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Abstract

Aims: As Candida albicans is the major fungal pathogen of humans, there is an urgent need to understand how
this pathogen evades toxic reactive oxygen species (ROS) generated by the host immune system. A key
regulator of antioxidant gene expression, and thus ROS resistance, in C. albicans is the AP-1-like transcription
factor Cap1. Despite this, little is known regarding the intracellular signaling mechanisms that underlie the
oxidation and activation of Cap1. Therefore, the aims of this study were; (i) to identify the regulatory proteins
that govern Cap1 oxidation, and (ii) to investigate the importance of Cap1 oxidation in C. albicans pathogenesis. Results: In response to hydrogen peroxide (H2O2), but not glutathione-depleting/modifying oxidants, Cap1 oxidation, nuclear accumulation, phosphorylation, and Cap1-dependent gene expression, is
mediated by a glutathione peroxidase-like enzyme, which we name Gpx3, and an orthologue of the Saccharomyces cerevisiae Yap1 binding protein, Ybp1. In addition, Ybp1 also functions to stabilise Cap1 and this
novel function is conserved in S. cerevisiae. C. albicans cells lacking Cap1, Ybp1, or Gpx3, are unable to filament
and thus, escape from murine macrophages after phagocytosis, and also display defective virulence in the
Galleria mellonella infection model. Innovation: Ybp1 is required to promote the stability of fungal AP-1-like
transcription factors, and Ybp1 and Gpx3 mediated Cap1-dependent oxidative stress responses are essential
for the effective killing of macrophages by C. albicans. Conclusion: Activation of Cap1, specifically by H2O2, is
a prerequisite for the subsequent filamentation and escape of this fungal pathogen from the macrophage.
Antioxid. Redox Signal. 19, 2244–2260.

Introduction

C

andida albicans is the major systemic fungal pathogen
of humans causing approximately 400,000 deaths per
annum (39). Consequently, there is much interest in the
mechanisms employed by this opportunistic pathogen to
survive host immune system defences, which includes the
generation of toxic reactive oxygen species (ROS). Upon activation of neutrophils and macrophages, the NADPH oxidase (Nox) complex generates superoxide within the

phagosome (4), which then rapidly undergoes dismutation to
produce hydrogen peroxide (H2O2). Patients with congenital
defects that affect the Nox complex, or neutropenia, exhibit
enhanced susceptibility to systemic candidiasis (48) indicating
the importance of ROS-based mechanisms in the defence
against this fungus. However, C. albicans mounts a robust
transcriptional response to oxidative stress upon exposure to
human blood (14), macrophages (27), and neutrophils (13)
and can evade killing by macrophages (26, 27). Furthermore,
several studies have reported that the inactivation of
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CAP1 REGULATION IN C. ALBICANS
Innovation
The importance of reactive oxygen species-induced
transcriptional responses in promoting survival of the major
fungal pathogen of humans, Candida albicans, against innate
immune defences is unknown. Here we provide new insight into the signaling mechanism by which this pathogen
detects the presence of hydrogen peroxide (H2O2) and activates gene expression through the AP-1-like Cap1 transcription factor, and, furthermore, reveal a novel function
for the Ybp1 regulatory protein in mediating AP-1-like
transcription factor activation. Significantly, we also demonstrate that H2O2-induced activation of Cap1 is vital for
C. albicans-mediated killing of macrophages.

ROS-protective enzymes attenuates virulence in systemic
models of disease (19, 53). Collectively, such observations
indicate that oxidative stress defences are important for survival of C. albicans in the host. However, remarkably little is
known regarding the intracellular signaling mechanisms underlying the activation of C. albicans ROS-induced transcriptional responses after phagocytosis, or their importance in
promoting the viability of this fungal pathogen against ROSbased immune defences.
In C. albicans, the AP-1-like transcription factor Cap1 is the
major regulator of oxidative stress-induced gene expression as determined by transcript profiling and chromatinimmunoprecipitation experiments (52, 55). Cap1 is orthologous
to the Yap1 and Pap1 transcription factors in Saccharomyces
cerevisiae and Schizosaccharomyces pombe, respectively, which
have well-studied roles in antioxidant gene expression (33).
All three of these transcription factors accumulate in the nucleus after exposure to a range of different oxidizing agents
(23, 46, 54), suggesting related mechanisms of regulation. Indeed, studies of Yap1 and Pap1 have revealed that H2O2induced nuclear accumulation occurs due to the formation of
interdomain disulphide bonds between two cysteine rich
domains (the n-CRD and c-CRD) found in fungal AP-1-like
factors (9, 51). This oxidation event triggers a conformational
change which masks the accessibility of a nuclear export
sequence located within the c-CRD; thus, allowing Yap1 and
Pap1 to accumulate within the nucleus and activate gene
expression (23, 46). The glutathione-depleting/modifying
agents, diamide and diethylmaleate (DEM), have also been
shown to trigger the nuclear accumulation of Yap1 and Pap1.
However, this is mediated by the formation of disulphide
bonds between closely linked cysteines within the c-CRD in
the case of diamide, or direct covalent modification of cysteines by DEM, rather than the formation of interdomain disulphide bonds characteristic of H2O2-treatment (8, 22).
Yap1 and Pap1 are not directly oxidized by H2O2, but instead specific peroxidase enzymes sense and transduce the
H2O2 signal to these transcription factors. Intriguingly, the
mechanisms regulating this vital post-translational modification of Yap1 and Pap1 are different. For example, Yap1
oxidation requires Gpx3, a glutathione peroxidase (Gpx)-like
enzyme (9), whereas oxidation of Pap1 requires the thioredoxin peroxidase activity of an unrelated peroxidase, the 2Cys peroxiredoxin, Tpx1 (6, 50). Gpx3-mediated activation of
Yap1 also requires a second protein, Ybp1, which is exclusive
to fungi (49). Although Ybp1 binds Yap1, its function in
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promoting the H2O2-induced oxidation of Yap1 is unclear.
However, one commonly used wild-type S. cerevisiae strain,
W303, has a naturally occurring mutant allele of YBP1,
ybp1-1, which encodes a truncated Ybp1 protein (37, 49).
Interestingly, in such cells, Yap1 oxidation is no longer
Gpx3-dependent but mediated albeit less efficiently by the
2-Cys peroxiredoxin, Tsa1, analogous to Pap1 regulation in
S. pombe (37). Yap1 activation by diamide and DEM is
also independent of Gpx3 function and instead is linked to
the direct modification of cysteine residues solely within
the c-CRD (3).
Much less is known about Cap1 regulation in C. albicans.
For example, although C. albicans Cap1 is oxidized after H2O2
exposure (7), and mutation of the c-CRD impacts on Cap1
regulation (1, 54), nothing is known regarding the mechanisms underlying oxidation of Cap1 by different ROS, or the
importance of Cap1-mediated transcriptional responses in
allowing C. albicans to contend with ROS-based immunedefences. As the two model yeasts S. cerevisiae and S. pombe
execute different mechanisms to regulate oxidation of their
respective AP-1-like transcription factors, it is unknown
which, if either, mechanism exists in other fungi. Here, we
dissect the mechanisms underlying the H2O2-induced oxidation and activation of the Cap1 transcription factor, and investigate the importance of this process in promoting
C. albicans survival in macrophages and in different models of
infection.
Results
Cap1 function is required for C. albicans-mediated
macrophage killing
Previous studies established that C. albicans mounts a
transcriptional response upon phagocytosis by macrophages
and neutrophils (13, 27), which includes the induction of
many genes that are Cap1-regulated in vitro after H2O2 exposure (11, 52). C. albicans can efficiently kill macrophages
after phagocytosis, yet whether transcriptional responses to
ROS are essential for this phenomenon is unknown. Thus,
here, we investigated whether Cap1-induced gene expression is needed to allow C. albicans-mediated macrophage
killing. We also compared the impact of loss of Cap1 on
macrophage killing with that of the Hog1 stress-activated
protein kinase (SAPK), that is also implicated in H2O2induced gene expression (11), as hog1D cells have previously
been shown to display increased sensitivity to neutrophilmediated killing (2).
The murine macrophage cell line J774.1 was challenged
with cap1D and hog1D mutant cells and their respective wildtype and reintegrant control strains. Using our standard
phagocytosis assay (24, 31), all strains were taken up by
macrophages at similar rates (Fig. 1A). Strikingly, cap1D
cells were extremely defective in macrophage killing compared with wild-type cells ( p < 0.01), and this defect was
rescued upon reintegrating the wild-type CAP1 gene (Fig.
1B). Cells lacking the Hog1 SAPK also displayed impaired
macrophage killing compared to wild-type cells ( p < 0.05),
although to a lesser degree than cap1D cells (Fig. 1B). This
provides the first evidence that Cap1-mediated transcriptional responses to oxidative stress are needed for C. albicansmediated macrophage killing. Hence, we sought to determine
the mechanism underlying oxidant-induced activation of
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5 min after H2O2 exposure. As such, forms have mobility
similar to Cap1 untreated with AMS, which suggests that all
six cysteines are oxidized (Fig. 2A). However, 10 to 60 min
post H2O2-treatment other lesser oxidized forms of Cap1 are
visible, and by 90 min only the reduced form is seen (Fig. 2A).
Consistent with oxidation stimulating the nuclear accumulation of Cap1, fluorescent microscopy of cells expressing Cap1green fluorescent protein (GFP) demonstrated that H2O2
treatment induced nuclear accumulation that was detectable
up to 60 min (Fig. 2C). Nuclear accumulation also correlated
with the phosphorylation of Cap1, similar to that reported for
Yap1 and Pap1 (6, 8), as phosphatase-sensitive slower mobility forms of Cap1-MH were detected within 1 min of H2O2
treatment and these persisted for 60 min (Fig. 2B). Importantly, the timings of oxidation, phosphorylation and
nuclear accumulation of Cap1 are consistent with the H2O2induced expression profile of the Cap1-dependent gene TRR1
(Fig. 2D). Having established the kinetics of various read-outs
of Cap1 activation, this then provided the parameters necessary to allow the subsequent identification of regulatory
proteins mediating Cap1 activation.
Ybp1 mediates H2O2-induced activation of Cap1

FIG. 1. Cap1 is essential for Candida albicans-mediated
killing of macrophages. (A) Percentage uptake of wild-type
(Wt, JC21), hog1D ( JC50), hog1D + HOG1 (JC52) and wild type
(Wt, JC747), cap1D ( JC842), cap1D + CAP1 ( JC807) C. albicans
cells by J774.1 macrophages after 3 h coincubation. (B) Percentage of macrophages killed by the hog1D and cap1D mutants and respective wild-type and reintegrant controls after
3 h coincubation. Data were obtained in triplicate from at
least three different experiments by analyzing at least 100
macrophages per well. Analysis of variance (ANOVA) was
used to determine statistical significance: *p < 0.05; **p < 0.01.

Cap1 to investigate whether this process is vital for C. albicans
evasion of macrophages.
Cap1 is oxidized, phosphorylated, and localizes
to the nucleus to activate antioxidant gene expression
in response to H2O2
As a first step in dissecting the mechanism underlying
Cap1 regulation in C. albicans, we determined the kinetics of
Cap1 activation in wild-type cells after treatment with 5 mM
H2O2 (Fig. 2). The redox changes in Cap1 after H2O2-exposure
were trapped by the thiol alkylating agent AMS (4-acetamido4¢-(idoacetyl)amino)stilbene-2,2¢-disulfonic acid) (9), which
reacts specifically with SH groups of reduced cysteine residues increasing the molecular weight of thiol-modified proteins by *0.5 kDa/cysteine (9). As illustrated in Figure 2A,
more mobile oxidized forms of Cap1 occurred immediately
post H2O2 treatment and persisted for 1 h. However, the
profile of Cap1 oxidation changed over the time course of the
experiment. Extensively oxidized forms of Cap1 appeared 1 to

To delineate the mechanism underlying H2O2-induced
Cap1 oxidation, we examined the C. albicans genome for an
orthologue of the S. cerevisiae YBP1 gene, as the presence of a
functional Ybp1 protein appears to dictate the mechanism
underlying oxidation of AP-1-like transcription factors. For
example, in S. cerevisiae cells expressing a wild-type YBP1
allele, oxidation of Yap1 is mediated by the Gpx3-peroxidase
in conjunction with Ybp1 (49), whereas cells carrying a naturally occurring mutation of Ybp1 (ybp1-1) use the 2-Cys
peroxiredoxin Tsa1, to mediate Yap1 oxidation albeit less efficiently (37, 44, 49). However, in addition to Ybp1, S. cerevisiae
also contains a related protein, Ybp2/Ybh1, that does not
regulate Yap1 and instead is required for spindle function
(36). Sequence analysis of the C. albicans genome revealed only
a single homologue, orf19.5034, that exhibits approximately
20% identity to both S. cerevisiae Ybp1 and Ybp2 (49). Hence,
to establish whether the function of orf19.5034 in C. albicans is
related to Ybp1 and/or Ybp2 in S. cerevisiae, a homozygous
null mutant was generated in which both copies of orf19.5034
were deleted. C. albicans orf19.5034D cells were much more
sensitive to H2O2 than wild-type cells and the reintegrant
strain (Fig. 3A), but not to the spindle poisons TBZ or benomyl
(Supplementary Fig. S1; Supplementary Data are available
online at www.liebertpub.com/ars). This result suggested
that the function of the gene product encoded by orf19.5034
might be more similar to S. cerevisiae Ybp1 than Ybp2, and
thus, we named this gene C. albicans YBP1.
When we examined the role of Ybp1 in Cap1 activation,
H2O2-induced oxidation of Cap1 was abolished in ybp1D cells
over a range of H2O2 concentrations (Fig. 3B and Supplementary Fig. S2A). Intriguingly, it also appeared that Cap1
protein levels were lower in cells lacking YBP1 (Fig. 3B and
Supplementary Figs. S2A and S3A). Both the H2O2-induced
phosphorylation (Fig. 3C), and the nuclear accumulation of
Cap1 (Fig. 3D and Supplementary Fig. S2B) were also drastically impaired in ybp1D cells, culminating in a severe reduction in H2O2-induced Cap1-dependent gene expression
(Fig. 3E and Supplementary Figs. S2C and S3B). Collectively,
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FIG. 2. Markers of H2O2-induced Cap1 activation. (A) Cap1 is rapidly oxidized after H2O2 exposure. Cap1 oxidation was
analyzed by nonreducing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting of
AMS-modified proteins prepared from cells expressing 2myc-6His-tagged Cap1 ( JC948, Cap1-MH), exposed to 5 mM H2O2
for the indicated times. After detection of Cap1, the blot was reprobed with an anti-Hog1 antibody to determine loading. The
data shown is representative of four biological replicates. (B) Cap1 is phosphorylated after H2O2 exposure. Lysates from cells
expressing Cap1-MH, exposed to 5 mM H2O2 for the indicated times, were enriched on Ni2 + -NTA agarose and analyzed by
western blotting using an anti-myc antibody. A sample taken at 10 min was also treated with k–phosphatase to illustrate that
the slower migrating forms of Cap1 were due to phosphorylation. The data shown is representative of four biological
replicates. (C) Cap1 accumulates in the nucleus after H2O2 exposure. Localization of Cap1 was detected in cells expressing
Cap1-GFP ( JC1060) before and after exposure to 5 mM H2O2 by fluorescence microscopy. Nuclei were detected by DAPI
staining. The data shown is representative of six biological replicates. (D) H2O2-induced TRR1 gene expression is dependent
on Cap1. Northern blot analysis of RNA isolated from wild-type (Wt, JC747) and cap1D ( JC842) cells after exposure to 5 mM
H2O2 for the indicated times. Blots were analyzed with a probe specific for the thioredoxin reductase TRR1 gene, and then
after stripping the blot with a probe specific for ACT1 (loading control). TRR1 mRNA levels (mean – SEM) relative to the
ACT1 loading control, from three independent experiments are shown. ANOVA was used to determine statistical significance: *p < 0.025.

therefore, these data demonstrate that Ybp1 functions over a
range of H2O2 concentrations to promote the oxidation and
activation of Cap1 in C. albicans.
Identification of the peroxidase that mediates
H2O2-induced Cap1 oxidation
We next turned our attention to the peroxidase that mediates
Cap1 oxidation. The 2-Cys peroxiredoxin Tsa1 was found to be
dispensable for Cap1 oxidation (Supplementary Fig. S4).
Hence, we investigated the potential role of Gpx-like enzymes
in Cap1 regulation. Sequence analysis of the C. albicans genome

revealed four close homologues of the S. cerevisiae Gpx3 protein, encoded by orf19.85, orf19.86, orf19.87, and orf19.4436
(Supplementary Fig. S5A). Homozygous null mutants of each
gene were generated and only cells lacking orf19.4436 were
significantly sensitive to H2O2 (Supplementary Fig. S5B). Of
the three single gpx mutants characterised in S. cerevisiae only
the gpx3D mutant, which displays impaired Yap1 oxidation,
exhibits significantly increased sensitivity to H2O2 (20). Thus,
based on these observations, we named orf19.4436, GPX3, and
investigated the potential role of Gpx3 in Cap1 regulation.
Significantly, cells lacking GPX3 phenocopied ybp1D cells
with regard to H2O2 sensitivity and this could be rescued
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FIG. 3. Ybp1 and Gpx3 are required for Cap1 activation in response to H2O2. (A) Loss of either Ybp1 or Gpx3 renders cells
sensitive to H2O2. 104 and 10-fold dilutions thereof of exponentially growing wild-type (Wt, JC747), cap1D ( JC842),
cap1D + CAP1 ( JC807), ybp1D ( JC917), ybp1D + YBP1 ( JC809), gpx3D ( JC1317), and gpx3D + GPX3 ( JC1346) cells were spotted
onto agar plates containing the indicated concentrations of H2O2. Plates were incubated at 30C for 24 h. The data shown is
representative of three biological replicates. (B) Cap1 oxidation after H2O2 treatment is dependent on Ybp1 and Gpx3. Cap1
oxidation was measured as described in the Figure 2A legend, in wild-type (Wt, JC948), ybp1D ( JC954) and gpx3D ( JC1311)
cells expressing Cap1-MH after exposure to 5 mM H2O2 for 10 min. The data shown is representative of four biological
replicates. (C) Ybp1 and Gpx3 are required for H2O2-induced nuclear accumulation of Cap1. The localization of Cap1GFP in
wild-type (Wt, JC1060), ybp1D ( JC1054), and gpx3D ( JC1314) cells was determined by fluorescence microscopy in untreated
cells and after exposure to 5 mM H2O2 for 20 min. The data shown is representative of three biological replicates. (D) Cap1
phosphorylation after exposure to H2O2 is dependent on Ybp1 and Gpx3. Cap1 phosphorylation was measured as described
in the Figure 2A legend, in wild-type (Wt, JC948), ybp1D ( JC954) and gpx3D ( JC1311) cells expressing Cap1-MH after
exposure to 5 mM H2O2 for the indicated times. The data shown is representative of three biological replicates. (E) Ybp1 and
Gpx3 are required for the H2O2-induced expression of TRR1. Northern blot analysis of RNA isolated from wild-type (Wt,
JC747), cap1D ( JC842), ybp1D ( JC917), ybp1D + YBP1 ( JC809), gpx3D ( JC1317), and gpx3D + GPX3 ( JC1346) cells after exposure
to 5 mM H2O2 for the indicated times. The northern blot was analyzed using specific probes for the Cap1-dependent gene
TRR1 and ACT1 (loading control). TRR1 mRNA levels (mean – SEM) relative to the ACT1 loading control, from three
independent experiments are shown. ANOVA was used to determine statistical significance: *p < 0.025.

upon reintegrating GPX3 (Fig. 3A). Furthermore, the H2O2induced oxidation, phosphorylation, and nuclear accumulation of Cap1 seen in wild-type cells were significantly impaired
in cells lacking Gpx3 (Fig. 3B–D). The remaining Gpx-like enzymes were dispensable for Cap1 activation (Supplementary
Fig. S5C, D). Consistent with Gpx3 functioning as the peroxi-

dase that activates Cap1, H2O2-induced expression of TRR1
was notably impaired in gpx3D cells compared to wild-type
and reintegrant cells (Fig. 3E). Thus, taken together, our results
indicate that the mechanism underlying H2O2-induced oxidation and thus, activation of Cap1 in C. albicans is similar to that
previously reported for Yap1 in S. cerevisiae.

CAP1 REGULATION IN C. ALBICANS
Ybp1 and Gpx3 are dispensable for Cap1 activation
in response to glutathione-depleting
or glutathione-modifying oxidants
As AP-1-like transcription factors are activated in response
to a range of different oxidising agents in addition to H2O2,
such as the glutathione-depleting or modifying drugs diamide, DEM and Cd2 + , we investigated the specificity of
Ybp1 and Gpx3 function in mediating activation of Cap1.
While C. albicans cells lacking CAP1 displayed increased
sensitivity to diamide, DEM, and Cd2 + , gpx3D cells did not.
Interestingly, cells lacking YBP1 displayed an intermediate
stress sensitive phenotype to diamide and Cd2 + (Fig. 4A),
which might reflect reduced levels of Cap1 in ybp1D mutant
cells (see Fig. 3B, Fig.S3A and below). However, consistent
with Cap1 activation in response to diamide occurring independently of Gpx1 and Ybp1 in C. albicans, diamide-induced
nuclear accumulation of Cap1 was retained in ybp1D and
gpx3D cells (Fig. 4B).
Ybp1 is required for Cap1 stability and forms
a complex with Cap1
Western blot analyses examining the role of Gpx3 and Ybp1
in Cap1 oxidation indicated that Cap1 levels were significantly lower in ybp1D cells than in wild-type and gpx3D cells
(Supplementary Figs. S2A and S3A and Fig. 3B). To examine
this quantitatively, cell extracts were prepared under native
conditions and Cap1 levels analysed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
western blotting of equivalent amounts of protein using an
anti-Cap1 antibody. Consistent with our initial findings, Cap1
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protein levels were found to be drastically reduced in ybp1D
cells compared to wild-type, gpx3D, and ybp1D + YBP1 cells
(Fig. 5A, B). Significantly, the levels of the various tagged
versions of Cap1 employed in this study (Cap1-GFP and
Cap1-MH) were also depleted in ybp1D cells (Fig. 5B).
We previously demonstrated that CAP1 gene expression is
induced by H2O2 (11). Thus, it was possible that C. albicans
Ybp1 is required for the H2O2-induced transcription of CAP1
in a positive feedback mechanism that involves autoregulation by oxidized Cap1. However, RNA analysis revealed only
a slight reduction in the H2O2-dependent induction of CAP1
mRNA levels in ybp1D cells (Supplementary Fig. S3B). Furthermore, if Ybp1 and Gpx3 mediated oxidation of Cap1 was
needed for the Cap1-dependent induction of CAP1 transcription, then it might be expected that gpx3D cells would
also exhibit reduced Cap1 protein levels, which was not the
case (Fig. 5A). However, to directly test whether Ybp1 regulated Cap1 protein levels in a mechanism independent of
transcription, CAP1 was placed under the control of the exogenous ACT1 promoter (47) in wild-type, cap1D, and ybp1D
cells. As predicted, ACT1 promoter-driven CAP1 expression
restored H2O2 resistance to cap1D cells but not to ybp1D cells
(Fig. 6A). Also, as expected, ACT1-promoter driven CAP1
expression increased Cap1 protein levels in cap1D cells (Fig.
6B). In contrast, ectopic expression of CAP1 failed to increase
Cap1 protein levels in ybp1D cells (Fig. 6B), clearly demonstrating that Ybp1 determines Cap1 levels independently of
CAP1-promoter driven transcription.
To determine whether Ybp1 is important for the protein
synthesis or stability of Cap1, we next examined the impact of
the protein synthesis inhibitor, cycloheximide on Cap1

FIG. 4. Ybp1 and Gpx3 are specifically required for Cap1 activation in response to H2O2. (A) Cap1 mediates stress
resistance to more oxidants than Ybp1 and Gpx3. 104 and 10-fold dilutions thereof of exponentially-growing wild-type (Wt,
JC747), cap1D ( JC842), ybp1D ( JC917), and gpx3D ( JC1317) cells were spotted onto agar plates containing either 1.5 mM H2O2,
2 mM DEM, 0.5 mM Cd2 + , and 2 mM diamide. Plates were incubated at 30C for 24 h. The data shown is representative of
two biological replicates. (B) Ybp1 and Gpx3 are dispensable for diamide-induced Cap1 nuclear accumulation. The localization of Cap1-GFP in wild-type (Wt, JC1060), ybp1D ( JC1054), and gpx3D ( JC1314) cells was determined by fluorescence
microscopy in untreated cells and after treatment with 5 mM diamide for 20 min. The data shown is representative of two
biological replicates.
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FIG. 5. Cap1 protein levels are dependent on Ybp1. (A) Cap1 protein levels are reduced in ybp1D cells. 50 lg of whole cell
extracts prepared from wild-type (Wt, JC747), ybp1D ( JC917), and gpx3D ( JC1317) cells under native conditions were analyzed
by SDS-PAGE and western blotting using anti-Cap1 antibodies. The blot was subsequently stripped and reprobed with an
anti-Hog1 antibody as a loading control. Relative Cap1 levels (mean – SEM) from three independent biological replicates
were quantified using ImageQuant (GE Healthcare). ANOVA was used to determine statistical significance: *p < 0.025. (B)
Levels of Cap1 in different tagged strains. Whole cell extracts were prepared from wild type (Wt, JC747), cap1D ( JC842),
ybp1D ( JC917), and ybp1D + YBP1 ( JC809) cells, wild-type (Wt) and ybp1D cells expressing Cap1-MH ( JC948/JC954) and wildtype (Wt) and ybp1D cells expressing Cap1-GFP ( JC1060/JC1054). 30 lg of extract were analyzed by SDS-PAGE and western
blotting using anti-Cap1 antibodies. The blot was reprobed with an anti-Hog1 antibody. Relative Cap1 levels (mean – SEM)
from three independent biological replicates were quantified using ImageQuant (GE Healthcare). ANOVA was used to
determine statistical significance of Cap1 levels between the mutants and respective wild-type strains: *p < 0.025.

protein levels, in both wild-type and ybp1D cells. Blocking
protein translation had no impact on Cap1 protein levels in
wild-type cells over the 1 h time course examined, indicating
that Cap1 turnover is normally slow (Fig. 6C). In contrast,
Cap1 levels were reduced in ybp1D cells 1 h after the addition
of cycloheximide (Fig. 6C). These data indicate that Ybp1 loss
reduces the stability of this transcription factor.
In S. cerevisiae, Ybp1 forms a complex with Yap1 in vivo (49).
Based on these results, we reasoned that Ybp1 binding to
Cap1 might be important to stabilise Cap1. Hence, to determine whether Ybp1 forms a complex with Cap1 in C. albicans
we created strains in which Ybp1 was tagged with 6 His
residues and 2-myc epitopes (Ybp1-MH). Ybp1-MH was
precipitated from protein extracts from wild-type and gpx3D
cells before and after treatment with H2O2, and coprecipitation of Cap1 was determined by western blot analysis (Fig.
7A). Ybp1 was found to interact with Cap1 in C. albicans both
before and after H2O2 treatment and this interaction occurred
independently of Gpx3 (Fig. 7A). However, importantly, as
such coprecipitation experiments are performed using whole
cell extracts, any compartmentalisation of factors that would
prevent such interactions is lost. In S. cerevisiae, Ybp1 is exclusively cytoplasmic (49). Hence, we determined the localization of C. albicans Ybp1 using indirect immunofluorescence.
As shown in Figure 7B, Ybp1 is clearly excluded from the

nucleus in C. albicans and this cytoplasmic location is maintained after H2O2 treatment. Taken together, these results
indicate that Ybp1 interacts with and stabilises the reduced
form of Cap1 in the cytoplasm; however, after oxidation Cap1
accumulates in the nucleus and interaction with Ybp1 is
presumably lost.
Ybp1 regulation of AP-1-like transcription factor
stability is conserved in S. cerevisiae
Ybp1 has not previously been reported to regulate Yap1
protein levels in S. cerevisiae, although this has not been directly investigated (16, 17, 49). In our previous study, where
we demonstrated that Ybp1 was vital for Yap1 oxidation in
S. cerevisiae, the published Yap1 oxidation profile indicated
that ybp1D and ypb1D + YBP1 cells might contain similar Yap1
levels (49), although such oxidation profiles were not assessed
for equivalent protein loading. Here to directly examine the
impact of loss of Ybp1 on Yap1 levels in S. cerevisiae, cell extracts were prepared under native conditions and Yap1 protein levels determined in ybp1D cells compared with cells
where YBP1 had been reintegrated at the normal locus
(ybp1D + YBP1). As illustrated in Figure 8A, Yap1 levels are
significantly reduced in cells lacking Ybp1. We also examined
the impact of cycloheximide treatment on Yap1 protein levels
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FIG. 6. Ybp1 is required for Cap1 stability, but not CAP1 transcription. (A) Ectopic expression of CAP1 does not restore
Cap1 activity in ybp1D cells. Expression of CAP1 from the ACT1 promoter in ybp1D cells does not restore resistance to H2O2.
104 and 10-fold dilutions thereof of exponentially-growing wild-type (Wt), cap1D, and ybp1D cells containing the vector
pACT1 ( JC1014, JC1398 and JC1400, respectively), or pACT1-CAP1 ( JC1429, JC1388, and JC1390, respectively) were spotted
onto agar plates containing increasing concentrations of H2O2. Plates were incubated at 30C for 24 h. The data shown is
representative of three biological replicates. (B) Ectopic expression of CAP1 does not restore Cap1 levels in ybp1D cells. Cap1
protein levels are not restored in ybp1D cells expressing CAP1 from the ACT1 promoter. 50 lg of whole cell extracts isolated
from the strains listed above, were prepared under native conditions and analyzed by SDS-PAGE and western blotting using
anti-Cap1 antibodies. The blot was subsequently stripped and reprobed with an anti-Hog1 antibody as a loading control. The
data shown is representative of four biological replicates. Relative Cap1 levels were quantified (mean – SEM) from three
independent biological replicates using ImageQuant (GE Healthcare). ANOVA was used to determine statistical significance
of Cap1 levels between the mutants and respective wild-type strains: *p < 0.025. (C) Cap1 levels are reduced in ybp1D cells
after inhibition of protein translation. Extracts were prepared from wild-type (Wt, JC747) and ybp1D ( JC842) cells after
cycloheximide addition (CHX) for the indicated time. Cap1 levels were determined by western blotting using an anti-Cap1
antibody, after which the blot was reprobed with an anti-Hog1 antibody. Relative Cap1 levels were quantified (mean – SEM)
from three independent biological replicates using ImageQuant (GE Healthcare). ANOVA was used to determine statistical
significance of Cap1 levels between untreated and cyclohexamide treated cells: *p < 0.025.
in ybp1D and ybp1D + YBP1 cells. Similar to that seen in
C. albicans (Fig. 6C), blocking protein translation only significantly reduced Yap1 levels in cells lacking YBP1 (Fig. 8B).
Collectively, these results indicate a hitherto unidentified role
for Ybp1, conserved in both C. albicans and S. cerevisiae Ybp1
proteins, in stabilising their respective AP-1-like transcription
factors, Cap1 and Yap1.
H2O2-induced activation of Cap1 is important
for C. albicans-mediated macrophage killing
Having found that Ybp1 and Gpx3 specifically mediate
H2O2-induced activation of Cap1 (Figs. 3 and 4), we next
asked whether H2O2-induced activation of Cap1 is important
for its role in C. albicans-mediated macrophage killing (Fig.
1B). The macrophage cell line J774.1 was challenged with the
cap1D, ybp1D, and gpx3D null mutants. As illustrated in Figure
9A, cells lacking Cap1, or its regulatory proteins Ybp1 and
Gpx3, were taken up by macrophages at similar rates as wildtype and reintegrant control strains. Importantly, however,

cells lacking either YBP1 or GPX3 displayed a significantly
impaired ability to kill macrophages ( p < 0.01), similar to that
seen upon deleting CAP1, and such defects were reversed
upon reintegrating the respective wild-type gene (Fig. 9B).
These data suggest that H2O2-mediated oxidation of Cap1 is
vital for C. albicans macrophage killing. We also investigated
whether cells lacking Cap1, Ybp1 or Gpx3 were more sensitive to killing by macrophages. Consistent with the findings
above that cap1D, ybp1D, and gpx3D null mutants are less able
to kill macrophages, such cells were also more susceptible to
macrophage-mediated killing compared to wild-type cells
( p < 0.002) (Fig. 9C).
C. albicans-mediated killing of macrophages is thought to
be a consequence of hyphae formation, which after elongation, eventually results in the stretching and piercing of the
macrophage cell membrane (5). Hence, we next examined
whether the inability of cap1D, gpx3D, and ybp1D cells to kill
macrophages was due to defects in hyphae formation within
the macrophage. Strikingly, micrographs capturing images of
these various mutants after phagocytosis clearly demonstrate
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FIG. 7. Ybp1 is a cytoplasmic protein and interacts with Cap1 in vivo. (A) Ybp1 interacts with Cap1 independently of
Gpx3. Extracts were prepared from wild-type (Wt, JC747), cap1D ( JC842), and wild-type, and gpx3D cells expressing 2Myc6His tagged Ybp1 (YBP1-MH, JC1200; YBP1-MH gpx3D, JC1313) before and after exposure to 5 mM H2O2 for 10 min. Ybp1MH was immunoprecipitated using anti-myc agarose and precipitated proteins and 5% of protein input were then subjected
to SDS-PAGE. Coprecipitation of Cap1 was assayed by western blotting using an anti-Cap1 antibody (top panel) and
enrichment of Ybp1-MH assayed using anti-Myc antibodies (bottom panel). The data presented are representative of three
biological replicates. (B) Ybp1 is located exclusively in the cytoplasm. The localization of 2Myc-6His tagged Ybp1 was
determined before and after treatment of JC1200 cells with 5 mM H2O2 for 10 min, by indirect immunofluorescence. The
staining pattern of control cells ( JC747) in which Ybp1 is untagged is also shown (con). The data presented are representative
of two biological replicates.

FIG. 8. Ybp1 regulates Yap1 stability in S. cerevisiae. (A) Levels of Yap1 are dependent on Ybp1 in S. cerevisiae. 50 lg of
whole cell extracts prepared from ybp1D (SR1), or YBP1 reintegrant (SR6) cells containing pRS316-Yap1-Myc (8), expressing
Myc-epitope tagged Yap1, untreated or treated with 0.8 mM H2O2 for 30 min were analyzed by SDS-PAGE and western
blotting using anti-Myc antibodies. The blot was subsequently stripped and reprobed with an anti-Hog1 antibody as a
loading control. The data presented are representative of three biological replicates, and the relative Yap1 levels were
quantified (mean – SEM) using ImageQuant (GE Healthcare). ANOVA was used to determine statistical significance of Yap1
levels between the ybp1D mutant and the ybp1D + YBP1 reconstituted strain: *p < 0.025. (B) Yap1 levels are reduced in ybp1D
cells after inhibition of protein translation. Extracts were prepared from ybp1D (SR1), or YBP1 reintegrant (SR6) cells containing pRS316-Yap1-Myc after cycloheximide addition (CHX) for the indicated time. Yap1-Myc levels were determined by
western blotting using an anti-myc antibody, after which the blot was reprobed with an antitubulin antibody. The data
presented are representative of three biological replicates. Relative Yap1 levels were quantified (mean – SEM) from the three
independent experiments using ImageQuant (GE Healthcare). ANOVA was used to determine statistical significance of Yap1
levels between untreated and cyclohexamide treated cells: *p < 0.025. Different exposure times were necessary to visualize
Yap1 levels in ybp1D and YBP1 reintegrant cells.
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FIG. 9. C. albicans cells lacking Cap1 or its regulators Gpx3 and Ybp1 display impaired killing of macrophages, and are
more susceptible to macrophage-mediated killing. (A) Percentage uptake of wild-type (Wt, JC747), cap1D ( JC842),
cap1D + CAP1 ( JC807), ybp1D ( JC917), ybp1D + YBP1 ( JC809), gpx3D ( JC1317) and gpx3D + GPX3 ( JC1346) C. albicans cells by
J774.1 macrophages after 3 h coincubation. (B) Percentage of macrophages killed by the same cells after 3 h coincubation. Data
were obtained in triplicate from at least three different experiments by analyzing at least 100 macrophages per well. ANOVA
was used to determine statistical significance: **p < 0.01. (C) Percent of C. albicans survival after coincubation with macrophages. Data were obtained in triplicate from three separate biological replicates and ANOVA was used to determine
statistical significance: **p < 0.01 (D) Micrographs illustrating the defective intracellular hyphal formation after phagocytosis
for the cap1D, ybp1D and gpx3D mutant cells in comparison to wild-type and respective reintegrant control cells. Data are
representative of hyphal formation in at least 100 macrophages per C. albicans strain analysed. Black arrows indicate the
positioning of C. albicans hyphal cells, whereas white arrows indicate nonfilamentous C. albicans cells.
that the elongated hyphae and subsequent macrophage
membrane stretching seen upon phagocytosis of either wildtype or reintegrant strains was absent in macrophages that
had taken up cap1D, gpx3D or ybp1D cells (Fig. 9D). Importantly, hyphae formation by these mutants was only impaired within the macrophage, cells which had not been
phagocytosed displayed no filamentation defect (for example
see cap1D panel in Fig. 9D). As Gpx3 and Ybp1 specifically
mediate H2O2-induced oxidation and activation of Cap1,
these data illustrate that the process of H2O2-stimulated activation of Cap1 is a necessary prerequisite for C. albicans

filamentation within the macrophage to facilitate escape from
the hostile environment of the phagosome.
H2O2-induced activation of Cap1 is dispensable
for C. albicans virulence in a murine model of systemic
infection, but is required for C. albicans mediated killing
of Galleria mellonella
To investigate whether H2O2-induced activation of Cap1 is
important for C. albicans virulence in a systemic model of infection, the virulence of cap1D, ybp1D, and gpx3D null mutants
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characterised in this study was assessed using the 3 day
murine intravenous challenge infection model (29, 30). This
model combines weight loss and kidney fungal burden
measurements after 3 days of infection to give an ‘‘outcome
score’’. A higher outcome score is indicative of greater weight
loss and higher fungal burdens and thus, virulence. Statistical
analysis revealed that for all parameters, weight loss, kidney
fungal burden and outcome score (Table 1), that there was no
significant difference between the wild-type strain, and the
cap1D, ybp1D, and gpx3D null mutants and their respective
reconstituted strains. Hence, H2O2-induced activation of
Cap1 is not required for C. albicans virulence in the murine
intravenous challenge model of systemic candidiasis.
While unexpected, such findings may be a consequence of
directly injecting C. albicans into the bloodstream in such infection models, thereby bypassing any requirement for the
fungus to overcome innate immune defences to cross epithelial and endothelial barriers (28). Hence, we also used the
Galleria mellonella animal infection model, as this system utilizes phagocytic cells (hemocytes) as part of their host defence
(12). By scoring G. mellonella survival after C. albicans infection,
we found that cap1D cells exhibited a reduction in virulence
compared to wild-type cells ( p < 0.029), whereas there was no
difference between wild-type cells and the reintegrant strain
(Fig. 10A). In addition, both the ybp1D and gpx3D mutants also
exhibited a significantly slower rate G. mellonella killing
compared to wild-type cells (Fig. 10B). These results indicate that H2O2-mediated activation of Cap1 is required for
C. albicans pathogenicity in the G. mellonella infection model.
Discussion
In this study, we show that H2O2-induced activation of
Cap1-mediated transcriptional responses is vital for this
fungal pathogen to survive phagocytosis by macrophages.
Similar to that reported for S. cerevisiae Yap1, H2O2-induced
Cap1 oxidation and activation is regulated by a Gpx-like
peroxidase, Gpx3, and a cytoplasmic Cap1-interacting protein
Ybp1. However, our studies have also uncovered a hitherto
undescribed role for Ybp1, as this protein functions to protect
cytoplasmic reduced Cap1 and Yap1 from degradation. Importantly, we also show that Gpx3 and Ybp1-mediated Cap1
activation is important to facilitate C. albicans mediated killing
of macrophages. A model summarising these major findings
is illustrated in Figure 11.
In S. cerevisiae, the role of Gpx3 in mediating Yap1 oxidation
is well characterised, in that Gpx3 itself is directly oxidized by
Table 1. Effect of Deleting Cap1, Ybp1, and Gpx3
on Experimental Infection Outcome

Strain
WT ( JC747)
cap1D ( JC842)
cap1D + CAP1 ( JC807)
ybp1D ( JC917)
ybp1D + YBP1 ( JC809)
gpx3D ( JC1317)
gpx3D + GPX3 ( JC1346)

Kidney
burden
(log10 CFU/g)

% Weight
change

Outcome
score

4.7 – 0.3
4.3 – 0.4
4.3 – 0.4
4.2 – 0.4
4.2 – 0.3
4.6 – 0.3
4.8 – 0.3

- 1.9 – 1.7
- 2.2 – 1.9
- 0.5 – 2.9
- 0.2 – 1.3
0.8 – 3.8
- 4.7 – 1.7
- 4.2 – 2.2

5.6 – 1.1
5.4 – 1.0
4.6 – 1.5
4.7 – 0.3
3.8 – 2.1
7.0 – 1.1
6.9 – 1.2

FIG. 10. C. albicans cells lacking Cap1, Gpx3 or Ybp1
display impaired killing of Galleria mellonella. G. mellonella survival after injection with (A) wild-type (Wt, JC747),
cap1D ( JC842) and cap1D + CAP1 ( JC807) cells, and (B) wildtype, ybp1D ( JC917), and gpx3D ( JC1317) cells. Experiment
was performed in duplicate. Survival curves were compared
by Kaplan-meier log-rank statistics and p-values are given.
ns, not significant; n, number of larvae exposed to a particular strain.
H2O2, which triggers the formation of a transient disulphide
bond between Gpx3 and Yap1 (9). This mixed disulphide is
subsequently resolved, leading to the multi-step formation of
up to three inter-domain disulphides between the nCRD and
cCRD of Yap1 (38), culminating in Yap1 nuclear accumulation
and gene activation (9). Cap1 has six cysteine residues of
which five are conserved in Yap1, and it is clear that Cap1 also
generates a number of different oxidized forms after H2O2
treatment (Fig. 2A). Of the four Gpx-like peroxidases in C.
albicans, only that encoded by orf19.4436, which we name
Gpx3, mediates H2O2-induced Cap1 oxidation. The basis behind this specificity is not known; however, S. cerevisiae and C.
albicans Gpx3 enzymes share regions of similarity which are
absent in other Gpx-like peroxidases (Supplementary Fig.
S5A), which may underlie the specific function of these enzymes. Gpx3-mediated Yap1 oxidation in S. cerevisiae, also
requires the function of Ybp1 (49), and likewise we find that
H2O2-mediated Cap1 oxidation is dependent on the orthologue of Ybp1 in C. albicans encoded by orf19.5034.
In contrast to Gpx3, the precise function of Ybp1 in facilitating oxidation of AP-1-like transcription factors is less clear.
A recent study in S. cerevisiae, illustrated that the levels of

CAP1 REGULATION IN C. ALBICANS

2255

FIG. 11. Model of Cap1 function in promoting C. albicans-mediated killing of macrophages. Cap1 forms a complex with
Ybp1 when in the cytoplasm which functions to prevent degradation of Cap1, and to facilitate H2O2-induced oxidation of
Cap1 by the Gpx3 peroxidase. Exposure of C. albicans to H2O2 within the macrophage promotes the Gpx3/Ybp1-mediated
oxidation and nuclear accumulation of Cap1. The nuclear accumulation of Cap1 has two consequences: (i) the induction of
Cap1-dependent genes with antioxidant functions, which is vital for fungal survival and the subsequent filamentation of
C. albicans within the phagosome resulting in macrophage killing, and (ii) the abrogation of the Cap1-Ypb1 interaction, which
triggers proteosome-mediated degradation.
Ybp1 determine the fraction of Yap1 responsive to H2O2induced oxidation (16). Thus, Ybp1 is required to maintain
Yap1 in a structural state that facilitates the formation of the
interdomain disulphides within Yap1, which only occur after
H2O2 treatment. Our findings reported in this paper provide
additional insight into the function of Ybp1 in both C. albicans
and S. cerevisiae, as the absence of Ybp1 renders the Cap1 and
Yap1 transcription factors unstable. Hence, we propose a
model in which Ybp1 binding to Yap1/Cap1 when in the
cytoplasm promotes a particular structure of this transcription factor that is both receptive to interdomain disulphide
bond formation and is resistant to degradation (Fig. 11). The
physiological relevance of Ybp1-mediated stabilisation of
Yap1 and Cap1 is likely related to recent reports, which have
shown ubiquitin-mediated degradation of nuclear oxidized
AP-1-like factors as an important regulatory mechanism (18,
21). We propose that Ybp1 binding to cytoplasmic pools of
Yap1 or Cap1 is vital to prevent proteosome-mediated degradation; however, after the nuclear accumulation of Yap1/
Cap1 and dissociation from Ybp1 after oxidative stress, such
proteins are now sensitive to degradation (Fig. 11). In regard
to the oxidative stress-induced nuclear accumulation of
Yap1/Cap1, it is important to note that under nonstressed
conditions Yap1/Cap1 shuttle in and out of the nucleus.
Consistent with this, Cap1 is distributed between the cytoplasm and nucleus in the absence of oxidative stress (Figs. 2C
and Fig. 3C). However, as Ybp1 appears to be constitutively
cytoplasmic (Fig. 7B), it is possible that Cap1 dissociates from
Ybp1 upon nuclear entry both in the presence or absence of
oxidative stress. Nonetheless, we propose that it is only upon
prolonged nuclear accumulation of Yap1/Cap1 and thus,
sustained dissociation from Ybp1 after oxidative stress that
triggers the degradation of these AP-1-like factors. Consistent

with the hypothesis that Ybp1 binding to AP-1-like transcription factors prevents degradation, we find that treatment
of S. cerevisiae ybp1D cells with the proteosome inhibitor
MG132 results in significantly increased levels of Yap1 (Supplementary Fig. S6). However, we could not reproduce such
findings in C. albicans, possibly because the growth conditions
optimised to promote MG132 entry into S. cerevisiae (25), do
not facilitate entry into this drug-resistant fungus.
In S. cerevisiae, the 2-Cys peroxiredoxin, Tsa1, can stimulate
Yap1 oxidation, but only in cells lacking a functional Ybp1 (37,
40). However, Tsa1 is much less effective at mediating Yap1
oxidation compared to Gpx3 and Ybp1 (37, 44). Consistent
with residual Tsa1-mediated regulation of Cap1, we see a
very low level of Cap1-dependent antioxidant gene expression in ybp1D cells (Supplementary Fig. S2). This is more evident at lower levels of H2O2 when Tsa1 is active and not in
the inactive sulphinic form (7). This, we predict, underlies our
findings that cap1D cells are slightly more sensitive to H2O2
than ybp1D and gpx3D cells. However, attempts to directly
determine whether residual Cap1 activation is Tsa1 dependent have been prevented as, despite extensive efforts, we
have failed to construct a double ybp1Dtsa1D strain, which
may be a consequence of other functions of Tsa1 in H2O2
signaling (7). However, it is possible that the residual Gpx3independent activation of Cap1 is due to H2O2 triggering the
formation of hydroxynonenal or other electrolytes, previously
shown to be Gpx3-independent potent activators of Yap1 (3).
Significantly, we illustrate in this study that Cap1 plays a vital
role in the ability of C. albicans to kill macrophages. As Ybp1 and
Gpx3 are also important for C. albicans-mediated macrophage
killing, this supports a model in which exposure of C. albicans to
H2O2 within the phagosome induces Ybp1/Gpx3-mediated
activation of Cap1, which subsequently triggers a transcriptional
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response that is vital for fungal survival (Fig. 10). Cells lacking
CAP1 do display slightly greater impaired macrophage killing
compared to ybp1D and gpx3D cells. This is consistent with the
H2O2-sensitive profiles of these mutants and the residual, possibly Tsa1-mediated, Cap1-dependent antioxidant gene expression seen in ybp1D and gpx3D cells. However, as in vitro, Ybp1
and Gpx3 appear to be major regulators of Cap1 activation
within the macrophage. We also provide data that indicates that
H2O2-induced activation of Cap1 is necessary to allow the subsequent filamentation and escape of C. albicans from the macrophage. Morphogenetic switching from yeast to hyphal forms
has long been recognized to play a major role in C. albicans’
ability to kill macrophages (27, 31). However, to the best of our
knowledge this is the first report that oxidative stress defences of
C. albicans are needed to facilitate filamentation after phagocytosis, and we are actively examining the molecular basis underlying this phenomenon.
In contrast to the vital role of H2O2-induced activation of
Cap1 in macrophage survival, we found that this process is

dispensable for C. albicans virulence in a murine model of
systemic infection. This was unexpected as previous reports
have shown that Cap1-dependent genes, such as CTA1 encoding catalase (53) or the thioredoxin encoding TRX1 gene
(7), are important for C. albicans survival in systemic models of
infection. However, it is possible that Cap1-independent basal
levels of such genes may be important for virulence in such
models. Moreover, the seemingly differing requirements for
Cap1 in promoting C. albicans virulence are consistent with
the induction profiles of antioxidant encoding genes in different experimental infection models. For example, while
Cap1-dependent antioxidant gene expression is seen after
phagocytosis by innate immune cells (10, 13, 27), such genes
are not significantly induced during infection of organs after
systemic infections (10, 45). This suggests that adaptation to
oxidative stress might be critical in the early stages of systemic
C. albicans infections, but less important once these infections
are established. As C. albicans cells are injected directly into the
bloodstream during systemic infection models, this bypasses

Table 2. Strains Used in This Study
Relevant genotype
Candida albicans strains
JC21
ura3:: l imm434/ura3::limm434, his1::hisG/his1::hisG CIp20 (URA3, HIS1)
JC50
ura3:: l imm434/ura3::limm434, his1::hisG/his1::hisG, hog1::loxP-ura3-loxP, hog1::loxP-HIS-loxP CIp20
JC52
ura3:: l imm434/ura3::limm434, his1::hisG/his1::hisG, hog1::loxP-ura3-loxP, hog1::loxP-HIS-loxP
CIp20-HOG1
SN148
arg4D/arg4D,leu2D/leu2D,his1D/his1D,ura3D::imm434/ura3D::imm434 iro1D::imm434/iro1D::imm434
JC747
SN148 + CIp30 (URA3, HIS1, ARG4)
JC1014 SN148 + pACT1(URA3)
JC1429 SN148 + pACT1-CAP1(URA3)
JC948
SN148 CAP1-MH-URA3
JC1060 SN148 CAP1-GFP-URA3
JC1200 SN148 YBP1-MH-URA3
JC710
cap1::loxP-HIS1-loxP/cap1::loxP-ARG4-loxP
JC842
cap1::loxP-HIS1-loxP/cap1::loxP-ARG4-loxP, CIp20 (HIS1, URA3)
JC807
cap1::loxP-HIS1-loxP/cap1::loxP-ARG4-loxP,CIp20-CAP1 (HIS1, URA3)
JC1398 cap1::loxP-HIS1-loxP/cap1::loxP-ARG4-loxP, pACT1(URA3)
JC1388 cap1::loxP-HIS1-loxP/cap1::loxP-ARG4-loxP, pACT1-CAP1 (URA3)
JC725
ybp1::loxP-HIS1-loxP/ybp1::loxP-ARG4-loxP
JC917
ybp1::loxP-HIS1-loxP/ybp1::loxP-ARG4-loxP, CIp20 (HIS1, URA3)
JC809
ybp1::loxP-HIS1-loxP/ybp1::loxP-ARG4-loxP,CIp20-YBP1 (HIS1,URA3)
JC954
ybp1::loxP-HIS1-loxP/ybp1::loxP-ARG4-loxP, CA P1-MH-URA3
JC1054 ybp1::loxP-HIS1-loxP/ybp1::loxP-ARG4-loxP, CAP1-GFP-URA3
JC1400 ybp1::loxP-HIS1-loxP/ybp1::loxP-ARG4-loxP, pACT1(URA3)
JC1390 ybp1::loxP-HIS1-loxP/ybp1::loxP-ARG4-loxP, pACT1-CAP1(URA3)
JC1309 gpx3::loxP-HIS1-loxP/gpx3::loxP-ARG4-loxP
JC1317 gpx3::loxP-HIS1-loxP/gpx3::loxP-ARG4-loxP CIp20 (HIS1, URA3)
JC1346 gpx3::loxP-HIS1-loxP/gpx3::loxP-ARG4-loxP CIp20-GPX3 (HIS1, URA3)
JC1311 gpx3::loxP-HIS1-loxP/gpx3::loxP-ARG4-loxP CAP1-MH-URA3
JC1314 gpx3::loxP-HIS1-loxP/gpx3::loxP-ARG4-loxP CAP1-GFP-URA3
JC1313 gpx3::loxP-HIS1-loxP/gpx3::loxP-ARG4-loxP YBP1-MH-URA3
JC1299 orf19.85::loxP-HIS1-loxP/orf19.85::loxP-ARG4-loxP
JC1081 orf19.86::loxP-HIS1-loxP/orf19.86::loxP-ARG4-loxP
JC1308 orf19.87::loxP-HIS1-loxP/orf19.87::loxP-ARG4-loxP
JC1027 tsa1::loxP-HIS1-loxP/tsa1::loxP-ARG4-loxP/tsa1::hisG/tsa1::hisG CIp10 (URA3)
JC1028 tsa1::loxP-HIS1-loxP/tsa1::loxP-ARG4-loxP/tsa1::hisG/tsa1::hisG CIp10-TSA1 (URA3)
JC998
tsa1::loxP-HIS1-loxP/tsa1::loxP-ARG4-loxP/tsa1::hisG/tsa1::hisG CAP1-MH-URA3
JC1056 tsa1::loxP-HIS1-loxP/tsa1::loxP-ARG4-loxP/tsa1::hisG/tsa1::hisG CAP1-GFP-URA3
Saccharomyces cerevisiae strains
SR1
MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11 ura3 ybp1::HIS3
SR6
MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11 ura3 ybp1::YBP1

Source
(42)
(42)
(42)
(35)
(7)
This work
This work
(7)
(7)
This work
(7)
(7)
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
(7)
(7)
This work
This work
(49)
(49)
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the innate immune defences, which prevent crossing of epithelial and endothelial barriers (28), and therefore, Cap1dependent antioxidant gene expression may not be important
for promoting fungal survival in such a model. Consistent
with this suggestion, we found Cap1 and its regulators Ybp1
and Gpx3 were required for C. albicans virulence in G. mellonella (15), where phagocytosis by haemocytes is an important
component of this infection model (12).
Taken together, this study illustrates that Gpx3 and Ybp1
mediated H2O2-induced activation of Cap1 is vital for
C. albicans-mediated macrophage killing, survival in macrophages and in an animal model host reliant on ROS-based
defence mechanisms. As AP-1-like transcription factors are
conserved throughout the fungal kingdom (34), we envisage
that such findings will be applicable to other fungal pathogens. Indeed, this is evidenced by the finding that the maize
pathogen Ustilago maydis requires Yap1 to survive ROSmediated early plant defences (32).
Materials and Methods
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antibody raised against recombinant Cap1 (49). Yap1: S. cerevisiae ybp1D (SR1) and ybp1D + YBP1 (SR6) cells transformed
with pRS316-Yap1-Myc (8) were treated with 100 lg/ml cycloheximide for 0 and 1 h, and 50 lg of protein lysate analysed
by SDS-PAGE and western blotting using anti-myc antibodies. Relative Cap1 and Yap1 levels, in wild-type and
ybp1D cells, were quantified from three independent experiments using ImageQuant (GE Healthcare).
Cap1-Ybp1 coimmunoprecipitation
Exponentially growing wild-type ( JC1200) and gpx3D
( JC1313) cells expressing Ybp1-MH were harvested before
and after treatment with 5 mM H2O2 for 10 min. Protein extracts were prepared (42) and Ybp1-MH immunoprecipitated
with anti-myc antibody-coupled agarose (Sigma). After
washing, the anti-myc agarose was analysed by SDS-PAGE
and western blotting. Ybp1-MH was detected using anti-myc
antibodies, and Cap1 was detected using an antibody raised
against recombinant Cap1 (54).

Strains and growth conditions

Ybp1 localization

The strains used in this study are listed in Table 2, and details
of their construction are given in the Supplementary Methods.
All strains were growth at 30C in YPD medium (1% yeast extract, 2% Bacto-peptone, 2% glucose) (41). To stress cells with
H2O2, a concentration of 5 mM was employed, as we have
previously demonstrated a similar level of C. albicans survival
after a 1 h incubation with this dose of peroxide stress (7) to that
seen after incubation of wild-type C. albicans with neutrophils for
1 h (13). All tagged versions of Cap1 and Ybp1 generated in this
study were functional (Supplementary Fig. S7).

Exponentially growing wild-type cells expressing Ybp1MH ( JC1200) were harvested before and after treatment with
5 mM H2O2 for 10 min, and Ybp1-MH localization determined
by immunofluorescent staining as previously described (43).
The primary antibody used was the monoclonal 9E10 antimyc antibody (Sigma), at a 1:1000 dilution. The secondary
antibody used was a 1:50 dilution of goat anti-mouse FITCconjugated secondary antibody (Sigma).

Stress sensitivity tests

Cells expressing Cap1-GFP were prepared as described
previously (11). 4¢,6-diamidino-2-phenylindole and GFP
fluorescence were captured using a Zeiss Axioscope, with a
63 · oil immersion objective, and Axiovision imaging system.

Midexponential phase growing cells were diluted in YPD,
and approximately 104 cells, and 10-fold dilutions thereof,
were spotted in 5 ll onto YPD agar containing the indicated
compound. Plates were incubated at 30C for 24 h.
Cap1 oxidation and phosphorylation assays
Cap1 oxidation was determined as described previously
using the thiol alkylating agent AMS (7), with the additional
step of alkaline phosphatase (New England Biolabs) treatment
of protein lysates (5 units, 37C for 1 h) before SDS-PAGE. To
analyse Cap1 phosphorylation, protein extracts were prepared
(42) from C. albicans cells expressing 2-myc 6His tagged Cap1
(Cap1-MH). Cap1-MH was precipitated using Ni2 + -NTA
agarose (Qiagen), and subjected to SDS-PAGE on 8% gels and
western blotting using anti-myc antibodies (9E10; Sigma). In
control samples, the Cap1-MH coupled Ni2 + -NTA agarose
resin was incubated with 200 units of k protein phosphatase
(New England Biolabs) for 30 min at 37C.
Cap1 and Yap1 protein stability assays
Cap1: C. albicans wild-type ( JC747) and ybp1D ( JC917) cells,
were collected by centrifugation and resuspended in fresh
YPD media containing 1000 lg/ml cycloheximide (Sigma).
Cells were harvested by centrifugation at 0 and 1 h post cycloheximide treatment and snap frozen in liquid nitrogen.
Protein extracts were prepared (42), and 50 lg of protein lysate analysed by SDS-PAGE and western blotting using an
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RNA analysis
Northern blot analyses were performed as described previously (11). Gene-specific probes were amplified by PCR
from genomic DNA using oligonucleotide primers specific for
ADH7, CTA1, TRR1, and ACT1 (11) and YBP1 (YBP1F and
YBP1R). RNA levels were quantified by phosphoimaging
(Bio-imaging analyser Fuji Film Bas-1500) and Tina 2.0 software (Raytest).
C. albicans phagocytosis assay
J774.1 macrophages were cultured as described previously
(24, 31). C. albicans strains from overnight cultures were added
to the J774.1 macrophages at a 1:1 C. albicans/macrophage ratio.
After 180 min coincubation, wells were washed twice with 1%
(w/v) sterile phosphate buffered saline (PBS) to remove excess
cells. C. albicans uptake by macrophages was assessed by light
microscopy (Nikon Eclipse TE2000-U microscope with a · 40
objective) as described previously (31). Results were expressed
as percentage uptake (the percentage of macrophages which
have taken up at least one fungal cell). Data were obtained in
triplicate from at least 3 different experiments by analyzing at
least 100 macrophages per well. One-way analysis of variance
(ANOVA) was used to determine statistical significance.
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Macrophage killing assays
The macrophage killing assay was conducted under the
same conditions as described above for the phagocytosis assay. After removal of excess unbound C. albicans by rigorous
washing with 1% (v/v) PBS, killing of macrophages was assessed by trypan blue exclusion (31). A 150-ll sample of trypan blue and 150 ll of 1% PBS were added to cells for 2 min
and removed by lightly washing twice with 1% PBS; cells
were then fixed with 3% paraformaldehyde. Cells were
counted under an inverted light microscope (Nikon Eclipse
TE2000-U microscope with 40 · objective). Data were obtained in triplicate from at least three separate experiments
by analyzing at least 200 macrophages per well. One-way
ANOVA was used to determine statistical significance.
Candida killing by macrophage assay
J774.1 macrophages were cultured as described previously
(24, 31). These were plated at a density of 2 · 105 cells in six
well plates for 24 h. Exponential growing C. albicans strains
were added to the J774.1 macrophages at a 500:1 macrophage/C. albicans ratio or to media without any macrophages.
Cells were coincubated overnight and C. albicans colonies
were counted. Results are expressed as the percentage of
colonies formed in the presence of macrophages compared to
those formed in the absence of macrophages. Data were obtained in triplicate from three separate experiments, and oneway ANOVA was used to determine statistical significance.
Murine intravenous challenge model of C. albicans
infection
BALB/c female mice (mean body weight 17.3 – 0.7 g) were
housed in groups of 6 with food and water provided ad libitum.
C. albicans cells were grown overnight on Sabouraud agar at
30C, harvested in sterile saline, and cell counts adjusted by
hemocytometer to provide a cell suspension to deliver a challenge dose of 3 · 104 CFU/g body weight. Actual challenge
dose was determined from viable counts read 24 h later and
was between 2.6 · 104 and 3.2 · 104 CFU/g. Mice were infected
intravenously via a lateral tail vein. Body weights were recorded daily. 72 h after challenge the animals were weighed,
humanely terminated and kidneys removed aseptically. Fungal burdens were measured by viable counts for two half
kidneys per animal. Virulence was assessed by fungal kidney
burdens at 72 h, and by percent weight change over 72 h, from
which an outcome score was calculated (29, 30). Differences
were tested statistically by the Mann-Whitney U test. All animal experimentation conformed to the requirements of United
Kingdom Home Office legislation and of the Ethical Review
Committee of the University of Aberdeen.
G. mellonella survival assay
C. albicans strains were grown in YPD overnight at 30C.
Cells were harvested, washed twice in sterile saline and
enumerated by haemocytometer count and resuspended to
6 · 106 CFU/ml. For each strain, 15–20 G. mellonella larvae
were injected with 10 ll (6 · 104 CFU) of cell suspension into
the final left proleg. Larvae were incubated at 37C and were
monitored twice daily. Larvae were defined as dead when
they turned grey/black and no longer responded to stimulus.
Saline controls and unmanipulated controls all survived to the
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end of the experiment. Survival curves were compared by
Kaplan-meier log-rank statistics.
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