Nitric Oxide 86 (2019) 1-11

Contents lists available at ScienceDirect

Nitric Oxide

journal homepage: www.elsevier.com/locate/yniox

Cross-talk between the Ras GTPase and the Hogl survival pathways in
response to nitrosative stress in Paracoccidioides brasiliensis

Check for
updates

Palloma Mendes Conceicao”, Alison Felipe Alencar Chaves®, Marina Valente Navarro®,
Daniele Gongalves Castilho®, Juliana Cristina P. Calado®, Ana Eliza Coronel Janu Haniu®,
Patricia Xander”, Wagner L. Batista™"

2 Department of Pharmaceutical Sciences, Universidade Federal de Sdo Paulo, Campus Diadema, SP, Brazil
Y Department of Microbiology, Immunology and Parasitology, Escola Paulista de Medicina, Universidade Federal de Sdo Paulo, SP, Brazil

ARTICLE INFO ABSTRACT

Paracoccidioides brasiliensis is a temperature-dependent dimorphic fungus that cause paracoccidioidomycosis
(PCM), the major systemic mycosis in Latin America. The capacity to evade the innate immune response of the
host is due to P. brasiliensis ability to respond and to survive the nitrosative stress caused by phagocytic cells.
However, the regulation of signal transduction pathways associated to nitrosative stress response are poorly
understood. Ras GTPase play an important role in the various cellular events in many fungi. Ras, in its activated
form (Ras-GTP), interacts with effector proteins and can initiate a kinase cascade. In this report, we investigated
the role of Ras GTPase in P. brasiliensis after in vitro stimulus with nitric oxide (NO). We observed that low
concentrations of NO induced cell proliferation in P. brasiliensis, while high concentrations promoted decrease in
fungal viability, and both events were reversed in the presence of a NO scavenger. We observed that high levels
of NO induced Ras activation and its S-nitrosylation. Additionally, we showed that Ras modulated the expression
of antioxidant genes in response to nitrosative stress. We find that the Hogl MAP kinase contributed to ni-
trosative stress response in P. brasiliensis in a Ras-dependent manner. Taken together, our data demonstrate the
relationship between Ras-GTPase and Hogl MAPK pathway allowing for the P. brasiliensis adaptation to ni-
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trosative stress.

1. Introduction

Paracoccidioidomycosis (PCM) is the predominant systemic mycosis
in Latin America with a mortality rate of 25% [1]. Approximately 80%
of all the reported cases appear in Brazil, although Colombia, Vene-
zuela, Argentina, Ecuador, and Peru have reported a substantial
number of cases [2]. The disease is caused by fungi that belong to the
genus Paracoccidioides, and the pathogenic switching of members of this
genus is triggered by temperature changes. Once the host has inhaled
infective propagules and the fungus reaches the lower respiratory tract,
the immune system of the host needs to limit the infection before the
disease outcome. Innate immune cells are specialized to produce a set of
chemical species, reactive oxygen species (ROS) and reactive nitrogen
species (RNS), such as hydrogen peroxide (H,0,), peroxynitrite
(ONOO ™) and nitric oxide (NO). Thus, the outcome of the infection
relies on the ability of the fungus to survive the ROS and RNS produced
by the host [3].

It has been demonstrated that NO produced by the host in response
to the infection is responsible for controlling fungal proliferation and
for avoiding an exacerbated inflammatory response, since the fungal
burden in the lungs and liver was higher in mice that do not express
inducible nitric oxide synthase (iNOS) compared to wild-type mice [4].
On the other hand, if the host is not able to produce enough RNS to kill
the fungus, the host could benefit from the lower levels of RNS pro-
duced during disease onset. This fact was demonstrated by the ability of
P. brasiliensis to survive and proliferate when exposed to sub-toxic levels
of NO, which occurred in a Ras-dependent manner [5].

Ras GTPases are a family of functionally conserved small proteins
that switch between GTP-bound (active form) and GDP-bound (inactive
form) conformations. Ras is involved in signal transduction pathways
connecting the events from many cell surface receptors to intracellular
processes [6]. Depending on the cellular context, Ras activation can
stimulate the cell division cycle, morphogenesis, differentiation, or
apoptosis [6]. Ras proteins upstream of the cAMP-PKA or MAPK
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(mitogen-activated protein kinase) pathway are involved in the reg-
ulation of filamentation and/or virulence in Cryptococcus neoformans
[7]1 and Candida albicans [8,9], cellular aggregation [10], cell wall in-
tegrity [11] and other phenotypes. In P. brasiliensis, two Ras isoforms
(Rasl and Ras2) were characterized with important roles during fungal
dimorphism, thermal stress, and in parasite-host interactions [12].

Signaling pathways that control the redox stress response in P.
brasiliensis are poorly known, but in other dimorphic fungi, the in-
volvement of MAPK is an important factor in this process [13-15]. For
example, when alveolar macrophages are challenged with Aspergillus or
Cryptococcus conidia, the macrophages are able to produce RNS levels
as high as 50uM, and the fungi are efficiently phagocytosed [16].
However, even when the host is able to produce high concentrations of
NO, the fungi still possess mechanisms to adapt to nitrosative stress and
cause disease. This is because fungi have an effective enzymatic re-
pertoire to counteract the RNS produced by the host, which functions as
a virulence factor [17,18].

Currently, different research groups have sought to study the me-
chanisms that regulate the response of fungi to oxidative stress [19-21],
but despite the importance of RNS in the death of the fungi, as well as
the signaling process, little progress has been made even though this
field has become a topic of interest [18,22]. In this study, we highlight
the cross-talk between Ras GTPase and Hogl MAPK activation in the
context of nitrosative stress in the human pathogenic fungus P. brasi-
liensis.

2. Materials and methods
2.1. Materials

The following reagents were purchased from Merck-Millipore-
Calbiochem (Darmstadt, Germany): the antibodies anti-pan-Ras and
anti-Hogl, and the inhibitors FPT inhibitor III (Ras inhibitor) and
SB202190 (Hog-1 inhibitor). Glutathione-Sepharosem beads were ob-
tained from GE Healthcare (Chicago, IL, USA). The anti-phospho-Hog-1
antibody was from Santa Cruz Biotechnology (Dallas, TX, USA).
Appropriate secondary antibodies conjugated to horseradish peroxidase
were from KPL (Gaithersburg, MD, USA). The Western blotting devel-
oping reagents (Super Signal® System) were obtained from Pierce
(Rockford, IL, USA).

2.2. Fungal strain and growth conditions

We used P. brasiliensis isolate Pb18 in our experiments. Unless
otherwise mentioned, yeast extract-peptone-dextrose modified medium
(mYPD) (0.5% yeast extract, 1% casein peptone and 0.5% glucose, pH
6.7) was used to cultivate the yeast cells, which was cultured at 37 °C.
The CFU count was performed in supplemented BHI plates (Becton
Dickinson Company) containing 4% fetal calf serum, 5% spent medium,
ampicillin (100 IU/mL) and streptomycin (100 pug/mL).

2.3. NO stimulation

In experiments involving nitrosative stress, P. brasiliensis cells were
cultivated in modified YPD for 5 days at 37 °C. Yeast cells (1 x 10%)
were seeded in a 6-well culture plate and subjected to a 24 h period of
starvation with RPMI media to reduce or stop fungal growth until the
treatment was started. This strategy was used to verify the role of the
NO stimulus on fungal growth and cell signaling. Yeast cells were ex-
posed to different concentrations of NaNO, in mildly acidic culture
media, pH 5.6, for 5h at 37 °C; under these conditions, NaNO, releases
NO [5,23-25]. Yeast cells were washed and incubated for 24 h at 37 °C
with shaking in fresh culture media. Finally, 100 pL of yeast cultures
was plated on supplemented BHI plates for 7 days at 37 °C. The ex-
periment was repeated three times. Cell proliferation or cytotoxicity
were evaluated by fungal counts after 4 days. Yeast cell suspension
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aliquots (100 pL) were stained with equal volumes of Trypan Blue vital
dye and counted in a Neubauer chamber. Viable cells were not stained
by the vital dye.

2.4. Animal experiments and ethics statement

Male BALB/c mice (6- to 8-week-old) were maintained under spe-
cific pathogen-free conditions at a temperature of 23-24°C with a
light/dark cycle of 12h and provided with food and water ad libitum.
Animal experimentation was approved by the Ethics Committee on the
use of animals at the Federal University of Sdo Paulo (CEP
8888301117). The animals were handled according to the Brazilian
National Council for Animal Experimentation Control (CONCEA)
guidelines.

Paracoccidioides yeast cells (1 x 10°) were pretreated with FPT in-
hibitor III (Ras inhibitor) at 50 uM for 24 hat 37 °C in RPMI media.
Then, the yeast cells were recovered by centrifugation at 10,000 X g for
5min. After treatment with the Ras inhibitor, the yeast cells
(1 x 10%cells in 40 pL of saline solution) were used to infect male
BALB/c. Two groups of mice (n = 6 animals each) were used. Briefly,
the mice were anesthetized by intraperitoneal injection with 50 uL of a
solution containing 40% ketamine and 40% xylazine. After approxi-
mately 15min, their trachea was exposed and injected with 1 x 10°
viable Pb18 yeast cells. The incisions were sutured with 4-0 silk. After
30 days of infection, the animals were euthanized, the lungs were ex-
cised, and the numbers of viable microorganisms in the lungs were
determined by enumerating the CFUs [26].

2.5. Determination of NO levels

NO generation was evaluated by the use of the cell permeable
specific fluorescent NO indicator 4-amino-5-methylamino-2,7-di-
fluorofluorescein diacetate (DAF2-DA). Yeast cells (1 x 10%) were
preincubated with 5uM DAF2-DA dissolved in RPMI media for
30 minat 37 °C in the dark. Once deacetylated, DAF2-DA remains free
in the cytoplasm to react with NO and generate the fluorescent ben-
zotriazole DAF2. Yeast cells were incubated with 0.25 or 1 mM NO,, at
pH 5.6, and analyzed in a FACSCalibur flow cytometer (Becton
Dickinson Co., Franlin Lajes, NJ, USA). The excitation wavelength was
set at 495nm, and the emission wavelength was set at 515nm. The
results are expressed as DAF-2-derived fluorescence (mean fluorescence
intensity). Unlabeled samples were used as blanks. The experiments
were performed in triplicate.

2.6. Spot test

The nitrosative sensitivity of the yeast strains was determined using
the standard spot test technique. Briefly, yeast cultures in an early
stationary phase of growth (2 x 10° cells/mL) were obtained after 4-5
days of growth in mYPD media at 37 °C, subjected to a 24-h period of
starvation with RPMI medium. Yeast cells were preincubated with
Hog1 inhibitor (10 uM) and incubated with 4 mM NO for 5 h. The yeast
cultures were serially diluted (1:10 at each step) in a sterile saline so-
lution (0.9% NacCl), and 30 pL of each suspension was plated on mYPD.
The plates were photographed after 7 days of growth at 37 °C. The re-
sults shown are representative of three independent experiments.

2.7. Ras activity assay

Ras activation was determined using the RBD (Byr2)-GST fusion
protein [5], which binds tightly to the GTP-associated form of Ras. After
stimulus, the yeast cells were collected by centrifugation, washed 3
times, and disrupted with glass beads in ice-cold lysis buffer (25 mM
HEPES, pH 7.5, 150 mM NaCl, 1% (w/v) Nonidet P-40, 0.25% (w/v)
sodium deoxycholate, 10% (w/v) glycerol, 25 mM NaF, 10 mM MgCl,,
1mM EDTA, 1mM sodium vanadate, and one tablet of protease
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inhibitor (Roche Diagnostic, Mannheim, Germany)) in 5 mL of extrac-
tion medium. The solubilized extract was centrifuged at 14,000 x g for
15 min, and the supernatant was used in pull-down assays. The protein
content of the cell extract was determined using the Bradford reagent
(Bio-Rad, Hercules, CA, USA). A protein sample (1 mg) was incubated
with glutathione-Sepharose beads associated with RBD (Byr2)-GST for
3 h with gentle rocking. The samples were spun at 7200 X g for 10-20's,
and the resin was washed three times with lysis/binding/wash buffer
(7200 x g for 305). The final pull-down was assayed by Western blot
probed with mouse monoclonal anti-pan-Ras antibody. The remaining
lysate was probed with the same antibody to determine the levels of
total and endogenous Ras. The ratio between the Ras signal intensity
bound to RBD (Byr2)-GST beads and that obtained from the total Ras,
determined by densitometry, is proportional to the level of Ras activity
[27,28].

2.8. Pull-down assay

For pull-down studies, the lysates were incubated with the RBD
(Byr2)-GST probe overnight at 4 °C followed by an additional 2h in-
cubation at 4 °C with protein glutathione Sepharose beads. The beads
were centrifuged for 3 minat 10,000 X g and the supernatant was dis-
carded. The beads were washed three times in PBS, resuspended in 2X
gel loading buffer, and boiled for 5min prior to separation using
SDS-polyacrylamide gel electrophoresis. The separated proteins were
transferred onto nitrocellulose membranes. After transfer, the mem-
branes were preincubated with a 5% solution of blocking buffer for 1 h
followed by overnight incubation with the anti-Ras primary antibody.
After incubation with the appropriate HRP-conjugated secondary anti-
bodies, the blots were developed using the Super Signal system
(Thermo-Pierce, Rockford, IL) and digitally registered on UVITEC
Imaging Systems (Warwickshire, UK).

2.9. Western blotting analysis

P. brasiliensis yeast cells were starved for 24 h in RPMI media and
stimulated with 4mM NO for increasing periods at 37 °C. Where in-
dicated, FTP inhibitor III was added 24 h prior to the stimulation of the
cells with NO. Lysates were obtained by incubation with lysis buffer
(20 mM Tris, pH 8.0, 137 mM NacCl, 0.25% sodium deoxycholate, 1%
NP40, 1 mM NaF, 1 mM EDTA, 10 pug/mL aprotinin, 10 pg/mL leupeptin
and 1 mM PMSF) for 30 min on ice. The samples were centrifuged at
10,000 X g for 10 min, and the protein concentration in the supernatant
was determined by Bradford assay. The protein content was adjusted, so
that each sample contained an equal concentration of protein (50 pug/
mL). Total cell lysates (50 ug/mL) were resolved in 10% SDS-PAGE gels
and transferred onto nitrocellulose membranes. The blots were probed
using specific antibodies against Ras and Hog-1. After incubation with
the appropriate HRP-conjugated secondary antibodies, the blots were
developed using the Super Signal system and digitally registered on
UVITEC Imaging Systems (Warwickshire, UK).

2.10. Detection of Ras S-nitrosylation

The biotin switch technique (BST) was performed to detect Ras S-
nitrosylation as described by Forrester et al. [29]. To detect the Ras S-
nitrosylation in P. brasiliensis after NO treatment, the yeast cells were
cultured in RPMI media for 24 h (starvation), treated with NO for in-
creasing time periods, and then disrupted with glass beads in buffer
containing 25 mM HEPES, 50 mM NaCl, 0.1 mM EDTA, 1% NP-40,
0.5mM PMSF, and protease inhibitors (Roche Diagnostic, Mannheim,
Germany), pH 7.4. The cell debris was removed by centrifugation, and
samples (1-0.6 mg protein extract) were diluted to 1.8 mL with HEN
buffer (100 mM HEPES, 1 mM EDTA, and 0.1 mM neocuproine, pH 8.0);
SDS and MMTS were added to final concentrations of 2.5 and 0.1%,
respectively. Following frequent vortexing and incubation at 50 °C in
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the dark for 20 min, the lysates were precipitated with 3 vol of acetone
at —20 °C for 1 h. The proteins were centrifuged at 2000 X g for 15 min,
and the protein pellet was gently washed with 70% acetone four times.
The pellets were suspended in 240 pL. of HENS (HEN buffer with 1%
SDS). The samples were then incubated with 30 uL of biotin-HPDP
(2.5mg/mL) in the presence or absence of 20 mM ascorbate at room
temperature in the dark for 1 h. After acetone precipitation, the proteins
were resuspended in 250 uL of HENS, followed by the addition of
750 uL of neutralization buffer (25 mM HEPES, 100 mM NaCl, 1 mM
EDTA, and 0.5% Triton X-100, pH 7.5). Fifty microliters of streptavidin-
agarose beads (prewashed) were added to each sample and incubated
overnight at 4°C. The beads were washed with washing buffer (neu-
tralization buffer with 600 mM NaCl) four times. To detect the S-ni-
trosylated proteins, 50 pL of 2 x SDS sample buffer was added to the
beads and tested by immunoblotting with anti-Ras antibody.

Paracoccidioides RNA isolation and Real-Time quantitative (RT-
qPCR).

Paracoccidioides yeast cells grown to exponential phase in RPMI
media were collected via centrifugation (2000 x g), washed 4 times and
resuspended in TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA
was released from the yeast cells mechanically by beating with 0.5-mm-
diameter glass beads for 10 min in the presence of the TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). RNA was purified using CHCl3 ex-
traction followed by alcohol precipitation of the aqueous phase.
Reverse transcription was performed using RevertAid Premium Reverse
Transcriptase (Thermo Scientific, Bremen, GA, USA), 5 ug of total RNA
and 22-mer oligo-dT primers. Quantitative PCR assays were assembled
using a SYBR-Green-based PCR master mix (Applied Biosystems) with
diluted reverse-transcribed templates (1:200 final) and a 0.5uM con-
centration of each gene-specific primer (Table 1). Amplification was
performed in a StepOne Plus (Applied Biosystems Inc., Carlsbad, CA,
USA) using the following conditions: 95 °C for 10 min, followed by 40
cycles of 95 °C for 155 and 60 °C for 1 min. The dissociation curve was
determined with an additional cycle of 95°C (15s), 60°C (20s) and
95 °C (15s). DNA contamination was evaluated via PCR amplification
of the PbGP43 gene (Accession No. U26160). The negative controls
lacked DNA or RNA. The relative expression ratio (experimental/con-
trol) was determined based on the 2-AACt method [30] after normal-
ization to the level of the B-tubulin (8-TUB) and 18S transcripts.

Table 1
Oligonucleotides used in gPCR.

Target”" (ID) Sense Sequence (5'—3")
PbCAT (PADG_00225) Fw CTACCACGACAAGAAGACTAC
Rev CGGATATGAGAACAGCGACTT
TRX1 (PADG_05504) Fw AGCCATCCCTAGTCGTCATA
Rev GTTCGGGTAGGATTCGGAAA
TRX2 PADG_03161) Fw GACACGGACGAACAGCTAAT
Rev GGAGGTGATCTGTAGCGAATG
SOD1 (PADG_01755) Fw ACCACCAAACCTACGTAAACTC
Rev GGGATTTGATATCGGCCTTCTC
SOD2 (PADG_07418) Fw TCAACCCGTTCGGCAAAT
Rev CCTGAGCGTCAGTGGTAATG
GR (PABG_06068) Fw GTTGAGACGCACATGTTTATCC
Rev GTGACGCCCATATCCTCATAC
AOX (PADG_03747) Fw CAGGGTGTCTTCTTCAACTCTT
Rev CGTCATAACAGCCTCCTCTTC
YHB (PADG_03872) Fw GCGTTTCTGGAGTTCATGTTTC
Rev CGTCACTGATGGGAGTGTAAG
PCNA (PADG_11,679) Fw TTCCACCATATCACCTGCGACAGT
Rev ACGTGCGAATTGTCCATAGCTTGC
B-TUB (PADG_00128) Fw GTGGACCAGGTGATCGATGT
Rev ACCCTGGAGGCAGTCACA
18S (PADG_12,090) Fw CGGAGAGAGGGAGCCTGAGAA
Rev GGGATTGGGTAATTTGCGC

@ Accession numbers from Paracoccidioides brasiliensis genes http://www.
fungidb.org/.
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2.11. Mass spectrometry

Proteomic analysis was performed using an LTQ-Orbitrap Velos
(Thermo Scientific) instrument operating with a nanoelectrospray
source (nano-ESI). Positive ionization and data dependent acquisition
after high-energy collisional dissociation (HCD) were set up.
Chromatographic separation was performed using an EASY-nLC system
utilizing C18 capillary columns. MS/MS spectra were analyzed using
PEAKS Studio (v. 5.3, Bioinformatics Solutions Inc.). Mass tolerances
were set to 1.2 Da for MS and 0.6 Da for MS/MS spectra. One missed
cleavage site was allowed for trypsin, and cysteine carbamidomethy-
lation (457 Da) was applied as a fixed modification. As variable
modifications, methionine oxidation (+16 Da) and the phosphoryla-
tion of serine, tyrosine, and threonine residues (+79 Da) were set up.
The protein list was annotated using Blast2GO, and association net-
works were constructed using the STRING database [31].

2.12. Statistical analysis

All the results are presented as the mean * standard deviation
(SD). The overall significance was determined by Student's t-test.
Differences between the groups were considered statistically significant
atp < 0.05.

3. Results

Nitric oxide modulates the growth and death of the fungus P. bra-
siliensis in a dose-dependent manner.

We have previously shown that different levels of NO (sub-toxic or
toxic concentrations) can induce distinct responses within P. brasiliensis
[5]. Initially, we investigated the intracellular NO levels in P. brasiliensis
yeast treated with 0.25 and 1 mM NO, for 5hat 37 °C (in mYPD pH
5.6). In both conditions tested, we detected the presence of intracellular
NO, and the peak of the 1 mM NO showed 4 times more NO than the
control (Fig. 1A). To better understand this type of stimulus in P. bra-
siliensis, logarithmically growing yeast cells were cultured in RPMI
media for 24 h and subsequently treated with different concentrations
of NO (0.25 or 1 mM) in vitro for 5 h at 37 °C in pH 5.6 in the presence or
absence of the NO scavenger cPTIO (30 mM, Sigma-Aldrich, St. Louis,
MO, USA). We observed a decrease in cellular viability in yeast cells
preincubated for 5 h with higher concentrations of NO (1 mM) (Fig. 1B).
Yeast cells preincubated with low concentrations of NO (0.25 mM) re-
sponded with significant cell proliferation (3.2 * 0.29 x 10° CFU)
compared to unstimulated controls (1.8 + 0.16 x 10° CFU) (Fig. 1B).
These data confirm our previous results [5]. However, the treatment of
P. brasiliensis yeast cells with low levels of NO (0.25 mM) in the pre-
sence of the NO scavenger cPTIO (30 uM) inhibited fungal proliferation,
while the treatment of yeasts cells with 1 mM NO in the presence of
cPTIO inhibited cellular death (Fig. 1B). These data demonstrate the
involvement of NO in both modulating cell proliferation (at sub-toxic
concentrations) and cell death (at toxic concentrations).

To confirm the participation of sub-toxic concentrations of NO in
the process of cell proliferation, we evaluated the expression of the
PCNA (proliferating cell nuclear antigen) gene, a marker of cell pro-
liferation [32]. Thus, mRNA samples were prepared from yeast treated
with low concentrations of NO in the presence or absence of the cPTIO,
and RT-qPCR was performed. We observed a strong increase in the
PCNA mRNA levels of P. brasiliensis after treatment with 0.25 mM NO.
On the other hand, the PCNA expression in P. brasiliensis yeast cells
stimulated with low concentrations of NO and preincubated with
cPTIO, was similar to that observed in the controls without stimuli
(Fig. 1C). These data confirm our previous observations that NO and
Ras are able to stimulate cell proliferation in P. brasiliensis.

Ras GTPase proteins are activated by several stimuli in response to
stress, including heat shock and fungal virulence [8,33]. Thus, we
evaluated Ras activation in response to nitrosative stress. We used the
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Fig. 1. (A) Measurement of intracelular levels of NO in Paracoccidioides treated
with NO,. Yeast cells were treated with two different concentrations of NO,
(0.25 or 1 mM) at 37 °C, in the presence of PBS or DAF-2DA (5uM) and ana-
lyzed in flow cytometer. The results are expressed as mean fluorescence in-
tensity of DAF-2A. (B) Pb18 yeast cells were seeded in a 6-well culture plate
subjected to a 24-h period of starvation with RPMI medium, pretreated with or
without 30 pM cPTIO (NO scavanger) and stimulated with 0.25 or 1 mM NO, at
pH 5.6 for 5 h at 37 °C. Treated cells were cultured in the mYPD medium (n = 4
each point) and after 4 days the fungal growth was determined by counting in a
Neubauer chamber. (C) Relative levels of PCNA mRNAs determined by real-
time qPCR in P. brasiliensis yeast cells. Pb18 yeast cells were pretreated with or
without 30 uM cPTIO and stimulated with 0.25 or 1 mM NO, at pH 5.6 for 5h at
37 °C. Gene specific-primer was used for this reaction, and the change in
transcriptional levels was calculated by the AACt method with two house-
keepers (B-TUB and 18S). Statistically significant samples are indicated
(*p < 0.05; **p < 0.01 and ***p < 0.001). The results are representative of
three independent experiments.

RBD (Byr2)-GST probe (produced in a previous study [5]) to assess the
ability of high concentrations (toxic) of NO to activate Ras. Ras activity
was determined in P. brasiliensis yeasts exposed to 1, 2 or 4 mM NO for
60 min. We observed that high concentrations of NO induced Ras ac-
tivation. Under these conditions, the peak activation was observed with
4mM NO (Fig. 2A). Thus, to verify the kinetics of activation of Ras in
nitrosative stress, a concentration of 4 mM of NO was used for in-
creasing periods of time. Early Ras activation was observed after 15 min
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Fig. 2. Ras is activated by high concentrations of NO and participates in the
virulence of P. brasiliensis. (A) Pb18 yeast cells were cultivated in modified YPD
for 5 days at 37 °C, subjected to a 24-h period of starvation with RPMI medium.
Yeast cells were incubated with different concentration of NO (1, 2 and 4 mM -
in mYPD, pH 5.6) at 37 °C. After cell lysis, Ras activation was determined using
the RBD (Byr2)-GST fusion protein, which binds with high affinity to the GTP-
associated form of Ras. Ras-GTP (active) and total Ras (50 ug total protein)
were assayed by western blots probed with a mouse monoclonal anti-Ras an-
tibody. (B) Yeast cells were incubated with 4 mM NO (in mYPD pH 5,6) at 37 °C
for increasing periods. Ras activity assay was performed same as (A). Western
blots are representative of three independent experiments performed. (C)
Colony-forming units (CFU) of lungs from infected BALB/c mice with P. brasi-
liensis after 30 days post infection. Groups of mice (6 animals each) included
only infected (Control) or infected with yeast pretreated with FPT inhibitor III
Data were analyzed using Student's t-test. Error bars correspond to the standard
deviation of measurements performed in triplicate, and asterisks show sig-
nificant differences (***p < 0.001).

of stimulation with NO (Fig. 2B). Maximal Ras activation was observed
after 60 min of incubation (Fig. 2B). In longer times (up to 5h) the Ras
activation was not observed (data not show). Additionally, the fungal
protein extract was incubated with glutathione-Sepharose beads alone
(negative control) and analyzed by Western blot, but no reaction was
observed (data not shown). The protein loading of the samples used in
the Ras activity assay observed by Coomassie blue staining of the SDS-
PAGE gel were fairly homogeneous. Therefore, nitrosative stress in-
duced by NO promoted guanine nucleotide exchanges in the critical
cellular signaling Ras in P. brasiliensis.

Ras of P. brasiliensis is important for the response of fungi that
survived in the host.

Ras pathways are involved in the regulation of virulence in
Cryptococcus neoformans [7] and Candida albicans [8,9]. To verify the
importance of Ras in the survival response of the fungus in the host, a
pathogenicity test of P. brasiliensis was performed before and after
treatment with the Ras inhibitor (FPT inhibitor III). BALB/c mice were
inoculated intratracheally with yeast cells preincubated in the presence
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or absence (control) of the Ras inhibitor. In this experiment, all the
infected animals were euthanized after 30 days of infection; the lungs
were isolated and macerated, and the material was loaded onto sup-
plemented BHI plates. After 10 days, the plates were analyzed and the
CFUs counted (Fig. 2C). Animals infected with yeast cells plus inhibitor
showed significant reductions in the fungal cell numbers in their lungs,
as demonstrated by the reduced CFUs/g of tissue recovered from this
group compared to that recovered from the positive control (untreated
infected group) (p < 0.05) (Fig. 2C). Therefore, these data indicate
that Ras GTPase is required for the pathogenicity of P. brasiliensis.

3.1. High concentrations of NO promote Ras S-nitrosylation in P.
brasiliensis

S-nitrosylation is a posttranslational modification (PTM), which
occurs from the covalent attachment of NO to a cysteine residue to form
an S-nitrosothiol (SNO) [34]. The small GTPase Ras was one of the
earliest described regulatory targets of S-nitrosylation [35]. In a pre-
vious study, we demonstrated that Rasl of P. brasiliensis shows a pu-
tative S-nitrosylation site localized in Cys123 [5]. Thus, we evaluated
whether Ras would be nitrosylated under high concentrations of NO.
After analysis using the Biotin Switch Technique (BST) assay, we found
that yeast cells stimulated with high concentrations of NO (4 mM) for
60 min exhibited a rapid increase in the S-nitrosylation levels in Ras
(Fig. 3). These findings suggested that high levels of NO induce Ras
activation through its S-nitrosylation.

3.2. Ras modulates the expression of genes involved with redox regulation

We evaluated if Ras modulates the expression of genes related to the
response to redox stress. For this, we treated the fungus with a high
concentration of NO (4 mM) in the presence and absence of a Ras in-
hibitor (FPT inhibitor III). In yeast cells treated with NO, a significantly
high expression of SOD1, SOD2, TRX1, TRX2, GR, CAT, AOX and YHB
genes was found (Fig. 4). FPT inhibitor III exerted its inhibitory effects
on SOD1, SOD2, TRX1, TRX2, GR and YHB expression (Fig. 4A, B, C, D,
E e F). This indicates that the induction of the expression of these genes
requires full activation of the Ras pathway in P. brasiliensis. In Fig. 4, we
observed that the genes showed increased expression. The induction of
these genes ranged between 2- to 5-fold after treatment with NO
(4 mM) (Fig. 4A, B, C, D, E e F). However, when we treated the samples
with a Ras inhibitor, the expression decreased. Under these conditions,
we did not observe significant changes in the mRNA expression levels of
the PbCAT gene (data not shown). On the other hand, AOX expression
was increased after stimulation with high concentrations of NO
(Fig. 4G). However, the participation of Ras in the regulation of AOX
expression was negative. These data demonstrate that Ras modulates
some genes involved in the response to nitrosative stress.

3.3. Isolation of Ras protein complexes from P. brasiliensis after nitrosative
stress

We used mass spectrometry to analyze proteins that associate with

- — - Ras-SNO
;MMMM Ras total
0 15 30 60 min(NOMsh)

Fig. 3. High concentrations of NO induce S-nitrosylation of Ras. Pb18 yeast
cells were incubated with 4 mM NO at 37 °C for increasing periods. Cell extracts
were analyzed by the biotin-switch technique (see the Materials and Methods
sections for details), and western blots were probed with anti-Ras antibody.
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Ras in P. brasiliensis yeast cells treated with NO. Ras complexes were
isolated using the RBD (Byr2)-GST assay that detects the activated form
of Ras, and the associated proteins were excised and digested with
trypsin. The resulting peptides were analyzed using LC-tandem mass
spectrometry (MS/MS) and assigned to specific proteins with the
Mascot search engine. The mass spectrometry analysis identified both
Byr2-RBD (Ras Binding Domain) fragment peptides (167 peptides) and
the Ras protein (20 peptides), thus confirming that the probe can in-
teract with Ras. In addition, in the group of peptides of Byr2 (desig-
nated Stell), both peptides that are part of the probe used in the assay
and other regions of the protein were identified (Fig. 5A). These data
indicate that under this condition, the native Byr2 may be part of the
redox signaling pathways triggered by Ras.

As shown in Table 2, 11 protein kinases were identified in asso-
ciation with Ras. All the kinases identified were previously reported to
interact with Ras from S. cerevisiae as identified by the iGPS algorithm
[36]. Among the kinases identified, we detected the MAP kinases Ste7
(Byrl) and Hogl, which act upstream of the cascade involving Byr2
(Stell). Thus, we hypothesize that this signaling pathway would be
involved in the response of P. brasiliensis triggered by NO activation
induced by Ras.

+ FPT Il (50 uM)
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Fig. 4. Relative expression of the protein-encoding
genes of redox response in P. brasiliensis yeast cells.
Quantitative RT-PCR of RNA isolated from Pb18
grown in mYPD for 5 days. Yeast cells were treated
with high concentrations of NO (4 mM) in the pre-
sence or absence of the Ras inhibitor (FPT III 50 uM).
Gene-specific primers of (A) SOD1, (B) SOD2, (C)
TRX1, (D) TRX2, (E) YHB, (F) GR and (G) AOX were
used for each reaction. The change in transcriptional
levels was calculated by the AACt method with two
housekeepers (B-TUB and 18S). Data are presented as
fold changes in gene expression levels in the sample
of interest normalised to the housekeepers. Error
bars represent = SD of n =3 by Student's t-test
(xp < 0.05; #xp < 0.01 and **xxp < 0.001).

NOPhigh

+ FPT Il (50 pM)
+ NObigh

+ FPT Il (50 pM)
+ NOhigh

3.4. Cross-talk between Ras and Hogl pathways in P. brasiliensis

To determine whether the exposure of yeast cells to high levels of
NO activated the Hogl protein, we analyzed the activation of Hogl by
Western blotting with an antibody specific for the phosphorylated form
of Hogl. As shown in Fig. 5B, high levels of NO (4 mM) induce a rapid
phosphorylation of Hogl when compared with the controls. Thus, we
investigated whether Ras interacts with Hogl after stimulation with
high concentrations of NO in P. brasiliensis. For this, the RBD (Byr2)-
GST probe was used to evaluate the interaction of Ras-GTP and Hogl.
This assay was conducted in P. brasiliensis lysates using the RBD (Byr2)-
GST probe followed by antibodies against Hogl. When P. brasiliensis
was stimulated with high concentrations of NO, we observed that Hogl
interacts with the activated form of Ras (GTP-Ras) and that this inter-
action occurred biphasically with peaks at 30 and 60 min after stimu-
lation with 4 mM NO (Fig. 5C). We spotted serially diluted cell sus-
pensions onto YPD plates, incubated the plates at 37 °C for 7 days and
assessed the cellular survival under nitrosative stress. We observed that
the yeast cells treated with both Hogl inhibitor and the control, ex-
hibited comparable levels of cellular survival (Fig. 5D). However, the
survival was diminished in the yeast treated with high levels of NO. We
also examined the cellular survival in cells treated with high levels of
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ISKRVEASTVLGSGANLGGGAGHLHRPSLQGSVYWMAPEVVRQTAHTKKADIWSLGCLVVEMFIGAHPFPDCSQLQAIFAIGSNQA
RPPPPENASKEAMAFLDMTFEINHEKRPSADELLSSPFLKQAMP
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Fig. 5. Cross-talk between Ras and Hog1 pathways in P. brasiliensis. (A) Sequence deduced from the protein Byr2 (Ser/Thr kinase - dual specificity mitogen-activated
protein kinase dSOR1) (PADG_02230) of P. brasiliensis. The boxes indicate fragments obtained by mass spectrometry for the Byr2 protein from the samples incubated
with the RBD (Byr2)-GST probe. The Ras Binding Domain (RBD) region of the protein is indicated in yellow. (B) Yeast cells were incubated with 4 mM NO (in mYPD
pH 5,6) at 37 °C for increasing periods. Hogl phosphorylation and total Hogl (50 g total protein) levels were assayed by western blots probed with a mouse
monoclonal anti-phospho-Hog1 (Thr 171 and Tyr 173) and anti-Hog1 antibodies, respectively. (C) P. brasiliensis yeast cells were stimulated with 4 mM up to 60 min at
37 °C. After pulldown assay with RBD (Byr2)-GST probe, association with Ras was detected using an anti-Hog1l antibody. (D) Yeast cells were pre-incubated for 24 h
with 50 uM FPT III before stimulation with 4 mM for 60 min at 37 °C. Hog1l phosphorylation and total Hogl (50 g total protein) levels were assayed by western blots
probed with a mouse monoclonal anti-phospho-Hog1 (Thr 171 and Tyr 173) and anti-Hog1 antibodies, respectively. (E) Spot assay under nitrosative stress before and
after treatment with Hog1 inhibitor (10 uM). A total of 2 x 10° P. brasiliensis yeast cells were cultivated in modified YPD for 5 days at 37 °C, subjected to a 24-h
period of starvation with RPMI medium. Yeast cells were preincubated with Hogl inhibitor (10 uM) and incubated with 4 mM NO for 5h. Cells were spotted on
mYPD and allowed to grow for 7 days. The results shown are representative of three independent experiments.

NO plus a Hog1 inhibitor, which reduced growth when compared with
the sample treated with NO (Fig. 5D). These results showed that the
inhibition of Hogl decreased cellular survival under nitrosative stress,
suggesting that the Hogl activation impedes cell death under ni-
trosative stress. Finally, we evaluated whether FTP inhibitor III ex-
posure inhibits the Hogl phosphorylation. We observed Hogl activa-
tion after treatment with NO, but the Ras inhibitor caused a decreased
in the phosphorylation of Hogl upon NO exposure (Fig. 5E). Thus, all
these data indicate that the Ras and Hog-1 pathways may cross-talk in
response to nitrosative stress in P. brasiliensis.

4. Discussion

Phagocytic cells generate potent ROS and RNS, which are toxic to

most fungal pathogens [37]. However, some fungi have an efficient
response that detoxifies these chemicals and repairs the molecular da-
mage that they cause. This response helps fungal pathogens to survive
their initial contact with the host immune system, which is predicted to
be an important mechanism of virulence and is crucial for establishing
disease [22,38]. NO homeostasis, based on the balance between NO
synthesis and degradation, is important for regulating its physiological
functions, since an excess of NO causes nitrosative stress due to the high
reactivity of NO and NO-derived compounds [39]. In general, NO has
toxic effects at higher concentrations. The cytotoxic effects caused by
excessive levels of NO occur through various mechanisms, such as an
increase in metal toxicity [40] and the promotion of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)-targeted proteolysis by metacas-
pase through the S-nitrosylation of GAPDH [41,42]. On the other hand,



P.M. Conceigdo, et al.

Table 2

Kinases identified by LC-MS/MS.
D? Protein Peptides Coverage
PADG_05489 Rasl 20 17.69%
PADG_02153 Hogl 7 19.41%
PADG_02230 Byr2 28 27.33%
PADG_05980 Byrl 12 42.64%
PADG_00597 Sckl 7 7.30%
PADG_01178 STE20/YSK 14 20.35%
PADG_01368 Gad 8 11 18.16%
PADG_02485 CMGC/CK2 4 23.44%
PADG_02880 Kin 1 24 28.05%
PADG_04970 CKI 9 23.57%
PADG_07240 Tim 23 20 20.20%
PADG_07652 CAMK1-CMK 13 25.21%

@ Accession numbers from Paracoccidioides brasiliensis genes http://www.
fungidb.org/.

fungi contain several NO detoxification systems, including NO dioxy-
genase (NOD) and S-nitrosoglutathione reductase (GSNOR) [43]. In this
study, we examined the response of P. brasiliensis yeast cells to ni-
trosative stress. In our attempt to understand the biological pathways
that may be targets for NO, since this free radical shows signaling
properties [44], we found that the Ras GTPase and Hogl pathways play
central roles in the responses to nitrosative stress.

Several studies have reported the strong involvement of the Ras
protein in response to stress, differentiation and fungal growth after
different stimuli [33,45,46], including oxidative stress [47], but the
relationship of Ras activation to the nitrosative stress response in fungi
has not yet been demonstrated. In mammalian cells, RNS are known to
be involved in Ras-dependent cell proliferation [48,49]. Previous data
from our group demonstrated that low levels of NO induce cell pro-
liferation of P. brasiliensis in a Ras-dependent manner [5]. We devel-
oped a specific probe to detect Ras activation (Ras-GTP form) under
stimulus with sub-toxic concentrations of NO, and this activation may

Plasma Membrane
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induce the PKA pathway.

Using the same probe, we demonstrated that a high concentration of
NO induces the activation of Ras and consequently the expression of
different genes involved in the redox response. Ras can be activated by
NO due to S-nitrosylation [5,35,49-53]. S-nitrosylation is a reversible
posttranslational modification derived from the interaction of NO with
the thiol group of specific cysteines [54]. Redox regulation of Ras
GTPases occurs in a redox-active cysteine (X) present in a conserved
NKXD motif [55]. In P. brasiliensis, there is a putative site of S-ni-
trosylation in Rasl, Cys123 [5]. Several studies have shown that NO
reacts with Ras through Cys 118 (Cys nitrosylable in mammalian cells)
to promote nucleotide exchange and, consequently, Ras activation
[56-58]. Thus, NO can increase Ras downstream signaling through the
mitogen-activated kinase pathway [35]. The ability of Ras to induce
different pathways is widely known. Previously, we showed that Ras
participates in cell proliferation stimulated by low concentrations of NO
[5], but in this study, we observed that high concentrations are also
able to activate Ras. In addition, we detected that Ras was S-ni-
trosylated in both conditions, but the levels of Ras S-nitrosylation ob-
served in this study were higher. These phenomena, apparently con-
tradictory, can be explained by the dual role that NO exerts in cell
signaling [59,60]. NO is a gaseous messenger that affects various bio-
logical functions, either at low concentrations as a signal transducer in
many physiological processes or at high concentrations as a cytotoxic
defense mechanism against pathogens that can also have a role in sig-
naling processes [47]. In this sense, we propose that the Ras-dependent
response to nitrosative stress occurs concomitantly with the inhibition
of the PKA pathway, as hypothesized by Brown et al. [22], thus re-
leasing the pathway to trigger the stress response genes.

In this study, using the RBD (Byr2)-GST pull-down assay associated
with mass spectrometry, we also detected some kinases interacting with
Ras-GTP under NO treatment. Among the kinases identified by mass
spectrometry, we highlight Stell (designated Byr2 in S. pombe), Ste7
(Byrl) and Hogl. Interestingly, these kinases are part of a signaling
pathway involved in the response to different stress types [33]. Hogl is
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Fig. 6. A model of the cellular response to nitrosative stress in P. brasiliensis. NO induces the Ras activation by S-nitrosylation, which leads to mitogen-activated
protein kinase-dependent phosphorylation (Byr2-Byrl-Hogl), and consequently induces the expression of antioxidant genes.
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a component of a highly conserved MAP kinase pathway involved
classically in osmo-adaptation in other yeasts [61,62]. In C. albicans,
this MAP kinase (MAPK) is activated by the MAP kinase (MAPKK) Pbs2
(designated Ste7 in S. cerevisiae), which in turn is activated by a single
MAP kinase kinase (MAPKKK), Stell [33,63,64]. In addition, the Hogl
pathway is also known as an important defense mechanism against
oxidative stress [65,66]. Our data revealed the activation mechanism
for Hogl during NO-induced nitrosative stress in P. brasiliensis (Fig. 6).
Recently, Herrero-de-Dios et al. [67] also showed that Hogl MAPK
contributes to nitrosative stress resistance in C. albicans.

Mechanisms to detoxify RNS are broadly conserved, since they are
found in organisms ranging from bacteria to humans [68]. Fungi con-
sume NO primarily by a flavohaemoglobin, nitric oxide dioxygenase
(Yhb1), which is present in the cytosol and mitochondrial matrix and
indirectly participates in the oxidative stress [69]. As expected, the
communication between signaling pathways, which respond to oxida-
tive or nitrosative stress, seems to share some components [22]. MAPK
are ubiquitous components in the response to almost any stresses im-
posed on cells [21,70,71]. We observed that after Ras inhibition, some
genes involved in oxidative (e.g., TRX, SOD, and GR) and nitrosative
(YHB1) stress responses decreased their expression after treatment with
high concentrations of NO. The response of C. albicans to oxidative
stress is primarily mediated by Capl (AP-1 like) and Hogl signaling
[20,72-74], while the resistance to nitrosative stress is dependent on
the transcription factor Cta4 [75]. In Sporothrix spp., it was also ob-
served that the signaling pathway to oxidative stress is conserved and
that Capl also participates in this response [76]. Thus, our data suggest
that nitrosative stress activates cross-talk between the Ras-Hogl
pathway that probably mediates the activation of AP-1 and Cta4 tran-
scription factors in P. brasiliensis (Fig. 6).

Cross-talk between the Ras and Hogl pathways has been confirmed
in S. cerevisiae, C. albicans and Beauveria bassiana [77-83]. However, in
these different studies, it was verified that the types of responses, ac-
tivation or inhibition of Ras, varied according to the stimulus. Ras
pathway signaling is a critical virulence determinant in pathogenic
fungi [8,84], and therefore, this pathway has been explored as a po-
tential target for novel antifungal therapies [84]. Finally, based on all
this evidence, our findings provide the first insight into the significance
of Ras-GTPase and Hogl MAPK pathways for the P. brasiliensis adap-
tation to nitrosative stress.
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