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Candida albicans is an opportunist pathogen responsible for a large spectrum of infections, from superficial my-
cosis to systemic diseases called candidiasis. Its ability to grow in various morphological forms, such as unicellular
budding yeast, filamentous pseudohyphae and hyphae, contributes to its survival in the diverse microenviron-
ments it encounters in the host. During infection in vivo, C. albicans is faced with high levels of reactive oxygen
species (ROS) generated by phagocytes, and the thiol-dependent redox status of the cells reflects their levels
of oxidative stress. We investigated the role of glutathione during the transition between the yeast and hyphal
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Candida albicans forms of the pathogen, in relation to possible changes in mitochondrial bioenergetic pathways. Using various
Glutathione growth media and selective mutations affecting the filamentation process, we showed that C. albicans

filamentation was always associated with a depletion of intracellular glutathione levels. Moreover, the induction
of hypha formation resulted in general changes in thiol metabolism, including the oxidation of cell surface —SH
groups and glutathione excretion. Metabolic adaptation involved tricarboxylic acid (TCA) cycle activation, accel-
eration of mitochondrial respiration and a redistribution of electron transfer pathways, with an increase in the
contribution of the alternative oxidase and rotenone-insensitive dehydrogenase. Changes in redox status and ap-
parent oxidative stress may be necessary to the shift to adaptive metabolic pathways, ensuring normal mitochon-
drial function and adenosine triphosphate (ATP) levels. The consumption of intracellular glutathione levels
during the filamentation process may thus be the price paid by C. albicans for survival in the conditions encoun-
tered in the host.
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1. Introduction

Candida albicans is among the predominant fungal pathogens in
humans and colonizes the mucosal surfaces of the oral and vaginal cavi-
ties and the digestive tract. It is a commensal on mucosal surfaces
and in most cases does not cause any symptoms. However, it causes a
broad range of infections, extending from superficial mycosis to life-
threatening opportunistic bloodstream infections known as candidaemia,

Abbreviations: AOX, alternative oxidase; BSO, buthionine sulfoximide; CRC, classic re-
spiratory chain; G6PDH, glucose-6-phosphate dehydrogenase; GLR, glutathione reduc-
tase; Gpx, glutathione peroxidase; Grx, glutaredoxin; GSH, reduced glutathione; GSSG,
oxidized glutathione; GST, glutathione-S-transferase; IDP, isocitrate dehydrogenase;
KGDH, a-ketoglutarate dehydrogenase; NAC, N-acetylcysteine; NADPH, 3-nicotinamide
adenine dinucleotide phosphate reduced form; PDH, pyruvate dehydrogenase; SHAM,
salicylhydroxamic acid; YNB, yeast nitrogen base
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which can develop into disseminated candidiasis, principally in patients
with compromised immunity [1-3]. A striking feature of C. albicans is its
ability to grow in various morphological forms, including unicellular bud-
ding yeasts, filamentous pseudohyphae and true hyphae, and some less
common forms, such as chlamydospores and opaque cells [1,4-7]. This
ability to switch between forms is a key mechanism of survival in the
hostile host environment [8-11]. Indeed, both hyphae and pseudohyphae
are invasive and can promote tissue penetration in the early stages of
infection, whereas the yeast form may be more suitable for dissemination
in the bloodstream. Macrophages are more effective at engulfing yeast
rather than hyphal forms and engulfment is influenced by hyphal length
[12]. As a result, yeast cells can escape engulfment by macrophages by
switching to the hyphal form [13].

Morphogenesis can be induced in various environmental conditions
in C. albicans in vitro (for a review see [14,15]). Filamentation is en-
hanced at a temperature of 37 °C, in the presence of serum [16], in neu-
tral or alkaline conditions [17], or in the presence of 5% CO, [18] or
1 mM N-acetyl-p-glucosamine [19]. In addition, hyphal growth is
often induced in synthetic growth media, such as Lee's medium [20]
or the semi-synthetic Spider medium [21]. The signaling pathways
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transducing environmental signals into morphological switching are
complex and have been studied extensively [14,22-24].

During infection in vivo, C. albicans cells are faced with high levels
of ROS generated by phagocytes, and they have developed many adap-
tive antioxidant defenses, including glutathione-dependent systems
(reviewed in [25]). C albicans is even more resistant to oxidative stress
in vitro than the yeasts Saccharomyces cerevisiae and Schizosaccharomyces
pombe [26,27]. Glutathione is an essential metabolite in almost all eu-
karyotic organisms and plays a key role in cellular resistance to oxidative
damage [28,29]. The reduced sulfhydryl group in glutathione (GSH),
when oxidized, produces a disulfide, or “oxidized glutathione” (GSSG)
and, as a consequence, the GSH/GSSG ratio directly reflects intracellular
redox changes. In C. albicans, the disruption of glutathione biosynthesis
is associated with glutathione auxotrophy, higher ROS levels and lower
levels of virulence [30,31]. Moreover, a significant decrease in glutathi-
one levels has been observed after the thermal induction of hypha for-
mation in Lee's medium (pH 6.5) or in the presence of serum [32-34].
Parallel changes in certain glutathione-dependent enzymes have been
demonstrated [32,35,36], highlighting the importance of glutathione
transferases in defense against phagocytes [37]. It has also recently
been shown that cells lacking glutathione peroxidase Gpx3 cannot
form filaments and are unable to escape from macrophages, and
that the glutaredoxin Grx2 is required for virulence in a murine model
[38,39]. These data suggest that the thiol redox status of the cells is
involved in regulating the transition from yeast to hyphae.

C. albicans has evolved sophisticated mechanisms for sensing and
adapting to oxidative conditions in the host. For instance, there are
three mitochondrial respiratory pathways: the classic respiratory
chain (CRC), the alternative terminal oxidase (AOX), the parallel respi-
ratory chain (PAR), and two mitochondrial NADH dehydrogenases
[40-43]. The CRC is the pathway providing the largest amount of cellu-
lar ATP and is the major source of respiratory activity and O, consump-
tion. However, conflicting data have been published concerning the link
between the respiratory machinery and filamentation, partly due to the
diversity of experimental conditions used to stimulate dimorphism.
Several early studies in S. cerevisiae and C. albicans showed that organ-
isms with an intact respiratory pathway remained preferentially in the
yeast form [44-46]. Respiratory blockade was subsequently shown to
be associated with an increase in filamentation, as reported in [47].
However, surprisingly, the disruption of both alleles of the C. albicans
NADH dehydrogenase Complex I (CaNdh51) gene has been reported
to result in a filamentation defect [48]. The reintegration of a single
copy of NDH51 restored filamentation, suggesting that this process
may be associated with a functional respiratory chain. The same ndh51
mutant has recently been shown to have 15 times the normal amount
of pyruvate dehydrogenase complex (Pdx1), but with the same
filamentation defect [49]. These data highlight the crucial importance
of studies of metabolic pathways in the pathogen. However, the possible
relationship between CRC, metabolic status and morphology in
C. albicans remains poorly understood and the signal networks impor-
tant for mitochondrial functions are also inadequately described.

In this study, we investigated the role of glutathione-dependent
redox systems in dimorphic switching in C. albicans, in relation to
major changes in mitochondrial bioenergetic pathways. We performed
a complete biochemical analysis of the overall changes in cellular
redox status and mitochondrial metabolism occurring during the
filamentation process, by reliably inducing hyphae from unbudded
yeast cells, by adding serum and incubating at 37 °C, and by growth in
Spider medium in parallel. We obtained evidence for a severe distur-
bance of thiol metabolism in both filamentous forms, associated with a
consumption of intracellular glutathione levels and apparent oxidative
stress. Moreover, dynamic studies and experiments with mutants
affected in the filamentation process (AAtup1 and AAefg1 mutants) con-
firmed that the adaptive response of C. albicans cells to hypha-inducing
growth conditions involved glutathione. We also evaluated the cellular
energetic cost of this response. The metabolic adaptation involved TCA

cycle activation, complex I inhibition and a redistribution of the electron
transfer pathways, with an increase in the contributions of the alterna-
tive oxidase and rotenone-insensitive dehydrogenase, to respond to
the new energetic needs of the cells. Improvements in our understand-
ing of the metabolic changes associated with the transition from the
yeast to the hyphal form in C. albicans should provide insight into the
complex strategies allowing this microorganism to adapt to the oxida-
tive conditions encountered within the host.

2. Materials and methods
2.1. Yeast strains, media and growth conditions

The C. albicans wild-type virulent strain SC5314 [50] was routinely
cultured at 30 °C in modified minimal YNB (yeast nitrogen base Difco,
2% p-glucose) supplemented with the necessary amino acids (pH 5.4).
Hyphal growth was induced by culturing this strain in YNB medium
supplemented with 10% fetal serum at 37 °C or in semi-synthetic Spider
medium at 37 °C (Sigma) [3,21,51]. Cultures were carried out either in
liquid medium with vigorous shaking on a rotary shaker or on medium
solidified with 2% agar. We also used SLAD (synthetic low ammonium
dextrose) medium where indicated. The other strains used in this
study were BCa02-10 (tup1A::hisG/tup1A::hisG::p405-URA3, ura3A::
imm434/ura3A::imm434) [52], Bca02-11 (AATup1 rescue/TUP1-URA3)
[52], SS4 (efg1::ADE2/PCK1p::efgl ura3A::imm434/ura3A::imm434) [53]
and CAl4 (ura3A::imm434/ura3A::imm434/URA3-PCK1p::EFG1) [54].

For dynamic experiments, yeast strains were cultured to early expo-
nential growth phase and the cells were then collected by filtration and
shifted to a new growth medium. Cells were collected from the culture
medium at various times after resuspension in the new medium. For
quorum sensing experiments, cells were cultured in YNB medium,
YNB medium supplemented with 10% fetal bovine serum or Spider me-
dium until reaching OD ~0.8 and collected by centrifugation.

2.2. Determination of protein content

We used the Bradford protein assay, with bovine serum albumin as
the standard, to determine the protein content of cell extracts and iso-
lated mitochondria. Enzyme activities are expressed per milligram of
protein.

2.3. Preparation of C. albicans cell extracts

Yeast cells were cultured until an ODggonm 0Of 0.7 was reached, at
which point they were harvested by centrifugation. Filamentous forms
were subjected to sonication before OD measurement, to disrupt the
filaments. The pellets were then resuspended in 50 mM potassium
phosphate buffer pH 7.8 in the presence of protease inhibitors and the
cells were disrupted with glass beads and centrifuged for 30 min at
5000 xg. The supernatant was used as the crude cell extract.

24. Isolation of C. albicans mitochondria

C. albicans cells were cultured overnight in the appropriate medium
and harvested by centrifugation at 4000 xg for 10 min at 4 °C, washed
with 50 ml of ice-cold water and resuspended in 0.6 M sorbitol and
50 mM Tris-HCl pH 7.5 supplemented with complete protease inhibitor
mixture (Sigma). Cells were disrupted by vortexing with 0.45 mm-
diameter sterile glass beads six times, for 30 s each, at two-minute inter-
vals, on ice. All subsequent steps were carried out at 4 °C. Glass beads
and unbroken cells were removed by centrifugation at 4000 xg for
10 min, supernatants were centrifuged (14,000 xg, 10 min, 4 °C) and
the resulting pellets were resuspended in 0.6 M sorbitol and 50 mM
Tris—HCI, pH 7.5, with the supernatants constituting the cytosolic frac-
tions. Purified mitochondria were immediately frozen at —80 °C.
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2.5. Determination of glutathione levels

Glutathione levels were determined with a modified version of the
Tietze recycling enzymatic assay, as previously described [55]. For the
estimation of total intracellular glutathione, samples were washed and
resuspended in 50 mM potassium phosphate buffer pH 7.8 containing
ice-cold 5% 5-sulfosalicylic acid. Specific glutathione content was calcu-
lated from standard curves obtained with various concentrations of
GSSG, and is expressed in nmol of glutathione/mg of protein. This
assay is based on the reduction of each GSSG molecule to give two
GSH molecules, and the reading is in GSSG equivalents because GSSG
is used as the standard, so the total measured specific glutathione con-
tent is 0.5 GSH + GSSG. For the quantification of oxidized glutathione
(GSSG), samples (including GSSG standards) were treated with 2%
(vol/vol) 4-vinylpyridine for 1 h at room temperature before analysis.
The cytosolic and mitochondrial GSH/GSSG ratios were calculated as
follows: GSH/GSSG = 2[(total glutathione) — GSSG] / GSSG.

2.6. Measurement of glutathione-dependent specific enzymatic activities

Glutathione peroxidase (Gpx) activity was assayed with a modified
version of a previously described protocol, with tert-butyl hydroperox-
ide (t-BHP) as the substrate [56]. Glutathione reductase (GLR) activity
was assayed by measuring the GSSG-dependent oxidation of NADPH,
as reported in [26]. Glutathione-S-transferase (GST) activity was deter-
mined with GSH and with 1-chloro-2,4-dinitrobenzene (CDNB) as the
secondary substrate, as previously described [57]. All results are report-
ed relative to the protein concentration of the cell extract.

2.7. Quantification of reduced thiol —SH groups

Total reduced thiol content was determined by spectrophotometric
quantification of the conversion of 5.5’-dithiobis-2-nitrobenzoic acid
(DTNB) into 5-thio-2-nitrobenzoic acid (TNB) based on absorbance at
412 nm (¢ = 13.6 mM~' cm™ ') in cell extracts (total intracellular
free thiol groups) or entire cells (surface thiol groups) [58]. Free thiol
groups were measured by the same protocol, in the supernatant after
protein precipitation in TCA. Standard curves were obtained with
various concentrations of GSH and/or cysteine concentrations and
values are expressed in nmol of reduced thiol/mg of protein.

2.8. High performance liquid chromatography analysis of NADPH/NADP*
pools

Following protein precipitation in TCA, we extracted NADP™ in 0.5
M HClO4 and NADPH in 0.5 M KOH, and reduced and oxidized nucleo-
tides were then analyzed by reverse-phase HPLC [59]. Samples were
injected onto a Zorbax C18 column (Agilent) at room temperature and
the compounds were separated by a discontinuous gradient of 10 mM
ammonium acetate buffer (pH 6.0)/methanol. The products were quan-
tified by the integration of the peak absorbance area, using a calibration
curve established with various known concentrations of NADPH and
NADP.

2.9. Measurement of glucose-6-phosphate dehydrogenase activity

Glucose-6-phosphate dehydrogenase (G6PDH) activity was deter-
mined as previously described [60] and the results are expressed as
nmol of NADPH/mg protein.

2.10. Assay for isocitrate dehydrogenase (IDP) activity

NADP-dependent IDP activity was measured in the cytosol and in
freshly purified mitochondria. Mitochondria were diluted in 25 mM
MOPS and 0.05% Triton X-100, pH 7.4, containing 2 mM NADP™*, 2
mM MgCl, and 5 mM isocitrate. Enzymatic activity was measured by

evaluating NADPH production by monitoring absorbance at 340 nm
(¢ =6.2mM™ ! cm™'). One unit of IDP was defined as the amount of
enzyme catalyzing the production of 1 umol of NADPH/min.

2.11. Assay for pyruvate dehydrogenase activity

Mitochondria were suspended in 25 mM MOPS and 0.05% Triton
X-100, pH 7.4 supplemented with 1 mM MgCl,, 5 mM NaF, and 1 mM
CaCl,, and pyruvate dehydrogenase activity was assayed spectrophoto-
metrically as the rate of NAD (2.5 mM) reduction to NADH upon the ad-
dition of 4 mM pyruvate, 0.13 mM CoASH and 0.13 mM thiamine
pyrophosphate, according to a modified version of a previously de-
scribed procedure [61]. Before kinetic measurements, we added 8 uM
rotenone to the reaction mixture to prevent the parallel oxidation of
NADH by C. albicans NADH dehydrogenases. The results are expressed
in nmol of reduced NADH/min/mg protein.

2.12. Assay for a-ketoglutarate dehydrogenase (KGDH) activity

Mitochondria were suspended in 25 mM MOPS and 0.05% Triton
X-100, pH 7.4, and a-ketoglutarate dehydrogenase activity was
assayed spectrophotometrically as the rate of NAD (1 mM) reduction
to NADH upon the addition of 5 mM MgCl,, 2.5 mM a-ketoglutarate,
0.1 mM CoASH and 0.2 mM thiamine pyrophosphate [55]. Before kinetic
measurements, we added 8 M rotenone to the reaction mixture to pre-
vent parallel NADH oxidation by C. albicans NADH dehydrogenases. The
results are expressed in nmol of reduced NADH/min/mg protein.

2.13. Assay for citrate synthase activity

The citrate synthase activity of freshly prepared mitochondria was
assayed in a reaction mixture containing 100 mM Tris-HCl pH 8.0,
0.25 mM DTNB, 0.2 mM oxaloacetate and 0.1 mM acetyl-coA. The reaction
was started by adding mitochondria and the reaction of free coenzyme A
with DTNB to produce TNB was followed spectrophotometrically at
412 nm (e = 13.6 mM~ ! cm™!). The results are expressed in nmol of
TNB/min/mg protein.

2.14. Assay for isocitrate lyase activity

Purified mitochondria were incubated in 100 mM potassium phos-
phate buffer pH 7.0, supplemented with 4 mM phenylhydrazine,
2.5 mM cysteine and 2.5 mM MgCl,. The reaction was started by adding
2 mM isocitrate and the production of glyoxylate phenylhydrazone was
followed at 324 nm (¢ = 19.3 mM~! cm™!). The results are expressed
in nmol glyoxylate phenylhydrazone/min/mg protein.

2.15. Assay for mitochondrial electron respiratory chain (ERC) complexes

All assays were performed on isolated mitochondria. All spectropho-
tometric measurements were conducted on a Benchmark plus 96-well
plate reader (Perkin Elmer). Complex I (NADH:ubiquinone oxidoreduc-
tase) activity was determined by adding 100 pl of assay buffer (35 mM
NaH,PO4 pH 7.2, 5 mM MgCl,, 0.25% BSA, 2 mM KCN, 1 uM antimycin,
97.5 uM ubiquinone-1, and 0.13 mM NADH) to 5 ng of mitochondrial
protein. Activity was monitored by following NADH oxidation at
340 nm (¢ = 6.2 mM~ ' cm™ ') and only the rotenone-sensitive activity
was considered. Complex II (succinate dehydrogenase) activity was de-
termined by adding 100 pl of assay buffer (25 mM KH,PO,4, 5 mM MgCl,,
pH 7.2, 20 mM succinate, 50 uM DCPIP, 0.25% BSA, 2 mM KCN, and 1 uM
antimycin) to 5 pg of mitochondrial protein. Enzymatic activity
was monitored spectrophotometrically, by following the reduction
of dichloroindophenol/phenazine ethosulfate (DCPIP/PES) at 600 nm
(e =191 mM~ ' cm™'). Complex IV (cytochrome c oxidase) activity
was determined by following the oxidation of reduced cytochrome ¢
at 550 nm (¢ = 18.5 mM~' cm™!), by adding 100 pl of assay buffer
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(30 mM KH,PO,4 pH 7.4, 1 mM EDTA, and 56 uM cytochrome c) to 5 pg of
mitochondrial protein.

2.16. Mitochondrial respiration

The respiratory activity of isolated mitochondria was evaluated by an
oxypolarographic method. The rate of oxygen consumption was
measured in a 1 ml thermostatically controlled cell equipped with a
Clark-type electrode, with Oxygraph plus V 1.01 software (Hansatech
Instruments). The apparatus was calibrated with sodium dithionite be-
fore analysis. The oxygen consumption of isolated mitochondria was
measured in 10 mM Tris-HCl buffer pH 6.8, supplemented with 0.65
M sorbitol, 0.36 mM EDTA, 10 mM KCl and 10 mM KH,PO,4 and saturated
with air at 30 °C (for the yeast form) or 37 °C (for the filamentous
forms) (234 nmol O,/ml). The electron donor for respiration was
NADH (10 mM), succinate (10 mM), or pyruvate/malate (10 mM/
2.5 mM). Rates of oxygen consumption are expressed in nmol oxygen/
min/mg protein, and all values given are means of at least three determi-
nations. For the quantification of oxygen consumption by different re-
spiratory pathways, mitochondrial respiration was assayed in the
presence of classical respiratory pathway inhibitors (10 pM rotenone,
10 mM KCN), whereas the AOX pathway was inhibited with 5 mM
SHAM and 200 pM flavone was used to measure the contribution of
the rotenone-insensitive NADH dehydrogenase to respiration.

2.17. Flow cytometry assays of ROS

Intracellular ROS production was detected by staining cells with
the ROS-sensitive fluorescent dye DCFDA (2,7-dichlorofluorescein
diacetate, Sigma) or DHE (dihydroethidium, Sigma) and assessing stain-
ing with a FACScan flow cytometer (488 nm) (Becton Dickinson). Cells
were cultured overnight to a stationary phase, centrifuged for 3 min at
4000 xg, washed and resuspended in PBS, and treated with 50 pM
DCFDA for 30 min or 0.1 mg/ml DHE for 90 min in the dark. The cells
were diluted, as appropriate, and fluorescence was measured immedi-
ately, only in living cells. Cell fluorescence in the absence of DCFDA or
DHE was used to check that background fluorescence was similar in
each strain, and the value obtained for untreated cells was subtracted
from that obtained in each assay.

2.18. Mitochondrial ATP titration

ATP was quantified in freshly purified mitochondria with the Molec-
ular Probes luminescence detection kit for ATP determination
(Invitrogen). This assay is based on the requirement of ATP for light pro-
duction by luciferase (emission maximum ~560 nm at pH 7.8) from the
substrate luciferin. Freshly purified lysed mitochondria were added to
the reaction mixture, which was shaken, and luminescence was then
assessed immediately on a Spectramax microplate reader (Molecular
Devices). ATP was quantified with a calibration curve established with
various known concentrations of ATP. The results are expressed in
pmol ATP/mg protein.

2.19. Statistical analysis

All data points in the figures, tables and data given are means of at
least three independent determinations. Student's t test or non-
parametrical Wilcoxon-Mann-Whitney test were used to identify
significant differences.

3. Results

In this study, we used two experimental conditions to induce hypha
formation in C. albicans SC5314 cells. These cells grow as a mixture of
unicellular and budding yeast forms in minimal YNB medium at 30 °C
(pH 5.4). The addition of serum and incubation at a temperature of

37 °C generates a signal for the induction of hypha formation [3,51].
We also used semi-synthetic Spider medium at 37 °C to induce the
filamentation process, resulting in the production of both hyphae and
pseudohyphae [21]. Pseudophyphae can be distinguished from true hy-
phae on the basis of their morphology, because pseudohyphae have
constrictions at the septation sites and are wider than hyphae, whereas
hyphae form long tube-like filaments with parallel sides (for a review
see [15]). On solid medium, filamentation in YNB-serum results in a
“cotton wool”-like appearance, whereas, in Spider medium, hypha for-
mation leads to the development of feathery or spidery outgrowths
from the main colony (Fig. 1A). The discrepancies reported in previous
studies on C. albicans result partly from differences in the strains used
and the diversity of experimental conditions used to stimulate dimor-
phism. In this text, we will refer to pseudohyphae and hyphae together
as “filamentous forms”.

3.1. Evidence for a consumption of intracellular glutathione during the
yeast-to-hyphae transition

Glutathione levels were determined in C. albicans cell extracts, cyto-
sols and purified mitochondria. Total glutathione levels in the cell ex-
tracts of both filamentous forms were much lower than those in the
control cell extracts (Fig. 2A). Cytosolic and mitochondrial glutathione
levels were also lower in filamentous cells, with a parallel decrease in

controls

YNB YNB-serum Spider

+5mM BSO

YNB YNB-serum

+ 300 uM sulfasalazine

YNB-serum

+1 mM GSH

YNB YNB-serum

+5mM NAC

YNB YNB-serum Spider

Fig. 1. Morphology of SC5314 C. albicans cells grown in various solid culture media. Cells
were grown in A) YNB, YNB-serum and Spider media and the same media supplemented
with B) 5 mM buthionine sulfoximide (BSO), C) 300 puM sulfasalazine, D) 1 mM reduced glu-
tathione GSH and E) 5 mM N-acetylcysteine (NAC). Plates were inoculated at OD = 0.1
from an overnight culture and grown for 6 days at 30 °C (YNB medium) or 37 °C
(YNB-serum and spider media).
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Fig. 2. Changes in intracellular glutathione levels in C. albicans cells grown in various culture media. Cells were cultured in YNB medium, YNB medium supplemented with 10% fetal bovine
serum or Spider medium, and glutathione levels were determined as described in the Materials and methods section, in A) cell extracts and B) the cytosol and isolated mitochondria. Total
glutathione levels are shown in black, and oxidized glutathione disulfide (GSSG) levels are shown in gray. C) Glutathione excretion into the culture medium. Panels D) to G) Total gluta-
thione (black bars) and oxidized GSSG (gray bras) levels were determined in cellular extracts from cells grown in YNB, YNB-serum or Spider medium supplemented with D) 5 mM
buthionine sulfoximide (BSO), E) 300 uM sulfasalazine, F) 1 mM GSH and G) 5 mM N-acetylcystein. All data points in the figure are the means 4 SD of at least three determinations, nor-

malized with respect to the protein content of the samples, and Student's t test was used to identify significant differences

(***p < 0.001 versus YNB), (***p < 0.001 versus untreated

control), (*"p < 0.01 versus untreated control). In our experimental conditions, mitochondrial proteins accounted for 8% of cellular proteins and cytosolic proteins accounted for 92%

of cellular proteins.

the GSH/GSSG ratios, falling from 20 in YNB medium, where glutathione
is mainly in reduced form, to 6 in mitochondria in YNB-serum or Spider
medium (Fig. 2B). Decreased GSH/GSSG ratios provide evidence for
the occurrence of oxidative stress. A similar depletion of glutathione
was observed when other conditions, such as low-ammonium SLAD
medium were used to induce filamentation (Suppl. Data 1). The induc-
tion of filamentation also resulted in an increase in glutathione export
(mainly in the reduced form) in the culture medium by a factor of
four to five (Fig. 2C) and an increased binding of glutathione to proteins
through glutathionylation (Suppl. Data 2).

To check whether glutathione depletion was a cause or a conse-
quence of the filamentation process, similar experiments were per-
formed in the presence of 5 mM buthionine sulfoximide (BSO), a
known inhibitor of y-glutamylcystenyl synthetase (y-GCS), which cata-
lyzes the first step of glutathione biosynthesis. Quite surprisingly, there
was no significant change in glutathione levels in YNB medium, but a se-
vere oxidative stress, reflected by the 1.3 value of the GSH/GSSG ratio,
and no filamentation was observed in solid medium (Fig. 1B). The addi-
tion of higher BSO concentrations led to similar effects. In YNB-serum,
we observed a severe depletion in glutathione, and a severe oxidative
stress (GSH/GSSG ratio = 1.9), with parallel slight filamentation of
the cells both in solid and liquid media (Fig. 1B and data not shown).
We can hypothesize that cells are consuming all the glutathione pro-
duced to try to form hyphae. Inversely, in spider medium, there was
an increase in glutathione levels, but a low GSH/GSSG ratio of 1.4, and
cells were able to filament. Since spider is a rich growth medium, we
cannot exclude that C. albicans cells were able to import glutathione
from the external medium through glutathione transporters and/or
mobilize intracellular cysteine stocks to produce glutathione in the
presence of BSO.

In the presence of 300 UM sulfasalazine, which inhibits glutathione-S
transferases (GST), there was a decrease in glutathione levels in both
YNB and YNB-serum media compared to the controls (Fig. 2E), with

no observation of hyphal formation (Fig. 1C). The perturbation of the
glutathione metabolic pathway with sulfasalazine is thus associated
with a glutathione-dependent intracellular oxidative stress, and an inhi-
bition of hyphal formation in the presence of serum (Fig. 1C). These data
suggest that a decrease in intracellular glutathione content does not
constitute a signal for hyphal formation. A different behavior was ob-
served in Spider medium, with glutathione levels similar to the ones ob-
served in spider control cells, and a classic (or slightly perturbed)
filamentation pattern (Fig. 1C). Since the inhibition of glutathione-S-
transferase may partly inhibit glutathione export outside of the cell,
these results suggest that, in spider medium, the filamentation process
might involve glutathione export catalyzed by GST.

In parallel to experiments with BSO and sulfasalazine, which both
affect glutathione metabolism, C. albicans cells were cultured in the
presence of excess GSH or N-acetylcysteine (NAC). As expected, in the
presence of 1 mM glutathione, we observed a large increase of intracel-
lular glutathione content compared to the controls in our three experi-
mental conditions (Fig. 2F). However, there was a glutathione depletion
in both filamentous forms compared to the YNB, associated with a sig-
nificant increase of oxidized GSSG, despite the excess of reduced gluta-
thione added in the growth culture, with respective GSH/GSSG ratios of
2.1 and 2.4 in YNB-serum and spider media. In parallel, a classic
filamentation pattern was observed in both hypha-inducing conditions,
and a slight attempt of hyphal formation was even observed in YNB me-
dium (Fig. 1 D). These results clearly show a consumption of reduced
glutathione during the filamentation process. In the presence of 5 mM
NAC, which can be a precursor for glutathione biosynthesis within the
cells, glutathione content was increased in YNB medium, even though
it did not reach the levels observed in the presence of GSH excess
(Fig. 2G). In YNB-serum and spider conditions, glutathione levels were
quite similar to the ones observed in the controls (Fig. 2A), but no or
atypical filamentation was observed, even in Spider medium (Fig. 1E).
Excess of NAC in the culture medium somehow stresses the cells and
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might not be sufficient to compensate for the amount of glutathione
consumed by the cells to form hyphae. Altogether, our results with
BSO, sulfasalazine, GSH and NAC show that C. albicans cells need gluta-
thione for filamentation but that glutathione depletion does not seem to
elicit a signal for the filamentation process.

We explored the effect of filamentation on glutathione metabolism
further, by measuring the activities of various glutathione-dependent
enzymes (Table 1). We observed no significant change in glutathione
peroxidase (Gpx) activity. Thus, the decrease in glutathione levels
(Fig. 2) was not due to an increase in the consumption of reduced
GSH to counteract an increase in intracellular ROS. However, we did
observe increases in the specific activities of glutathione reductase
(GLR; 3-fold increase) and glutathione transferase (GST; 5-fold in-
crease) when filamentation was induced in Spider medium, probably
in response to high GSSG levels. Our data also suggest that the export
of glutathione observed in Spider medium may be catalyzed in part by
GST, in response to changes in the GSH/GSSG ratio. This hypothesis
was supported by our previous data of Fig. 2E and the fact that, in spider
medium, excreted glutathione was decreased in the presence of
sulfasalazine (data not shown).

3.2. Severe disturbance of general intracellular thiol redox status during the
yeast-to-hyphae transition

The filamentation process was also found to be associated with a gen-
eral disturbance of thiol metabolism (Table 2). Indeed, free reduced —SH
groups (including glutathione and other non-protein thiols) levels
were lower in both filamentous forms, with no change in the levels of
protein — SH groups. Moreover, the induction of hypha formation was as-
sociated with a 2-fold decrease of the reduced exposed thiol groups,
which are thought to be involved in cellular redox signaling, on the
exofacial surface of the cells. We suggest that the depletion of the intracel-
lular glutathione pool can change the redox balance of the cells through
the oxidation of surface thiol groups, as previously reported for erythro-
cytes [62]. Changes to surface — SH groups (Table 2), glutathione excre-
tion into the culture medium (Fig. 2) and GST activation in Spider
medium (Table 1), may be involved in the adaptive response during
morphogenesis.

3.3. Dynamic glutathione-dependent response of C. albicans cells to
changes in growth conditions

We analyzed the possible involvement of glutathione in the adaptive
response to environmental conditions further, by measuring total gluta-
thione content when the cells were cultured in minimal YNB medium
until reaching the exponential phase of growth and then transferred
to new culture medium promoting filamentation. No change in the
total glutathione pools was observed following shifting, after filtration,
to the same YNB medium (Fig. 3A). This control is important to ensure
that any changes in glutathione levels observed could be attributed to
the experimental procedure itself.

Table 1

Specific activities of glutathione-dependent enzymes.

Cells were cultured in YNB medium, YNB medium supplemented with 10% fetal bovine se-
rum or Spider medium, and specific enzymatic activities were measured as described in
the Materials and methods. Each value in the table is the mean of at least three indepen-
dent experiments, and Student's ¢ test was used to identify significant differences.

YNB YNB-serum Spider

Glutathione peroxidase 6321.0 & 790.0 8709.5 4+ 1340.8 8935.0 + 1196.0
(units/mg protein)
Glutathione reductase
(units/mg protein)
Glutathione transferase 10.1 & 2.2

(units/mg protein)

sk

14725 + 1146 14249 + 3540 3915.7 + 885.8

11.0 £ 1.9 523 + 66"

*% p < 0.001 versus YNB.

After incubation for as little as 1 min in the new medium, glutathione
content decreased by a factor of three, regardless of the conditions used to
induce the filamentation process. After 1 h of growth in the new medium,
the cells had begun to form filaments and no return to initial glutathione
levels was observed (Fig. 3B and C). These findings show the existence
of a rapid adaptation of C. albicans cells to new environmental hypha-
inducing growth conditions, resulting in intracellular glutathione
depletion, which is needed for hyphal formation.

3.4. Glutathione metabolism is affected in AAefg1 and AAtup1 mutants

We assessed the association of changes in glutathione levels with
the yeast-to-hyphae transition, by measuring glutathione levels in two
mutants affected in the filamentation process: AAtupl and AAefgl
(Table 3). The general transcriptional corepressor Tup1 downregulates
the expression of specific genes to inhibit hypha formation [52]. Cells
lacking Tup1 repressor grow constitutively as long pseudohyphae. By
contrast, the Efg1 protein upregulates certain genes in particular envi-
ronmental conditions and cells lacking Efg1 present a filamentation de-
fect [63]. Interestingly, it has been shown that the average time taken
for the engulfment of an efg1 mutant by macrophages is longer than
that of WT [12]. Table 3 shows that glutathione content of CAl4 WT
cells was similar to the one observed in SC5314 WT cells in YNB and
YNB-serum medium, but higher in spider medium, showing an effect
of the genetic context in this growth medium. Glutathione levels of
the AAefgl mutant were unaffected in YNB compared to the WT, but
displayed a 3-fold increase in YNB-serum, from 21.4 4+ 1.9 to 61.6 +
4.3 nmol glutathione/mg protein and, as expected, no filamentation
was observed under those hypha-inducing conditions. Since cells do
not need glutathione to form hyphae in the AAefg1 mutant, this might
explain the higher glutathione levels. However, the mutation had no ef-
fect on glutathione content when cells were grown in Spider medium.
Control experiments were performed on our AAefgl strain using succi-
nate as the main carbon source, taking advantage of the fact that the
strain contains one deleted allele for efg1 and the other allele is under
the control of a strong glucose-repressed promoter, making the strain
functionally equivalent to a doubly deleted strain [53]. As described in
[53], succinate 2% allows the expression of the repressed allele. The
presence of succinate 2% led to the return to a slightly filamentous mor-
phology of the mutant (in YNB-serum) and concomitant slight decrease
in glutathione levels, although not reaching the levels observed in the
presence of glucose 2% (Table 3).

When AAtup1 cells were cultured in YNB-serum medium, enhanced
filamentation was accompanied by a large decrease in glutathione levels
with respect to the yeast form (YNB) (Table 3). However, there was no
significant effect on glutathione levels when cells were grown in Spider
medium. Knowledge of the molecular mechanisms involved in the reg-
ulation of filamentation by Tup1 remains incomplete [14,15], but they
are known to lead to pleiotropic effects on cells. However, the results
displayed in Table 3 support the notion that genetic perturbation of
filamentation pathways can be associated with disturbances of glutathi-
one metabolism, and confirm that glutathione may be necessary for the
yeast to hypha transition to occur.

3.5. Effect of quorum-sensing molecules on intracellular glutathione levels

It has recently been reported that the apoptosis induced by the quo-
rum sensing molecule (QSM) farnesol in C. albicans is mediated by the
depletion of intracellular glutathione [64]. C. albicans cells sense the
density of the surrounding population by a quorum sensing mechanism
mediated principally by farnesol, which is secreted into the environ-
ment and inhibits hyphal conversion and biofilm formation [65,66].
By contrast, the aromatic alcohol tyrosol shortens the lag phase of
quiescent yeast cells and promotes germ-tube formation and hypha
formation [67].
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Table 2
Disturbance of general thiol metabolism in C. albicans filamentous forms.

Reduced thiol groups were quantified as described in the Materials and methods, by a reaction with DTNB to form TNB, absorbing at 412 nm, in C. albicans cell extracts and entire cells (cell
surface exofacial thiol groups). Free reduced thiol groups were quantified in the supernatant after the precipitation of total protein in TCA. Each value in the table is the mean of at least five

experiments, and Student's ¢ test was used to identify significant differences.

YNB YNB-serum Spider
Reduced total thiol groups (nmol/mg protein) 231.7 + 30.2 95.1 + 225 1149 + 189"
Free reduced thiol groups (nmol/mg protein) 178.8 £+ 35.5 580 + 3.8 702 + 173"
Protein-SH groups (nmol/mg protein) 51.8 &+ 11.2 39.8 + 89 447 + 45
Cell surface exofacial thiol groups (nmol/culture OD) 2383 + 51.7 1404 + 86" 113.9 + 27.1°%

*#E p < 0.001 versus YNB.

We investigated the effect on glutathione metabolism of changes in
the chemical environment, by adding 200 yuM farnesol and 100 pM
tyrosol to the same growth media used above and measuring intracellu-
lar glutathione levels (Fig. 4). Glutathione levels were unaffected by the
addition of farnesol or tyrosol to YNB medium. However, in the pres-
ence of tyrosol, we observed a stimulation of hypha formation and a
parallel decrease in glutathione levels in YNB-serum and Spider
media. These results are consistent with the data shown in Fig. 2 and
Table 3, indicating that enhanced filamentation is associated with a de-
crease in glutathione levels and that C. albicans cells need glutathione to
produce hyphae. However, in the presence of the hyphal inhibitor
farnesol, we also observed a significant decrease in total cellular gluta-
thione content. These data are consistent with previous findings [64],
but also confirm that a decrease in glutathione does not constitute a sig-
nal for filamentation, and that the intracellular depletion apparently as-
sociated with hyphal formation is a consequence of the filamentation
process.

3.6. Inhibition of the pentose phosphate pathway and depletion of NADPH
pools

Changes in thiol redox status may affect mitochondrial function and
cellular energy metabolism. Most of the electrons required to maintain
intracellular glutathione redox homeostasis are provided by NADPH.
Indeed, glutathione reductases maintain the physiological GSH/GSSG
balance by reducing GSSG in an NADPH-dependent reaction. We deter-
mined relative intracellular NADPH and NADP™ levels in both yeast and
filamentous cells, by reverse-phase HPLC. Reduced NADPH levels in fil-
amentous forms were only one third to one half those of the yeast form
(Fig. 5). In Spider medium, this depletion may be partly correlated to the
increase in GLR activity reported in Table 1.

Glucose-6-phosphate dehydrogenase (G6PDH) was strongly inhibited
in both filamentous forms, as shown by a comparison with the yeast form.
G6PDH is the key enzyme of the pentose phosphate pathway responsible
for NADPH production and is involved in protection against oxidative
damage in eukaryotic cells. These results thus confirm that the filamen-
tous forms of C. albicans are subject to oxidative stress. The inhibition of
the pentose phosphate pathway also indicates a shift of cell metabolism
toward glycolytic and energetic pathways. We observed a slight increase
in NADP-dependent cytosolic isocitrate dehydrogenase activity (IDP2),
but not sufficient to compensate for the depletion of the intracellular
NADPH pool. In addition, the mitochondrial enzyme IDP1, catalyzing an
alternative pathway of NADPH production, was strongly inhibited in
filamentous forms.

3.7. Effect of filamentation on the activity of key mitochondrial enzymes of
the TCA cycle

We explored the effect of filamentation on mitochondrial function
further, by measuring the specific activities of key mitochondrial en-
zymes (Fig. 6). Pyruvate dehydrogenase, which acts upstream from
the TCA cycle, was slightly activated in hypha-inducing conditions.
The first TCA cycle enzyme, citrate synthase, was strongly induced in
both sets of conditions used to promote hypha formation. Citrate

synthase catalyzes the reactions driving the TCA cycle within the mito-
chondria. These results therefore suggest that the TCA cycle is stimulat-
ed during hypha formation. Citrate synthase activation is also necessary
to respond to the energetic needs of the cell and to counterbalance the
increase in glycolytic activity. We also observed a significant increase
in KGDH activity during filamentation (Fig. 6), probably compensating
for the severe inhibition of mitochondrial IDP (Fig. 5). As stated above,
C. albicans has a high adaptation capacity, due to its three different re-
spiratory chains and the existence of adaptive metabolic pathways.
The glyoxylate cycle, which has several steps in common with the TCA
cycle, makes it possible for this microorganism to use two-carbon com-
pounds as carbon sources and has been implicated in virulence [68].
Isocitrate lyase was found to be inhibited in both filamentous forms
(Fig. 6), consistent with the stimulation of KHDH activity. The concom-
itant activation of the classical TCA cycle and inhibition of the pentose
phosphate pathway reflects a shift of the cells toward higher levels of
energy production during the filamentation process, possibly as a way
of providing the mitochondrial respiratory chain with a larger number
of electrons.

3.8. Filamentation and mitochondrial respiration

Various studies have suggested that the filamentation process is in-
trinsically correlated with the presence of an intact and functional mito-
chondrial respiratory chain [48,49], but conflicting data have been
published. We explored this aspect, by measuring oxygen consumption
in isolated mitochondria, at 30 °C for the yeast forms and 37 °C for the
filamentous forms, in the presence of three electron donors: NADH,
succinate and pyruvate/malate (Table 4). When the pyruvate/malate
mixture was used as a substrate, we observed a large increase in oxygen
consumption in both filamentation-inducing conditions. Pyruvate/
malate was the only substrate of the three tested that was entirely
dependent on the integrity of TCA cycle enzyme functions for the provi-
sion of electrons to the mitochondrial respiratory chain. These results
are therefore consistent with TCA cycle activation (Fig. 6) and reflect
major metabolic changes associated with the filamentation process.
These results were confirmed by additional polarography experiments
on entire cells, with endogenous substrates or exogenous glucose
(data not shown) as the respiratory substrate.

However, in the presence of NADH as an electron donor, we ob-
served a decrease in mitochondrial oxygen consumption in both fila-
mentous forms. In the presence of succinate, a different pattern was
observed, with respiration decreasing only in YNB-serum medium.
These data suggest that the general increase in oxygen consumption
in the filamentous forms observed in the presence of pyruvate/malate
may be associated with a change in the respective contributions of the
C. albicans electron transfer chains, with a probable decrease in the con-
tributions of the complex I and NADH dehydrogenases.

3.9. The alternative oxidase pathway is stimulated in the filamentous forms
Like various plants and fungi, C. albicans has an alternative terminal

oxidase (AOX) that can accept electrons directly from coenzyme Q.
However, some groups have called into question the utility of the AOX
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Fig. 3. Rapid dynamic glutathione-dependent adaptive response to changes in cell growth
conditions. Cells were cultured to the exponential growth phase in YNB medium, isolated
by filtration and shifted to different media: A) identical YNB medium; B) YNB medium
supplemented with 10% serum; C) Spider medium. Samples were taken 0, 1, 3, 6, 11, 16,
31 and 61 min after cell filtration and transferred to the new growth medium, and total
glutathione (GSH + GSSG) levels were determined by the recycling enzymatic assay. All
data points in the figure are means 4= SD of at least three determinations.

pathway, which cannot synthesize as much ATP as the classic chain,
during filamentation in this pathogen. The contribution of the AOX
pathway to total respiration was estimated by measuring both SHAM
(salicylhydroxamic acid)-resistant (AOX) and potassium cyanide
(KCN)-resistant respiration (parallel respiratory chain and complex IV
from the classical respiratory chain (CRC)).

Table 3

Total glutathione levels in cell extracts of C. albicans WT SS4 cells and mutants with im-
paired filamentation signaling pathways.

Cells were cultured in YNB medium, YNB medium supplemented with 10% fetal bovine se-
rum or Spider medium, and glutathione levels were determined in cell extracts as de-
scribed in the Materials and methods. In the case of AAefgl mutant, cells were cultured
in the presence of 2% glucose or 2% succinate as main carbon sources. Each value in the ta-
ble is the mean of at least five experiments, and Student's t test was used to identify signif-
icant differences.

YNB YNB-serum Spider

Nmol total glutathione/mg protein
WT (CAI-4) (glucose 2%) 1680 + 65 214 + 1.9 130.0 £ 5.6
WT (CAI-4) (succinate 2%)  136.6 + 52 224 + 2.9 -
Adefgl (glucose 2%) 1488 + 163  61.6 + 43™++ 1408 + 4.2
Adefgl (succinate 2%) 167.5 + 17.5 465 +2.0™++ _
AATup1 (Bca02-10) 1246 + 159 226 +44" " 166.6 + 162
AATupl rescue/TUP1-URA3 1147 + 11.7 223 + 39" 674 + 146"

(Bca02-11)

% p < 0.001 versus YNB.
** p < 0.01 versus YNB.
*++ p <0.01 versus WT grown in similar conditions.

As illustrated in the polarographic profile presented in Fig. 7, oxygen
consumption by isolated mitochondria results from the concomitant
contributions of the various electron transfer pathways. Indeed, the ad-
dition of SHAM first, before the addition of cyanide, resulted in a partial
decrease in respiratory rate, with only the subsequent addition of KCN
resulting in a complete inhibition of respiration. The contribution of
SHAM-resistant respiration was greater in the filamentous forms
(Table 4). The AOX pathway accounted for about 25% of the total respi-
ration in the yeast form, but more than 50% of electron transfer in both
hypha-inducing conditions. Furthermore, the respiration on pyruvate/
malate and external NADH was less rotenone-sensitive, and more sensi-
tive to the addition of 200 pM flavone in YNB-serum and Spider media,
suggesting a greater contribution of the alternative rotenone-insensi-
tive NADH dehydrogenase. Electron transfer through AOX, NADH dehy-
drogenases and the parallel respiratory chain produces less ATP than
the classical pathway. This phenomenon therefore reflects the potential
of the cell to respond immediately to changes in energy demands in
changing environmental conditions.

140 | 4

120
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80

60

40

20

nmoles total glutathione / mg protein

YNB YNB-serum

Spider

Fig. 4. Effect of quorum sensing molecules on intracellular glutathione levels in C. albicans
grown in various media. Cells were cultured in YNB medium (30 °C), YNB medium sup-
plemented with 10% fetal bovine serum (37 °C) or Spider medium (37 °C) until reaching
0D ~0.8. Control cultures are shown in black, cultures supplemented with 200 uM farnesol
are shown in dark gray and cultures supplemented with 100 uM tyrosol are shown in
light gray. Total glutathione levels were determined in cell extracts, as described in the
Materials and methods section, and all data points in the figure are means + SD of at
least three determinations and Wilcoxon-Mann-Whitney test was used to identify signif-
icant differences (*p < 0.05 versus YNB).
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Fig. 5. Inhibition of the pentose phosphate pathway and depletion in intracellular NADPH in C. albicans filamentous forms. Glucose-6-phosphate dehydrogenase (G6PDH) and NADP-
dependent isocitrate dehydrogenase (IDP) activities were assayed as described in the Materials and methods. After acidic or alkaline extraction, NADPH and NADP™ levels were deter-
mined by reverse-phase HPLC. Products were monitored spectrophotometrically at 260 nm and quantified by integration of the peak absorbance area, based on a calibration curve of
known concentrations of NADPH and NADP™. All data points in the figure are the means + SD of at least three determinations and normalized with respect to the protein content of
the samples. Student's t test and Wilcoxon-Mann-Whitney test were used to identify significant differences (*p < 0.001 and **p < 0.01 versus YNB, **p < 0.05).

3.10. Complex I inhibition and higher levels of ROS production in filamentous
forms

On the basis of the results obtained in inhibitor studies, we deter-
mined the specific activities of individual enzymes from the ERC com-
plexes (Table 5). Levels of rotenone-sensitive complex I specific
activity, measured upon the addition of rotenone to the reaction mix-
ture, in both sets of conditions inducing hypha production were only a
quarter of those for the yeast form. We cannot rule out the possibility
that a small proportion of the rotenone-sensitive activity detected in
our assay can be accounted for by the internal rotenone-sensitive
NADH dehydrogenase (NDE1). However, these results are consistent
with the ERC inhibitor data shown in Table 4, suggesting a redistribution
of the electron transfer pathways, with a minor contribution of
rotenone-sensitive oxygen consumption. Moreover, the rotenone-
insensitive activity detected in our complex I assay was of ~20 in yeast
forms, and ~35 in filamentous forms, consistent with the apparent in-
crease in the contribution of rotenone-insensitive dehydrogenase
(YMX6). The succinate dehydrogenase activity of complex Il remained
unchanged, although a decrease of respiration was observed in YNB-
serum in the presence of succinate (Table 4). We also observed an
increase in complex IV activity, showing that the respiratory chain re-
mains functional in these conditions, although levels of complex IV pro-
teins remained unchanged during the filamentation process (western
blot analysis, data not shown).

CRC dysfunction, concerning complex I in particular in fungi, is
classically associated with an increase in ROS intracellular levels [69].
In addition, previous studies have shown that exponential hyphae are
more resistant to oxidative stress than yeast cells while stationary
phase filaments are more sensitive that stationary phase yeast cells
[13,36]. Total cell ROS levels were determined by quantitative flow cy-
tometry. The fluorescent dye 2’,7'-dichlorofluorescein diacetate
(DCFDA) is widely used for the measurement of ROS levels in both
mammalian and fungal cells, and dihydroethidium (DHE) is used

specifically in superoxide anion assays. Intracellular ROS levels
were higher when cells were cultured in YNB-serum and, to a lesser
extent, in Spider medium, than in minimal YNB medium (Fig. 8),
probably due to complex I defects and higher levels of oxidative stress.
However, there was no significant change in 20S-proteasome activity,
but an increase in protein-glutathione adducts, measured using a spe-
cific monoclonal anti-glutathione antibody, suggesting that a protein
glutathionylation process may also be involved in the metabolic adapta-
tion of C. albicans (Supplementary data 2 and unpublished data).
(See Fig. 9.)

These changes in mitochondrial energetic metabolism associated with
filamentation may modify ATP synthesis. However, intramitochondrial
ATP levels remained constant (Fig. 8). A redistribution of electron transfer
pathways would allow the microorganism to fine-tune ATP production
without having to slow respiration, and to maintain ATP production at
levels compatible with the promotion of hyphal growth and adaptation
to oxidative environments within the host.

4. Discussion

In C albicans, the filamentation process is part of the adaptive re-
sponse to the new oxidative environment encountered within the
host. An understanding of the molecular basis of this ability to adapt
to different conditions requires studies of the metabolic pathways in-
volved in C. albicans morphogenesis. In this study, we investigated the
mitochondrial metabolic strategies employed during the yeast-to-
hyphae transition, by exploring the concomitant biochemical changes
in intracellular glutathione-dependent redox status and mitochondrial
function after the induction of the filamentation process in vitro (Fig. 1).

Within the host, pathogens experience diverse stress conditions, in-
cluding exposure to ROS and hypoxia, in which glutathione plays a par-
ticularly crucial role [70]. In C. albicans, various studies have suggested a
possible role for glutathione in morphogenesis and virulence [32-39].
We found that glutathione levels decreased following the induction of
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Fig. 6. Specific activities of key mitochondrial enzymes in C. albicans grown in different culture media. Cells were cultured in YNB medium, YNB medium supplemented with 10% fetal
bovine serum or Spider medium. Mitochondria were then isolated and disrupted, and enzyme activities were determined as described in the Materials and methods. A) Pyruvate
dehydrogenase activity, B) citrate synthase activity, C) a-ketoglutarate dehydrogenase activity, D) isocitrate lyase activity. All data points in the figure are the means of at least three
determinations, normalized with respect to the protein content of the samples, and Student's t test was used to identify significant differences (*p <0.01 and **p < 0.01 versus YNB).

the filamentation process (Fig. 2), with parallel cytosolic and mitochon-
drial oxidative stress (low GSH/GSSG ratios) and decrease in the
number of reduced free thiol groups (Table 2). These findings are con-
sistent with previous reports that GSH content decreases in actively
growing cells during the initial steps of germ-tube formation during
the yeast-to-hyphae transition, regardless of the nature of the stimulus
inducing this transition (temperature or pH) [32-36].

In the presence of BSO, which inhibits the first enzyme of the gluta-
thione biosynthesis pathway (y-GCS), a severe decrease in glutathione
levels and concomitant oxidative stress was observed in YNB-serum,
with a slight attempt to hyphal formation. This strongly suggests that
synthetized glutathione is consumed to try to produce hyphae. In Spider
medium supplemented with BSO, intracellular glutathione levels were
maintained to levels similar to the controls, and a classic filamentation
pattern was observed but with the counterpart of oxidative stress
(GSH/GSSG ratio = 1.4). Previous studies have shown that the presence
of exogenous GSH is an absolute requirement for the y-GCS mutant to
grow [30,31]. C. albicans cells may import glutathione from the rich spi-
der medium or synthesize glutathione from intracellular y-glutamyl-
cysteine stocks. We also cannot exclude that we observe a temporary
burst of glutathione as an adaptive response to the BSO inhibitory effect,
which might be followed by further glutathione depletion as a
consequence of hyphal formation. However, since some of our data
(Suppl. data 2 and unpublished results) suggest an increase in protein
glutathionylation in Spider medium, a plausible explanation would be
that higher glutathione levels may be the consequence of the reverse
protein deglutathionylation which can generate pools of free glutathi-
one in deprivation conditions such as the presence of BSO. We are
currently running proteomic experiments to further explore the

glutathionylation process in C. albicans filamentous cells. Our results
also emphasize the differences in our two hypha-inducing growth con-
ditions which would have to be explored further.

The depletion of intracellular GSH would be expected to activate
glutathione-dependent enzymatic reactions, as a compensatory
mechanism. Under our conditions, GST activity increased by a factor
of five in Spider medium, suggesting a possible participation of this
enzyme to the glutathione export observed in Fig. 2. Indeed, GST conju-
gates xenobiotics or their metabolites to glutathione, leading to the
elimination of the conjugates or their internalization in cellular com-
partments, and an increase in transcription of the GST gene has been
observed during germ-tube emergence [36]. In addition, some GST up-
regulation is observed in macrophages and neutrophils and may play an
important role in counteracting the oxidative burst occurring within
phagocytes [37]. The addition of sulfasalazine, which under our condi-
tions, fully inhibits GST activity, led to a decrease in glutathione content
both in YNB and YNB-serum media, but no filamentation was observed.
This supports the hypothesis that intracellular glutathione depletion
does not elicit the filamentation process. Inversely, in spider medium,
GST blockage led to a slight increase in glutathione levels, in agreement
with the increase in GST activity (Table 1) and a possible role of gluta-
thione excretion catalyzed by GST in hyphal formation. This was
supported by the lower amount of glutathione exported in the
culture medium in the presence of sulfasalazine (data not shown).
Glutathione-dependent enzymes such as GST might make attractive
targets for antifungal therapy.

The addition of excess GSH in the cultures confirmed that hyphal for-
mation was associated with a high consumption of reduced glutathione,
and that the glutathione-dependent oxidative stress observed in the
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Table 4

C. albicans mitochondrial respiration in the presence of various electron donors and in the
presence of ETC inhibitors.

The oxygen consumption of isolated mitochondria (state 2 respiration) was measured as
described in the Materials and methods, at 30 °C for the yeast forms and 37 °C for the fil-
amentous forms, in the presence of various electron donors: NADH (10 mM), succinate
(10 mM), or pyruvate/malate (10 mM/2.5 mM), and ETC inhibitors. We used 10 mM
KCN to inhibit complex IV, 10 uM rotenone to inhibit complex I and rotenone-sensitive de-
hydrogenase, 200 pM flavone to inhibit the rotenone-insensitive NADH dehydrogenase
and 5 mM SHAM to inhibit the alternative oxidase AOX. The rates of oxygen consumption
are expressed in nmol oxygen/min/mg protein, and the values listed are means of at least
three determinations.

Mitochondrial respiration (nmol O,/min/mg protein)

NADH Succinate Pyruvate/malate
YNB
No inhibitor 90.1 £+ 16.1 50.8 + 11.4 50.8 +£ 114
% inhibition
+5 mM SHAM 237 + 7.6% 26.2 + 3.2% 234 + 5.8%
+10 pM rotenone 80.4 + 16.8% 52.1 + 2.3% 86%
+10 mM KCN 76.8 £+ 6.3% 711 £ 1.1% 780 £+ 1.1%
+200 pM flavone 11.0 4+ 2.3% 84 + 1.3% 8.8 +2.2%
YNB-serum
No inhibitor 234 + 1.6 159 + 257" 288 + 147"
% inhibition
+5 mM SHAM 46.9 + 4.8% 54.3 + 3.6% 629 + 17.8%
+10 puM rotenone 51.2 + 8.1% 48.1 + 4.2% 35+ 1.3%
+10 mM KCN 583 £ 42 52% 55%
+200 pM flavone 16.8 + 4.3% 26.8 4+ 2.3% 26.8 4+ 6.3%
Spider
No inhibitor 66.4 + 85" 61.8 &+ 13.7 54.0 + 13.17%
% inhibition
+5 mM SHAM 47 + 6.8% 72.0 + 16.8% 56.0 & 8.6%
+10 uM rotenone 63.8 + 2.2% 41.8 + 2.9% 42 + 2.8%
+10 mM KCN 44.0 + 1.1% 38% 50%
+200 pM flavone 248 + 3.3% 19.8 £ 53% 19.7 + 42%

*#% p < 0.001 versus YNB.
** p < 0.01 versus YNB.

filamentous forms is a consequence and not a cause of the filamentation
process (Figs. 1 and 2), as already suggested by previous studies in
which GSH/GSSG redox imbalance with reduced hypha forming capabil-
ity was observed in some oxidative stress resistant C. albicans mutants
[71,72]. This hypothesis was supported by the results of the dynamics
experiments (Fig. 3) in which glutathione content decreased rapidly
(within 1 min) in response to new hypha-inducing growth conditions.
In addition, the surprisingly high GSSG levels (maybe due to reoxidation
after import within the cell) observed in the presence of exogenous GSH
could trigger a protein glutathionylation process. On the other hand, the
presence of NAC was disturbing thiol metabolism and was not sufficient
to allow the cells to filament in hypha-inducing conditions, in agree-
ment with previous work showing that a C. albicans y-GCS mutant
could only partly be rescued with NAC [30].

Measurements of glutathione levels in two mutants with an oppo-
sitely impaired filamentation process, AAtup1 and AAefg1, provided ad-
ditional evidence for a correlation between glutathione levels and
dimorphism. Cells lacking Efg1, the major regulator of hypha formation
[63], grew constitutively in the yeast form in YNB medium, with no sig-
nificant change in glutathione content compared to the wild-type. In
YNB-serum hypha-inducing conditions, no filamentation was observed,
associated with glutathione depletion compared to the AAefg1 grown in
YNB (Table 3). These data confirm that glutathione depletion does not
involve hyphal production. However, there was a 3-fold increase in glu-
tathione content compared to the wild-type grown in YNB-serum,
which could be explained by the fact that cells do not need to use gluta-
thione to form hyphae in the mutant. In spider medium, the data are
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Fig. 7. Respiratory profile of mitochondria isolated from SC5314 C. albicans grown in YNB
medium. Freshly prepared mitochondria (1 mg/ml) were suspended in respiration buffer
(10 mM Tris-HCI pH 6.8, 0.65 M sorbitol, 10 mM KCl, 0.36 mM EDTA) and oxygen con-
sumption was measured with an oxygen electrode at 30 °C. Where indicated, sodium suc-
cinate (10 mM) was added as a respiratory substrate and ADP (1 mM) was added to
induce oxidative phosphorylation (state 3). SHAM (5 mM) was then added for specific in-
hibition of the alternative oxidase (AOX) pathway and respiration was stopped by adding
10 mM KCN. CRC is classic respiratory chain, PAR is parallel respiratory chain.

more complex to interpret since no change in glutathione levels was ob-
served in the mutant.

Cells lacking Tup1 [52], which grow constitutively as long
pseudohyphae, had glutathione contents in YNB-serum hypha-
inducing conditions that were only one fifth those in control conditions
but, again, no significant change was observed when cells were grown
in rich semi-synthetic spider medium (Table 3). However, our data on
both mutants suggest that genetic perturbation of filamentation path-
ways can be associated with disturbances in glutathione metabolism.

Zhu et al. recently showed that the quorum-sensing molecule (QSM)
farnesol conjugates with intracellular GSH, resulting in total glutathione
depletion, oxidative stress and apoptosis in C. albicans [64]. In this study,
farnesol exposure results in the significant increase in the expression of
CDR1 and drop in intracellular glutathione proportional to farnesol con-
centration and exposure time, which was rescued in the presence of ex-
ogenous GSH. Although our experimental conditions vary from this
study (in particular time of farnesol exposure and growth medium), in
order to keep our experimental conditions homogenous, the addition
of farnesol to our cell cultures led to an inhibition of hypha formation
and a parallel decrease in intracellular glutathione content (Fig. 4).
However, under our conditions, exposure time to farnesol was not suf-
ficient to trigger the apoptosis process observed in [64]. A similar effect
was observed in the presence of dodecanol, which also inhibits
C. albicans filamentation (data not shown). Chemical perturbation of
the filamentation pathway using farnesol involves glutathione deple-
tion but does not elicit a signal for filamentation, consistent with other
studies [71,72]. However, farnesol can promote ROS generation and

Table 5

Specific activities of ERC complexes.

The specific activities of the ERC complexes were measured in isolated mitochondria, as
described in the Materials and methods. The values listed are means + SD of at least three
determinations and Student's ¢ test was used to identify significant differences.

Specific activity (units/min/mg protein)

CRC complexes YNB YNB-serum Spider

I 400 + 113 145 + 217 12.0 + 1.4
1l 275+ 0.7 220 + 42 285 4 0.7

\% 4425 + 332 596.0 + 101.8 6245 + 502"

*#% p < 0.001 versus YNB.
** p < 0.01 versus YNB.
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exposure to this chemical should therefore lead to a decrease in gluta- the filamentation process. However, interpretation may be compli-
thione content independent of morphological state [73,74]. cated, because QSMs can inhibit multiple processes contributing to

By contrast, in the presence of tyrosol, we observed enhanced filamentation. Overall, our data indicate that the induction of
filamentation and a parallel decrease in glutathione levels in YNB-serum filamentation, either by changing environmental growth conditions
and Spider medium, consistent with the requirement of glutathione for (YNB-serum or Spider medium), or by genetic (AAtup1) or chemical
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Fig. 9. Schematic representation of the adaptive metabolic pathway during the filamentation process.
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(tyrosol) modifications, is systematically associated with a depletion of
intracellular glutathione.

Changes in intracellular redox status and intracellular glutathione
consumption may be associated with filamentation but what would
be the energetic cost of this adaptation? We investigated, in detail, pos-
sible changes in mitochondrial function occurring during the yeast-to-
hyphae transition. Interest in pathogen carbon metabolism has recently
increased, following observations suggesting that at least some host en-
vironments are deficient in glucose, and that the cell capacity to assim-
ilate the available nutrients is a major factor in its ability to undergo
filamentous growth [75,76]. In addition, it has been shown that hyphal
length had a significant impact on the macrophage ability to engulf
C. albicans cells [12]. Glucose may be catabolized to generate acetyl-
CoA for the TCA cycle via glycolysis or converted into five-carbon sugars
via the pentose phosphate pathway. We observed a strong inhibition of
the pentose phosphate pathway, NADPH depletion, which was not com-
pensated through IDP cytosolic activity, and an inhibition of the mito-
chondrial NADP-dependent IDP (Fig. 5). IDP1 has been shown to be
induced by interaction with macrophages [13]. These data confirm
that changes in redox status parallel metabolic changes tending toward
more energetic metabolism.

Consistent with the stimulation of glycolysis, we found that the gen-
eral activity of the TCA cycle was stimulated (Fig. 6), with greater citrate
synthase activity, and a concomitant slight increase in pyruvate
dehydrogenase (PDH) complex and a two- to three-fold increase in
the activity of KGDH in the two sets of hypha-inducing conditions
used in this study. These data are consistent with the previous finding
of a filamentation defect in a PDX mutant [49]. Citrate synthase activa-
tion drives the TCA cycle toward more energetic metabolism, providing
the mitochondrial respiratory chain with a larger number of electrons.
This process does not seem to involve the glyoxylate cycle under our
culture conditions, because levels of isocitrate lyase activity were very
low in YNB-serum and Spider medium (Fig. 6). C. albicans has been
shown to adapt to environmental conditions through the use of alterna-
tive carbon pathways, such as the glyoxylate cycle, in host niches defi-
cient in glucose, such as phagocytes, with a shift from glycolysis to
gluconeogenesis, and an upregulation of the principal enzymes of the
glyoxylate cycle: isocitrate lyase and malate synthase [13,68,77].
Mutants lacking isocitrate lyase present a filamentation defect and
are markedly less virulent in mice than the wild type [13,68]. This re-
sponse to nutrient starvation is usually followed by a late transcriptional
response, corresponding to filamentation and escape from the macro-
phage, with a return to normal glycolysis activity, as in our experimental
conditions. These effects, occurring in parallel with pentose phosphate
pathway inhibition, suggest that the signal for hypha formation is de-
rived from the glycolysis system and transmitted to the electron trans-
fer system through the citric acid cycle, as suggested in previous studies
[48,49,78]. However, the differences observed in isocitrate lyase activity
in our study emphasize the difference between our in vitro experiments
and C. albicans behavior when confronted to macrophages.

Under our hypha-inducing conditions, mitochondrial respiration
increased by a factor of three to five in the filamentous forms in the
presence of pyruvate/malate as an electron donor. These data confirm
the link between C. albicans dimorphism and the need for an efficient
respiration system for hyphal growth. Moreover, as the use of a
pyruvate/malate mixture as an electron donor requires the integrity of
the mitochondrial metabolic pathways, these data are consistent with
TCA cycle activation. However, in the presence of NADH, which can be
oxidized by complex I and/or NADH dehydrogenases, oxygen consump-
tion decreased in both YNB-serum and spider media, and rotenone had
a weaker effect (Table 4). These data suggest a different partitioning of
electrons between the respiratory chains in filamentous forms.

Studies of mitochondrial respiration in the presence of various ETC
inhibitors showed SHAM-dependent respiration levels in the filamen-
tous forms to be twice those in the yeast form, regardless of the sub-
strate used to donate electrons to the respiratory chain. AOX is not

sensitive to cyanide, but is inhibited in the presence of SHAM. These
data suggest an increase in the contribution of the AOX pathway in
hypha-inducing conditions. C. albicans can also oxidize cytoplasmic sub-
strates, such as NADH, through external rotenone-insensitive dehydro-
genases [41]. In the presence of NADH as an electron donor, rotenone
had a weaker inhibitory effect in both filamentous forms, with a parallel
decrease in rotenone-sensitive complex I activity (Tables 4 and 5) sug-
gesting an increase in the contribution of the alternative rotenone-
insensitive NADH Q-oxidoreductase.

Electron transfer through AOX, NADH dehydrogenases and the par-
allel respiratory chain produces less ATP than the classical pathway.
These alternative pathways have therefore been identified as possible
compensatory mechanisms in cases of CRC failure, but previous studies
have shown that both CRC and AOX1 are constitutively expressed in
fungi [41-43,79,80]. An apparent uncoupling of oxidative phosphoryla-
tion in filamentous forms may play a role in the adaptation of cells.
However, the inhibition of complex I and an increase in ROS production
(Fig. 8) should impair respiration and be detrimental for the cells. We
propose that filamentous cells overcome this problem by stimulating
the TCA cycle to provide the respiratory chain with more electrons
and to increase the proportion of electrons passing through the alterna-
tive oxidase and rotenone insensitive-NADH dehydrogenase pathways.

5. Conclusions

We conclude that glutathione is necessary for hyphal formation. The
filamentation process results in depletion in intracellular glutathione
levels, changes in redox status, apparent oxidative stress, glutathione
excretion and protein glutathionylation. Glutathione depletion is thus
the price paid by the cells to allow the filamentation to occur. The cells
must therefore maintain a fragile intracellular balance (and minimal
glutathione limitation) between temporary glutathione-dependent ox-
idative stress, necessary to hyphal formation, and excessive glutathione
depletion. Indeed, additional disturbance might lead to severe oxidative
stress, glutathione extrusion and cell apoptosis. Temporary oxidative
stress is associated with an increase in ROS production, which may
constitute a signal for bioenergetic adaptive strategies. The cellular en-
ergetic cost of this response of C. albicans cells include bypassing com-
plex I to maintain the rates of respiration and normal ATP levels to
cover the metabolic needs of the cells, enabling them to survive the
new environmental conditions they may experience within the host.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbadis.2014.07.006.
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