strain was constructed by following the
method of Noble and Johnson (24). To generate deletion strains, we first
constructed a plasmid carrying a disruption cassette for each allele to be
deleted. Briefly, the 5'- and 3'-untranslated regions (5'- and 3'-UTRs,
respectively) of YPDI (orf19.4443) were PCR amplified and cloned into
the pGEM-T Easy vector (Promega). Each pair of fragments was then
subcloned into pSN40, flanking the LEU2 expression cassette, and pSN69,
flanking the ARG4 expression cassette (plasmids pSN40 and pSN69, used
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to generate knockout mutant strains, were a generous gift from Suzanne
Noble of the University of California, San Francisco [UCSF]). The plas-
mids generated in this way were used to generate allelic replacements of
the YPDI gene to be deleted by homologous recombination in a two-step
gene replacement procedure. Briefly, each disruption cassette was di-
gested with appropriate restriction enzymes that cut at both ends of the
cloned 5’- and 3'-flanking fragments, generating ends homologous to
each specific YPDI allele to be deleted in the C. albicans genome. These
released disruption cassettes were used to transform wild-type C. albicans
strain SN152 (Leu™ His™ Arg™) by standard methods (19) to create
heterozygous and homozygous null mutants. A gene-reconstituted strain
was created by PCR amplifying the full-length YPDI open reading frame
(ORF), including its promoter, and subcloning it into the pSN75 plasmid
vector (24). This plasmid was linearized with Xhol and transformed into
a previously generated ypdIA/A homozygous null mutant strain to rein-
tegrate the YPDI ORF at the RPS10 (ribosomal protein 10) locus in the C.
albicans genome, creating the gene-reconstituted strain. To generate
strains with matched auxotrophic requirements, the HISI auxotrophic
marker was restored by integration of empty pSN75 (which contains the
HISI auxotrophic marker) vector into the ypdIA/A null mutant at the
RPS10locus. The C. albicans strains (Table 1) generated in this way were
auxotrophically identical (His* Leu™ Arg™"). All the experiments re-
ported in the current study were performed by using the SN425 (YPD1/
YPD1), ypd1A/A, and ypdIA/A:YPDI strains. The C. albicans strain
SN425 (His* Leu™ Arg™") was used as the wild-type strain in all experi-
ments and is described in detail elsewhere (25). All the strains were con-
firmed by PCR (see Fig. S1 in the supplemental material).

Determination of generation time. Overnight cultures of each strain
were prepared in YPD medium at 30°C. These overnight cultures were
diluted to an initial optical density at 600 nm (ODy,) of 0.1 in YPD broth
(50 ml) and then grown at 30°C. The ODy,, was measured every hour
until the stationary phase of the growth curve was reached. Each C. albi-
cans strain was vortexed vigorously prior to every OD measurement to
ensure that the absorbance readings obtained were consistent and not
affected by flocculating ypd1A/A cells. The generation time during the log
phase (exponential growth) was determined as described previously (21).
The generation times calculated for each strain are the averages for two
independent experiments.

Phenotypic assays. The sensitivities of the C. albicans SN425 (YPD/
YPDI), ypd1A/A, and ypdI1A/A::YPDI strains to different stressors were
assayed by spotting dilutions of 5 X 10 to 5 X 10’ cells (each in a total
volume of 5 pl) from an overnight culture of yeast cells grown in YPD
broth at 30°C onto YPD agar plates containing sodium dodecyl sulfate
(SDS), calcofluor white, Congo red, and caffeine. The growth of each
strain was examined after 24 h of incubation at 30°C. The sensitivities of
the wild-type strain SN425 (YPDI/YPDI), the null mutant ypdIA/A
strain, and the reintegrant ypdIA/A::YPDI strain to other stressors, such
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FIG 1 (a) Schematic representation (size not to scale) of Ypd1 (282 amino acids) depicting the conserved histidine phosphotransfer (HPt) domain. The sequence
prediction was done by using SMART (http://smart.embl-heidelberg.de/). (b) Sequence alignment of the HPt domains of C. albicans Ypd1 and S. cerevisiae, S.
pombe, C. neoformans, A. nidulans, A. fumigatus, N. crassa, and D. discoideum histidine phosphotransfer proteins. The conserved histidine residue within the HPt
domain is boxed. The boxed histidine amino acid is the putative site of phosphorylation.

as sodium chloride (NaCl), hydrogen peroxide (H,O,), menadione, and
potassium superoxide (KO,), were also evaluated.

MAPK phosphorylation assay. Western blot analysis for the detec-
tion of phosphorylation of Hogl MAP kinase was performed as described
previously (20). Briefly, overnight cultures of the parental strain and the
ypd1A/A null mutant were grown to log phase in YPD broth at 30°C. At
this time, the cells were exposed to oxidative stress by supplementing the
medium with 5mM H,0,. At designated times following incubation (0 to
30 min), cells were collected, proteins extracted, and equal amounts sep-
arated by SDS-PAGE. The electrophoresed proteins were then transferred
to nitrocellulose membranes and first probed with a phospho-p38 MAPK
(Thr180/Tyr182) monoclonal antibody (MAb) (D3F9; Cell Signaling
Technology Inc.). Subsequently, the blots were stripped and incubated
with an a-tubulin polyclonal antibody (a generous gift from Katsunori
Sugimoto, Rutgers University). Blots were developed as recommended by
the manufacturer (GE Healthcare).

Construction of Ypd1-GFP strains. To determine the subcellular local-
ization of Ypdl, the coding sequence of YPDI was fused in frame with the
yeast enhanced green fluorescent protein gene (yEGEP) (26). The C. albicans
YPDI-GFP fusion construct pACT1-YPDI1-GFP was generated by PCR am-
plifying the YPDI ORF by using high-fidelity Phusion DNA polymerase
(NEB). The PCR-amplified product was cloned into the HindIII site of plas-
mid pACT1-GFP (27) to generate pACT1-YPDI-GFP. This construct utilizes
the ACTI promoter for expression of the YPDI-GFP gene fusion. All con-
structs were verified by sequencing to exclude any point mutations due to
PCR amplification reactions prior to transformation into C. albicans. The
recombinant plasmid containing the YPD1-GFP fusion was linearized by
using Stul and transformed into C. albicans SN148 (Ura™ ), and the trans-
formants were selected by uracil prototrophy.

Fluorescence microscopy. To determine the subcellular localization
of Ypd1, we performed fluorescence microscopy of green fluorescent pro-
tein (GFP)-tagged Ypdl. Briefly, a C. albicans strain expressing YPDI-
GFP was grown at 30°C overnight and then diluted to a starting ODy, of
0.1 in 50 ml of YPD broth. Cells were grown at 30°C and, upon reaching
log phase, were stained with 250 nM MitoTracker Red (Molecular Probes)
for 45 min. To investigate the effect of stress on localization of GFP-tagged
Ypdl, C. albicans cells expressing YPD1-GFP were stressed with either 1.5
M NaCl (osmotic stress) or 5 mM H,0, (oxidative stress) for 15 min and
then imaged by using a fluorescence microscope. For DAPI (4’,6-di-
amidino-2-phenylindole) staining, log-phase cells were fixed with 4%
formaldehyde for 10 min, washed twice with PBS, and resuspended in
PBS. One microliter of Prolong Gold-DAPI (Invitrogen) was added to the
cells on a slide and covered with a coverslip, and the samples were imaged
as described above.
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RESULTS

YPD1 (orf19.4443) encodes a putative histidine phosphotrans-
fer protein. The C. albicans YPD1 gene has an open reading frame
of 555 nucleotides which encodes a 184-amino-acid protein with
an estimated molecular mass of 20.57 kDa. The histidine-contain-
ing phosphotransfer (HPt) domain (amino acids 26 to 125) of this
protein has the characteristics of a prototypical histidine phos-
photransfer protein, including the conserved histidine residue
(putative site of phosphorylation). According to Clustalw2, a mul-
tiple-sequence alignment program (http://www.ebi.ac.uk/Tools
/msa/clustalw2), the percent identity between C. albicans Ypdl
and various fungal Ypd1 orthologs was highest with the N. crassa
histidine phosphotransfer protein Hpt-1, at ~44%. The percent
identities with its orthologs in S. cerevisiae, A. nidulans, Aspergillus
fumigatus, C. neoformans, and Dictyostelium discoideum were ap-
proximately 32, 34, 33, 14, and 19%, respectively (data not
shown). The identity of each protein was generally restricted to the
HPt domain, which contains the conserved histidine residue that
is putatively phosphorylated during multistep phosphorelay from
the histidine kinase to the response regulator. A sequence align-
ment (Fig. 1) of the HPt domains of C. albicans Ypdl and its
orthologs described above revealed the conserved histidine resi-
due as the putative site of phosphorylation. Indeed, in C. albicans,
the histidine (H69) residue was shown to be the site of phosphor-
ylation by Calera et al. (22). This was accomplished by in vivo
complementation of the loss of YPD1I in a conditional S. cerevisiae
strain by the wild-type YPDI allele of C. albicans but not the
YPD1"*? point mutant, indicating that H69 is the site of phos-
phorylation (22). Previous in vitro work also established that Ypd1
participates in the multistep SIn-Ypd1-Sskl phosphorelay (28).
Although there is a high degree of conservation of Ypd1 proteins
among eukaryotic microorganisms harboring two-component
signaling pathways, there is a marked degree of difference between
gain or loss of essential function by Ypd1 in these organisms. For
instance, YPDI is essential in S. cerevisiae, N. crassa, A. nidulans,
and C. neoformans, while its orthologs in Schizosaccharomyces
pombe (29), D. discoideum (30), and C. albicans (as shown below)
are dispensable for viability. The exact mechanism and underlying
reasons for acquisition of essential function by Ypdl in the few
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FIG 2 Growth curve of C. albicans wild-type (WT), ypd1A/A, and ypd1A/A::YPDI strains. Overnight cultures were transferred to fresh YPD medium to a starting
OD of 0.1, and growth was measured every hour until stationary growth phase was reached.

two-component signaling cascades studied are not well under-
stood. The generation of a C. albicans ypd1A/A deletion mutant
strain and its characterization, described herein, provide further
fundamental insights into the function of this very important pro-
tein, as well as the two-component signal transduction pathway
circuitry in general.

Verification of ypdIA/A mutant and reconstituted strains.
To determine the function(s) of YPDI in C. albicans, we con-
structed a ypd1A/A mutant by following the method of Noble and
Johnson (24), using the strain SN152 background. The first YPD1
allele was replaced by homologous recombination with the 5'-
UTR-LEU2-3'-UTR cassette; likewise, the second YPD1 allele was
replaced by the 5'-UTR-ARG4-3'-UTR cassette, as described in
Materials and Methods. Furthermore, the complete YPDI1 OREF,
along with its native promoter, was restored at the RPS10 locus in
the ypd1A/A mutant by using the pSN75 integrating plasmid. Ho-
mologous recombination and YPDI allele replacement of each
locus, as well as reconstitution at RPS10, were verified by PCR
using a primer that anneals in the sequences external to the cloned
fragments and a primer annealing within the LEU2, ARG4, and
RPS10 cassettes (see Fig. S1 in the supplemental material). We also
verified the absence of both alleles of YPD1 by the inability to PCR
amplify an internal fragment from each deleted gene. All strains
were verified by PCR. For PCR analyses (see Fig. S1 in the supple-
mental material), genomic DNAs from wild-type strain SN425
(YPDI1/YPD1I), heterozygous strain NC6 (ypd1A/YPDI), homozy-
gous strain NC7 (ypdIA/A), and reconstituted strain NC8
(ypd1A/A::YPDI) were used as templates to confirm YPDI allele
replacement and reconstitution of YPDI at the RPS10 locus.

Growth rates of C. albicans strains. To determine the effect of
YPD1I disruption on growth rates, we compared the generation
times of the ypdIA/A deletion strain, wild-type strain SN425
(YPD1/YPD1), and the gene-reconstituted ypdIA/A::YPDI strain
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(Fig. 2). When incubated in YPD broth at 30°C, the ypd1A/A
strain grew slower than the wild-type strain, whereas the growth
rate of the gene-reconstituted strain was similar to that of the
wild-type strain. The calculated generation time for the ypd1A/A
null strain (1.93 h) was higher than the 1.76-h and 1.77-h gener-
ation times for the wild-type and gene-reconstituted strains, re-
spectively. However, all strains reached similar cell densities after
24 h of growth in YPD broth (Fig. 2).

Deletion of YPDI results in increased flocculation and con-
stitutive filamentation in C. albicans. To determine the effect of
deletion of YPDI in C. albicans, the ypd1A/A null mutant strain
and control strains were grown in YPD broth overnight at 30°C.
Interestingly, we noticed that the ypd1A/A null mutant strain floc-
culated in YPD broth at 30°C (Fig. 3). Flocculation of the ypd1A/A
null mutant strain was associated with constitutive filamentation,
in contrast to the case for the wild-type and reconstituted strains
(Fig. 3). The flocculation phenotype of the ypd1A/A null mutant
strain was more dramatic in RPMI medium (pH 7.0) at 37°C (Fig.
4). The flocculation was observed at both 30 and 37°C, in contrast
to the case for the wild-type and gene-reconstituted strains, indi-
cating that temperature had very little role in this phenotype, ex-
cept to accelerate the flocculation, perhaps due to faster growth of
C. albicans at 37°C than at 30°C. Microscopic observation of floc-
culating cells revealed a mesh of hyphal growth of the ypd1A/A
null mutant in both YPD broth and RPMI medium, in contrast to
the case for the control strains (Fig. 4).

Disruption of YPDI results in reduced resistance to SDS. To
determine the role of Ypdl in stress adaptation, the wild-type
strain SN425 (YPD1/YPD1), the ypd1A/A null mutant strain, and
the reconstituted ypd1A/A::YPDI strain were incubated at 30°C
for 24 h on YPD agar containing hydrogen peroxide (H,0,), men-
adione, potassium superoxide, sodium chloride, calcofluor white,
Congo red, or SDS. No major differences between the sensitivities
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YPA1A/A

ypd1A/A::YPD1

FIG 3 Observation of flocculation of ypdIA/A mutant cells. (a) Log-phase
cultures of WT (YPDI/YPDI), ypd1A/A, and ypd1A/A::YPDI strains of C.
albicans at 30°C. Flocculation of ypd1A/A cells is indicated by the formation of
clumps of cells settled at the bottom of the tube (arrows). (b) Microscopic
observation indicates a mix of hyphae and yeast cells clumped together in the
ypd1A/A mutant compared to the WT and gene-reconstituted strains.

of the wild type, the ypd1A/A null mutant strain, and the recon-
stituted ypd1A/A::YPDI strain were observed with hydrogen per-
oxide (H,O,), potassium superoxide, menadione, calcofluor
white, Congo red, and caffeine (data not shown). However, we
found that the ypdIA/A null mutant strain was hypersensitive to
0.025% SDS compared to the wild type (YPD1/YPD1I). Reintro-
duction of a wild-type copy of YPDI in the gene-reconstituted
strain (ypd1A/A::YPDI) restored the sensitivity to SDS to levels
similar to wild-type levels (Fig. 5). The sensitivity of the ypdIA/A
null mutant strain to SDS is indicative of cell surface defects (31).
This hypothesis correlates well with the constitutive filamentation
and flocculation phenotype observed with the ypd1A/A mutant.
Our previous studies have shown that the Ssk1 response regulator,
which is downstream of Ypd1, regulates expression of various cell
wall biosynthesis genes (20). Taken together, these data emphasize
the importance of the Ypdl-mediated two-component signal
transduction pathway in C. albicans for mediating resistance to
cell wall stress caused by SDS.

C. albicans Ypd]1 is located in both the cytoplasm and the
nucleus. Ypd1 is critical for transfer of a phosphoryl group from
the phosphorylated histidine kinase to the response regulator. The
three C. albicans response regulator proteins, Ssk1, Skn7, and Srrl,
are reported to be located in three distinct cellular compart-
ments— cytosol, nucleus, and mitochondria, respectively (23, 32,
33). To determine the subcellular localization of Ypdl, we per-
formed fluorescence microscopy of GFP-tagged Ypdl (Fig. 6).
The plasmid expressing the GFP-tagged Ypd1 fusion was tested to
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FIG 4 Growth of C. albicans WT (YPD1/YPDI), ypd1A/A, and ypdIA/A::
YPDI strains in RPMI growth medium at 37°C for 3 h. (a) Extensive floccula-
tion is observed in ypdIA/A mutant cells. (b) Microscopic observation of
ypdIA/A cells indicates a thick mesh of hyphae clumped together, while WT
and gene-reconstituted cells form small germ tubes.

determine whether the GFP fusion was functional. It was found to
retain function by complementation of the phenotypes of the
ypd1A/A null mutant (see Fig. S2 in the supplemental material).
The C. albicans strain expressing YPDI-GFP was grown to log
phase and, in two separate experiments, stained with either DAPI
(Invitrogen) or MitoTracker Red (Molecular Probes). We ob-
served that GFP-tagged Ypd1 was located in both the cytosol and
the nucleus (Fig. 6a). This was evident by diffuse fluorescence
throughout the cell, along with bright spots of high fluorescence.
These spots match perfectly with the DAPI staining, indicating a
nuclear localization of GFP-tagged Ypd1 (Fig. 6a). In this regard,
C. albicans Ypd1 appears to be similar to S. cerevisiae Ypd1, which
is also reported to be localized to the cytosol and the nucleus (34).
These data suggest that the subcellular segregation of GFP-tagged
Ypdl is probably due to an important role(s) of Ypdl in regula-
tion of the Ssk1 (cytosolic) and Skn7 (nuclear) response regulator
proteins via phosphorylation in C. albicans. Because C. albicans
contains a response regulator protein located in the mitochondria
(23), we wanted to investigate whether Ypd1 also translocates to
mitochondria to phosphorylate Srrl. For these experiments, log-
phase C. albicans cells expressing YPD1-GFP were stained with
MitoTracker Red (Molecular Probes). Mitochondria were visible
by the presence of an intricate network of tube-like structures in
cells stained with MitoTracker Red (Fig. 6b). However, the fluo-
rescence signal from GFP-tagged Ypd1 did not match the Mito-
Tracker Red signal, suggesting that Ypdl does not localizes to
mitochondria (Fig. 6b). These results also raise important ques-
tions, perhaps for future studies, about the role of Ypd1 in phos-
phorylation of the Srrl response regulator. Fluorescence micros-
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FIG 5 Growth of WT (YPDI/YPDI),

Candida albicans Ypd1

5x10°
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(b) YPD + 0.025 % SDS

ypdI1A/A, and ypd1A/A::YPDI strains of C. albicans at 30°C for 48 h on YPD agar (control plate) (a) and YPD agar

containing 0.025% SDS (b). Five-microliter cell dilutions (5 X 10°to 5 X 10" cells) were spotted on each plate.

copy experiments were also performed to determine the effects of
stress (oxidative and osmotic) on subcellular localization of Ypd1.
No changes were observed in the localization pattern of Ypd1-
GFP in the presence of stress compared to unstressed growth con-
ditions (data not shown).

Deletion of Ypdl1 results in constitutive phosphorylation of
Hogl MAPK in C. albicans. Activation of the Hogl MAPK via
phosphorylation is critical for adaptation to oxidative and os-
motic stress in C. albicans and S. cerevisiae (5, 6, 8). Previous stud-
ies have shown that Hogl is downstream of the SIn1-Ypd1-Sskl
two-component pathway in C. albicans (28). We have also shown
that the Ssk1 response regulator is required for phosphorylation of
Hogl under oxidative stress (20). Thus, it was of interest to deter-
mine the effect of deletion of YPDI on phosphorylation of the
Hogl MAPK. We used a monoclonal antibody (Cell Signaling
Technology) that recognizes phosphorylation of Thr180/Tyr182
within the TGY motif of the Hogl MAPK (Fig. 7). The C. albicans
wild-type and ypd1A/A strains were grown in YPD broth at 30°C,
and upon reaching the logarithmic growth phase, cells were ex-
posed to oxidative stress. At different time points (0 to 30 min),
samples were taken and protein extracts were electrophoresed,
transferred to a nitrocellulose membrane, and probed with a
phospho-p38 MAPK antibody. A reactive band of approximately
40 kDa was observed in protein extracts from both the wild-type
and ypd1A/A strains. Interestingly, phosphorylation of Hogl was
observed in the ypdIA/A null mutant strain in the absence of
stress, indicating constitutive phosphorylation of Hogl in the
ypd1A/A mutant compared to the wild-type strain. However,
temporal phosphorylation of Hogl remained strong in both wild-
type and ypd1A/A cells, even 30 min after treatment with H,O,

(a) Ypd1-GFP,
DAPI

(b) Ypd1-GFP,
MitoTracker

Protein extracts from the hogl A/A null mutant were included as a
negative control in the same blot (Fig. 7). Subsequently, to con-
firm equal protein loading, the same blot was stripped and re-
probed with a-tubulin antibody. Thus, the results of these exper-
iments indicate an increased phosphorylation of Hogl in the
ypd1A/A mutant. We hypothesize that the constitutive activation
of Hogl is perhaps due to disruption of Ypd1-mediated phospho-
relay, resulting in an unphosphorylated Ssk1 response regulator,
which leads to activation of the downstream Hogl MAPK path-
way. We also hypothesize that the phenotypes observed with the
ypd1A/A strain, such as constitutive filamentation and sensitivity
to SDS, may also be due to constitutive activation of the Hogl
pathway.

DISCUSSION

Two-component signal transduction pathways are used exten-
sively for signal transduction by bacteria, eukaryotic microorgan-
isms, and plants (35). These signaling cascades originated in pro-
karyotes and are thought to have entered the eukaryotic domain of
life through endosymbiotic, lateral gene transfer from their cya-
nobacterial ancestors (36). The genome of C. albicans has been
reported to include genes for three histidine kinases (HKs), three
response regulators (RRs), and one histidine phosphotransfer
(HPt) protein (Ypdl). The three histidine kinases (encoded by
SLN1, CHK1, and NIK1) and the response regulators (encoded by
SSK1, SKN7, and SRRI) have all been characterized extensively
(37—41). The biological function of the histidine phosphotransfer
protein Ypd1, which is a vital constituent of the multistep phos-
phorelay, is poorly understood for the human-pathogenic fungus
C. albicans. As noted earlier, YPDI is essential in S. cerevisiae, N.

DAPI
‘

FIG 6 Subcellular localization of Ypd1-GFP. C. albicans strains expressing GFP-tagged Ypd1 were grown to log phase and prepared for microscopy as described
in Materials and Methods. The Ypd1-GFP cells were stained with DAPI and MitoTracker Red. (a) Ypd1-GFP with DAPIL. Merged DAPI and GFP fluorescence
images indicate nuclear and cytosolic localization of Ypd1. (b) Ypd1-GFP and MitoTracker Red. BF, bright field. All the images have similar levels of contrast.
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FIG 7 Detection of phosphorylation of Hogl MAPK by Western blot analysis.
C. albicans strain SN425 (YPD1/YPD1I) and the ypd1A/A mutant were grown
to log phase in YPD broth and treated with H,O,. Samples were taken at the
indicated times (minutes; given above the lanes). Western blots were per-
formed using either a phospho-p38 MAPK monoclonal antibody or an «-
tubulin antibody. The phospho-p38 MAPK antibody detects endogenous lev-
els of Hogl MAP kinase only when the kinase is phosphorylated. The
a-tubulin antibody was used to detect equal loading of protein samples.

crassa, A. nidulans, and C. neoformans. However, YPD1 orthologs
in S. pombe, D. discoideum, and C. albicans are dispensable for
viability. By sequence analysis, the histidine phosphotransfer pro-
tein Ypdl appears to be highly conserved across species, but the
apparent difference in essentiality could be due to partial duplica-
tion of ancestral genes. Other factors may also contribute to the
nonessential function of Ypd1 in C. albicans, such as the presence
of a redundant, Ypd1-like protein in C. albicans, or this organism
may have evolved special mechanisms by which the phospho-
transfer can bypass Ypdl from the upstream histidine kinase to
the response regulator.

Of the two-component phosphorelay proteins that regulate
the downstream Hogl MAPK pathway, SInl (HK) and Ssk1 (RR)
have been studied in great detail in both S. cerevisiae and C. albi-
cans (5-8). Skn7 (RR) is a transcription factor and is independent
of the Hogl MAPK pathway (33).There are functional and regu-
latory differences between the C. albicans and S. cerevisiae Hogl
MAPK pathways. For example, deletion of SLNI or YPDI in S.
cerevisiae is lethal (15). This lethality is reported to be a conse-
quence of overproduction of glycerol (an osmolyte required to
maintain internal cellular turgor pressure) due to constitutive ac-
tivation of the downstream Hogl MAPK pathway (8). In C. albi-
cans, deletion of SLNT results in a mild to moderate sensitivity to
osmotic stress, but the mutation is not lethal (41). We present data
here showing that deletion of YPDI is not a lethal event in C.
albicans. Data obtained from our comprehensive analysis of the
ypd1A/A mutant and from earlier studies with the Chk1 histidine
kinase (37, 42, 43) and the Ssk1 and Skn7 response regulators (20,
27,33) support the idea of substantial rewiring of two-component
signaling pathways in C. albicans compared to S. cerevisiae. At
present, the molecular genetic basis for this difference in regula-
tion is not understood, but it may be explained by the presence of
a robust Shol-mediated or alternate pathway that bypasses Ssk1
and SIn1 in C. albicans.

The phosphohistidine intermediate protein Ypdl1 of S. cerevi-
siae is reported to shuttle between the nucleus and the cytoplasm
for SLNI-dependent phosphorylation of Ssk1 and Skn7 (34). We
demonstrated a similar subcellular localization pattern with C.
albicans Ypdl. In addition to S. cerevisiae and C. albicans, the
cellular compartmentalization of two-component phosphorelay
proteins is also reported for higher eukaryotes, such as Arabidopsis
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thaliana (44). The Arabidopsis histidine phosphotransfer proteins
(AHPs) are reported to be localized to both the cytosol and the
nucleus (44). The subcellular separation of GFP-tagged Ypd1 may
provide important clues to the role(s) of Ypd1 in regulation of the
Sskl (cytosolic) and Skn7 (nuclear) response regulator proteins
via phosphorylation in C. albicans. However, C. albicans contains
another response regulator protein, i.e., Srrl (27). Srrl is reported
to be located in the mitochondria, and there is no evidence of
mitochondrial localization of C. albicans Ypdl. These observa-
tions raise two intriguing possibilities: either interaction of Ypd1l
with Srrl is transient, or Srrl follows a prokaryotic, single-step
His — Asp phosphotransfer mechanism instead of the multistep
phosphorelay reactions more prevalent in eukaryotes.

The phenotypes (flocculation, constitutive filamentation, and
hypersensitivity to SDS) observed with the ypdIA/A mutant may
be due to constitutive phosphorylation of the Hogl MAPK. Cel-
lular responses of C. albicans and the model yeast S. cerevisiae to a
wide variety of environmental signals, such as oxidative stress, cell
wall defects, morphogenesis, etc., are reported to be processed
through the Hogl MAPK pathway (5, 8). The requirement of an
upstream two-component signaling pathway for activation of the
Hogl pathway in the oxidative stress response was demonstrated
in an earlier study, in which it was shown that the Ssk1 response
regulator protein is indispensable for phosphorylation of the
Hogl MAP kinase (8).

In summary, we show here that Ypdl, a histidine phospho-
transfer protein, is not essential for viability in C. albicans. Ypdl is
localized to both the nucleus and the cytoplasm. Based upon data
presented in this paper, we hypothesize that C. albicans utilizes a
Ypdl-mediated two-component signal transduction pathway to
adapt cells to various environmental conditions important for
maintaining cellular homeostasis. Our results also provide new
fundamental insights and lay the foundation for future work to
explore in detail the mechanisms of two-component signaling
pathways in C. albicans.
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