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A B S T R A C T

Oxygen is fundamental to the life of aerobic organisms and is not always available to Paracoccidioides cells.
During the life cycle stages, reduced oxygen levels directly affect general metabolic processes and oxygen
adaptation mechanisms may play a fundamental role on fungal ability to survive under such condition. Heme
proteins can bind to oxygen and participate in important biological processes. Several fungi, including
Paracoccidioides, express a heme-binding globin (fungoglobin - FglA) presumable to regulate fungal adaptation to
hypoxia. However, the characterization of fungoglobin in Paracoccidioides spp. has not yet been performed. In
this study, we predicted the structure of fungoglobin and determined its level of expression during hypoxic-
mimetic conditions. Genomic screening revealed that the fungoglobin gene is conserved in all species of the
Paracoccidioides genus. Molecular modeling showed biochemical and biophysical characteristics that support the
hypothesis that FglA binds to the heme group and oxygen as well. The fungoglobin transcript and proteins are
expressed at higher levels at the early treatment time, remaining elevated while oxygen is limited. A P. brasi-
liensis fglA knockdown strain depicted reduced growth in hypoxia indicating that this protein can be essential for
growth at low oxygen. Biochemical analysis confirmed the binding of fungoglobin to heme. Initial analyzes were
carried out to establish the relationship between FlglA and iron metabolism. The FglA transcript was up regu-
lated in pulmonary infection, suggesting its potential role in the disease establishment. We believe that this study
can contribute to the understanding of fungal biology and open new perspectives for scientific investigations.

1. Introduction

Fungi of the Paracoccidioides genus are responsible for a life-threa-
tening infection in humans, causing a systemic mycosis known as
paracoccidioidomycosis (PCM). The disease is restricted to Latin
America and Brazil has the highest number of cases (Martinez, 2017;
Restrepo et al., 2001). The lung is the gateway to infection and when
conidia or mycelial propagules are inhaled, they differentiate into yeast
cells establishing the disease (Brummer et al., 1993). Depending on the
predisposition of the host, the fungal infection may be limited to the
lung or progress to a systemic mycosis (Bagagli et al., 2008; Brummer
et al., 1993), with an estimated occurrence of 3360 to 5600 new cases

per year (Martinez, 2017). PCM is the first leading cause of death
caused by systemic mycosis in Brazil (Prado et al., 2009).

Despite being considered an obligate aerobe, fungi of the genus
Paracoccidioides experience oxygen‐limiting conditions in their ecolo-
gical niche and in host tissues (Bagagli et al., 2008; Fortes et al., 2010).
Oxygen is an elemental molecule that participates in metabolic pro-
cesses of aerobic respiration, and is required for the biosynthesis of
sterols, heme group, fatty acids and ascorbic acid in aerobic micro-
organisms (Rocha, 2007). Oxygen concentration is reduced in decom-
posing organic material layers, as well as in the mammalian lungs, the
site of PCM infection (Grahl et al., 2011; Hanslin et al., 2005). The O2

concentration ranges from 11% to > 1% under conditions of systemic
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normoxia, while lower oxygen levels that have been described in tu-
mors and wounds characterize hypoxic (Arnold et al., 1987; Carreau
et al., 2011; Dewhirst, 1998; Simmen et al., 1994).

Metabolic and respiratory adaptations are required for
Paracoccidioides cells to survive in those environments, and key proteins
play an important role in this response. Thus, oxygen-sensing me-
chanisms induce metabolic responses that enable fungi to adapt to low
levels of O2. Studies of the occurrence of hypoxia in fungal infections
have shown severe changes in metabolism, morphology, transcriptional
activities, and virulence of the fungal cells (Blatzer et al., 2011; Chang
et al., 2007; Hoot et al., 2008; Lima et al., 2015; Synnott et al., 2010;
Todd et al., 2006; Vik and Rine, 2001; Willger et al., 2008; Dubois and
Smulian, 2016). It has been demonstrated that Paracoccidioides lutzii
undergoes metabolic changes due to oxygen limitation. At first, proteins
from glycolysis, TCA and mitochondrial electron transport chain de-
creased. However, after 24 h, glycolysis and mitochondrial electron
transport chain are reestablished, and gluconeogenesis, the GABA
shunt, and beta-oxidation pathways increased. In contrast, proteins
from the TCA cycle remain poorly expressed (Lima et al., 2015).

In most human pathogenic fungi, hypoxia sensitization occurs
through Sterol Responsive Element Binding Proteins - SREBPs (Blatzer
et al., 2011; Chang et al., 2007; Lima et al., 2015; Todd et al., 2006;
Willger et al., 2008; Dubois and Smulian, 2016) or the UPC2 tran-
scription factor (Hoot et al., 2008; Synnott et al., 2010; Vik and Rine,
2001), both involved in the expression of hypoxic genes that are related
to lipid, ergosterol and heme biosynthesis, ethanol production and iron
metabolism. The P. lutzii SREBP, known as PlSrbA, was characterized as
responsive to hypoxic stress in a previous study (Lima et al., 2015).

Heme-binding proteins may be important in oxygen metabolism
because of the high-affinity binding of oxygen and iron. Heme (proto-
porphyrin IX) bound to the iron ion is the most abundant and widely
used prosthetic group for metalloporphyrins. The heme group is cap-
able of transporting electrons between proteins during respiration, O2

storing, iron storage and transport. In addition, globin-bound heme acts
as sensors during oxygen deprivation (Hoogewijs et al., 2012; Poulos,
2014). Fungi express flavohemoglobins and S-type globins (Vinogradov
et al., 2007). Remarkably, fungi of the order Onygenales, such as
Paracoccidioides spp., express only the S-type globins (sensor globins),
which contains a single domain sensor globin (Hoogewijs et al., 2012).

A fungal heme-protein, named fungoglobin (FglA), was identified in
Aspergillus fumigatus as responsive to low oxygen stress. The A. fumigatus
fglA transcriptional response occurs during the onset of hypoxic stress.
Additionally, FglA was characterized as an important growth regulator,
which was confirmed by the fglA gene deletion (Hillmann et al., 2014).
Therefore, the general aim of this work was to identify and characterize
critical elements for the adaptive response to hypoxia, in particular,
FglA, in members of the Paracoccidioides complex. For the character-
ization of FglA, molecular dynamics was used to determine the Para-
coccidioides protein 3D model and its levels of expression during oxygen
limitation were evaluated. In addition, FglA function in Paracoccidioides
brasiliensis was assessed by silencing of this gene, performed via Agro-
bacterium tumefaciens-mediated transformation (ATMT) and antisense
RNA technology. A P. brasiliensis fglA knockdown strain exhibited
growth impairment in hypoxia, corroborating the idea that fungoglobin
is important for growth in microaerobic environments. Biochemical test
confirms that fungoglobin binds to heme. Initial analyzes were carried
out to establish the relationship between FlglA and iron metabolism, as
well as during infection. We believe that this molecule may be neces-
sary for the fungal adaptation to infection.

2. Materials and methods

2.1. Ethics statement and mice

This study was conducted in strict accordance with the ethical
principles of animal research adopted by the Brazilian Society of

Laboratory Animal Science and the Brazilian Federal Law 11,749
(October 2008). The project was approved by institutional Ethics
Committee on Animal Use of the Universidade Federal de Goiás (re-
ference number 089/17). Male BALB/c mice, aged 6–8 weeks, were
purchased from the Animal house of the Instituto de Patologia Tropical
e Saúde Pública – UFG, and were kept in the Animal Facilities in the
Laboratório de Biologia Molecular of the Departamento de Bioquímica e
Biologia Molecular, Instituto de Ciências Biológicas, Universidade
Federal de Goiás.

2.2. In silico analysis

The nucleotide sequence of fglA was retrieved from the
Paracoccidioides spp. genome available at the National Center for
Biotechnology Information database (https://www.ncbi.nlm.nih.gov/
assembly/?term=Paracoccidioides). This database holds the full gen-
omes of all five Paracoccidioides species (P. lutzii, P. brasiliensis, P.
americana, P. venezuelensis and P. restrepiensis). Globin sequences of the
A. fumigatus A1163 database (http://www.aspergillusgenome.org),
Ajellomyces dermatitidis (https://www.ncbi.nlm.nih.gov/assembly/?
term=Ajellomyces%20dermatitidis) and Coccidioides immitis (https://
www.ncbi.nlm.nih.gov/assembly/?term=Coccidioides%20immitis)
were downloaded. Online algorithms used to predict protein domains
were applied from InterPro [https://www.ebi.ac.uk/interpro/; (Finn
et al., 2017)]. The WoLF PSORT [https://www.genscript.com/wolf-
psort.html; (Horton et al., 2007)] and the TargetP 1.1 server [http://
www.cbs.dtu.dk/services/TargetP/; (Emanuelsson et al., 2007)] were
used to predict cell localization. Post-translational O-glycosylation sites
were predicted by the NetOGlyc 4.0 Server [http://www.cbs.dtu.dk/
services/NetOGlyc/ (Steentoft et al., 2013)]. To determine the identity
of the proteins among the species, the Basic Local Alignment Search
Tool on NCBI site [BLAST - https://blast.ncbi.nlm.nih.gov/Blast.cgi
(Altschul et al., 1990)] was employed. A cladogram was constructed by
multiple sequence alignments using CLUSTALX2. The cladogram was
generated by the neighbor-joining method and visualized by TreeView
software (Page, 1996; Saitou and Nei, 1987; Thompson et al., 1997).
Robustness of branches was estimated using 10,000 bootstrapped re-
plicates.

2.3. Protein molecular modeling

A structural model of the putative fungoglobin of P. brasiliensis
(GenBank accession number XP_010756372.1) was predicted by in silico
analysis. The amino acid sequence was submitted to homology mod-
eling in the I-TASSER server (Yang et al., 2014; Yang and Zhang, 2016).
To determine the architecture of FglA by homology, a crystal structure
model was retrieved from the Protein Data Bank, and the TM-score
algorithm evaluated the similarities. The COFACTOR (Zhang et al.,
2017) and COACH (Yang et al., 2013) algorithms were used to predict
functional regions and protein binding sites, respectively. For the
structural analysis, the PyMOL molecular visualization program (The
PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC) was
used.

Molecular dynamics (MD) simulation was performed by GROMACS
5.1 software (Pronk et al., 2013) using the AMBER force field (ff99SB-
ILDM). For energy minimization, the limit of 1000 kJ/mol was used.
For the equilibrium of the thermodynamic variables of the system, si-
mulations of 100 picoseconds of NVT (constant number of particles,
volume, and temperature) and 100 picoseconds of NPT (constant
number of particles, pressure, and temperature) were performed. Then,
the temperature was adjusted by the thermostat to 300 K and main-
tained throughout the simulation (Pronk et al., 2013). In the NPT si-
mulation, where the volume is allowed to vary, the pressure was
maintained by the Parrinello-Rahman barostat (Hutter, 2012). Fol-
lowing these steps, the protein was subjected to the simulation of
100 ns, temperature of 300 K, pressure of 1 atm, and time interval of
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2 fs, without conformation restriction. The trajectory was analyzed by
the root mean square deviation (RMSD) and the root mean square
fluctuation (RMSF) through the gromos algorithm. RMSF is used to
verify the fluctuation of amino acid residues of the protein over time.
The g_cluster program (GROMACS package) was used to determine the
conformations that were present during the simulation, with a cut-off of
0.5 nm to differentiate the conformational sets based on the RMSD
profile. We observed the conformational profile of the protein
throughout the simulation via cluster analysis (Pronk et al., 2013).

For the analysis of the quality of the generated models, we used the
MolProbity server through Ramachandran plots, the general score of
the molecule (score molProbity) and the clash score. We compared the
structure of the protein before and after the MD with the MolProbity
server (Chen et al., 2010).

2.4. Strains and culture conditions

Yeast cells of P. brasiliensis, strain 18 (ATCC 32069), P. lutzii, strain
01 (ATCC MYA-826), and P. brasiliensis fglA silenced strains were used
in this work. The cells were maintained in BHI solid medium containing
4% (w/v) glucose for 3 or 5 days at 36 °C and strains were grown in
liquid BHI for 72 h at 36 °C. Hypoxia-mimetic conditions were per-
formed as described in Lima and collaborators (Lima et al., 2015). P.
brasiliensis was submitted to normoxia/hypoxia, and the cells were
collected in the time-interval of 5 min to 48 h. For hypoxic conditions, a
gas incubator (Multi-Gas Incubator MCO-19 M−UV, Panasonic Bio-
medical) was used. The oxygen levels were maintained with the set
point of 1% O2, 5% CO2, and 94% N2. Normoxic conditions were ap-
plied according to general atmospheric levels within the lab (~21%
O2). Depleted iron conditions were obtained according to Parente and
contributors (Parente et al., 2011) with modifications. After grown in
liquid BHI at 36 °C for 72 h, P. brasiliensis yeast cells were transferred to
MMcM liquid medium containing 50 μM of the iron chelator bath-
ophenanthroline disulfonate (BPS) or 10 μM of ammonium iron(II)
sulfate [Fe(NH4)2(SO4)2] for iron deprivation and control samples, re-
spectively. To prevent protein glycosylation, the fungal cells were cul-
tured in BHI medium containing 50 μM OSMI-1 (Sigma-Aldrich;
Jaskiewicz and Townson, 2019) in normoxia and hypoxia for 72 h at
36 °C.

2.5. Gene sequencing

The yeast cells of P. brasiliensis and P. lutzii were resuspended in
STES buffer [0.2 M Tris-HCl pH 7.2, 0.5 M NaCl, 10 mM EDTA, 0.1%
(w/v) SDS] supplemented with RNAse (1 µg/mL). Then, the cells were
disrupted by vigorous mixing with glass beads in a beadbeater appa-
ratus subjected to three cycles of 30 s at maximum speed. Samples were
kept on ice. After lysis, genomic DNA extraction was performed ac-
cording to standard procedures (Sambrook and Russel, 2001). Oligo-
nucleotides were constructed according to the complete deduced se-
quence of fglA gene (the sequences of the primers are listed in the topic
Expression and purification of recombinant PbFglA). The gene was am-
plified by polymerase chain reaction (PCR), using the genomic DNA as
template. Amplification was confirmed by visualization of a single PCR
product on 1% agarose gel with 665 bp (data not shown). Then, 5 μL of
the PCR product was treated with 1 μL of the exonuclease I: shrimp
alkaline phosphatase mix (1:9) (GE Healthcare), and incubated at 37 °C
for 90 min and a subsequent incubation at 80 °C for 20 min. Thereafter,
the sequencing reaction was performed with the BigDyeTM reagent
(Applied BiosystemTM) and the system was subjected to capillary elec-
trophoresis in the automated sequencer ABI 3100 Genetic Analyzer
(Applied BiosystemTM). The results were analyzed by the software
Chromas Lite© 2.1.1 and Clustal X 2.1 (Larkin et al., 2007).

2.6. Yeast cells recovered from infected lung mice: bronchoalveolar samples

P. brasiliensis yeast cells recovered from bronchoalveolar lavage of
infected mice were performed according to Pigosso and collaborators
(Pigosso et al., 2017). Male BALB/c mice were infected by intranasal
administration with 105 yeast cells of P. brasiliensis in 100 μL of 0.9%
(w/v) NaCl saline buffer. After 12 h of infection, the cells were re-
covered by bronchoalveolar lavage and immediately used for RNA ex-
traction as described below. Control RNA was obtained by incubation of
P. brasiliensis cells in liquid BHI medium at 37 °C for 12 h.

2.7. RT-qPCR

For all experiments of RT-qPCR, the total RNA was extracted using
TRIzol (TRI reagent, Sigma-Aldrich, St. Louis, MO, USA). Samples were
treated with DNase (RQ1 RNase-free DNase, Promega) followed by in
vitro reverse transcription (SuperScript III First-Strand Synthesis Super
Mix; Invitrogen, Life Technologies). Oligo(dT) was used for the an-
nealing of the template-primer. cDNAs were submitted to a quantitative
real time PCR assay (qPCR) with a SYBR Green PCR Master Mix reagent
(Applied Biosystems, Foster City, CA) in a StepOnePlus machine
(Applied Biosystems Inc.). Oligonucleotides were designed for the P.
brasiliensis (PbfglA) gene (PbfglA-F: 5′-CCATCAATGGCCGTACTATCA-3′;
PbfglA-R: 5′-GGCTCCATCTTCTTCGGTAAA-3′; GenBank accession
number XP_010756372.1). P. brasiliensis alpha-tubulin (Pbtub-F:
5′-CCCACGAATCCAACTCTGTTAT-3′; Pbtub-R: 5′- and GGAGACAGGT
TGCCATGTATT-3′; GenBank accession number XP_010763621.1) and
P. brasiliensis enolase (Pbeno-F 5′-GATTTGCAGGTTGTCGCCGA-3′;
Pbeno-R 5′-TGGCTGCCTGGATGGATTCA-3′ GenBank accession number
XM_010761399.1) were used as reference genes. Relative expression
levels of genes were calculated using the standard curve method for
relative quantification (Bookout et al., 2006). Standard curves were
generated by 1/5 dilution of the cDNA solution. Data were expressed as
the mean and standard deviation of the biological triplicates of in-
dependent experiments. Statistical analysis was performed using the
Student’s t-test and p-values ≤ 0.05 were considered statistically sig-
nificant.

2.8. Purification and spectrophotometric analysis of recombinant PbFglA

The empty pET-32a vector (Novagen, Madison, WI, USA) was used
to construct the pET-32a::PbfglA plasmid. The coding sequence of
PbFglA was amplified with the specific primers PbFglA-F (5′-CGGGAT
CCATGTCAGCCATCAATGG-3′) and PbFglA-R (5′- GGCGGCCGCTCAA
TCCAACTCCGGCTTCTCT-3′) and cloned into the BamHI-NotI sites in
the pET-32a vector (BamHI and NotI sites are underlined). The trans-
formation of Escherichia coli BL21 (DE3) was carried out using standard
procedures. Freshly colonies were picked and cultured in LB medium
supplemented with ampicillin (0.1 mg/mL). For protein expression,
overnight cultured bacteria were first diluted 100-fold in fresh LB
medium with ampicillin and cultured with agitation at 37 °C until
O.D.600 ~ 0.6. Isopropyl β-D-1-thiogalactoside (IPTG; Sigma-Aldrich, St
Louis, MO, USA) solution was added at a final concentration of 0.5 mM
to induce protein expression for 2 h. Bacteria were collected, and so-
luble proteins were extracted by lysozyme incubation (500 μg/mL) for
2 h, followed by cell sonication. The solubilized material was recovered
by centrifugation at 8000g for 15 min. Bacterial overexpressed re-
combinant FglA (rFglA) was purified using Ni2 + NTA affinity chro-
matography (Sigma-Aldrich). Protein concentration was determined by
the Bradford method (Bradford, 1976) and purity, size, and identity of
rPbFglA protein were evaluated using a 12% SDS-PAGE and in-gel
protein digestion (Rezende et al., 2011) followed by LC-MS/MS (Lima
et al., 2015).

UV–VIS spectra of the recombinant PbFglA was used to determine
its biding to hemin. PbFglA and reduced PbFglA (100 µM sodium hy-
drosulfite, for 1 h at room temperature; Sigma-Aldrich, USA, Ref. N°
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71699) was incubated in the absence or presence of 100 µM hemin
(Sigma-Aldrich, USA, Ref. N° H9039) for 1 h at room temperature.
Absorbances data were recorded in a SpectraMax® Paradigm® Multi-
Mode Detection Platform (Molecular Devices, Austria).

2.9. Mice immunization

We used the purified rFglA protein to generate anti-FglA polyclonal
antibodies in male BALB/c mice. Mice were immunized by sub-
cutaneous injection of 10 µg of protein (in 50 µL of 1X PBS) with 50 µL
of complete Freund’s adjuvant in the first immunization. Subsequent
injections were maintained with the same sample proportions but with
incomplete Freund’s adjuvant. Animal was boosted twice at 1-weeks
intervals and with the same amount of antigen. One week after the last
boost, the serum containing polyclonal antibodies to rFglA was ali-
quoted and stored at −20 °C. Pre-immune serum was obtained.

2.10. Immunoblotting

Hypoxic and normoxic proteins extracts of P. brasiliensis or rFglA
protein were loaded (40 μg) on 12% SDS-PAGE. After gel separation,
proteins were stained with Coomassie Blue R or transferred to Hybond
ECL membrane (GE Healthcare). Subsequently, membranes were in-
cubated with PBS, added 10% (w/v) non-fat milk, and 0.1% (v/v)
Tween 20 (PBS-T) for 2 h to block non-specific sites. Then, membranes
were incubated with anti-FglA polyclonal antibodies diluted 1:150 in
PBS-T for 2 h. Membranes were washed in PBS-T, followed by in-
cubation with phosphatase-conjugated secondary antibody (1:1000) in
the dark and at room temperature for 1 h. Labeled detection was carried
out using 5-bromo-4-chloro-3-indolylphosphate–nitroblue tetrazolium
(BCIP-NBT). Raw Tiff images were analyzed by densitometric analysis
of immunoblotting bands using the ImageJ software.

2.11. Construction of fglA P. brasiliensis silenced strains by antisense RNA
and characterization of mutants

The silencing of fglA in P. brasiliensis was performed by the antisense
RNA technique using an ATMT technology (Almeida et al., 2007; Bailão
et al., 2014; Parente-Rocha et al., 2015; Silva et al., 2020). Oligonu-
cleotides were constructed to generate the antisense DNA from P. bra-
siliensis and the fragment of the aRNA oligonucleotide targeting was
amplified with the specific primers asPbfglA-F (5′CCGCTCGAGCGGCT
ATCACCCACATCGATGA3′) and asPbfglA-R (5′GGCGCGCCTATGTCCT
TGGCTGATTGG 3′) produced a fragment of 119 bp. The PbfglA anti-
sense fragment was cloned into the pCR35 plasmid under the control of
the CBP-1 (calcium binding protein) promoter from Histoplasma cap-
sulatum (Rappleye et al., 2004). After propagating in E. coli the cassette
containing CBP1 promoter-AS was sub cloned into a pUR-750 plasmid
(Torres et al., 2014). A recombinant control was obtained by transfor-
mation of P. brasiliensis with the empty vector. The Agrobacterium tu-
mefaciens strain LBA1100 was cultured in induction medium (IM) at
O.D.660 ~ 0.8 containing antibiotics (kanamycin 100 µg/mL, specti-
nomycin 250 µg/mL, rifampicin 20 µg/mL, and acetosyringone 0.4 M)
and, after that, co-cultivated with P. brasiliensis (1:1 and 1:10, ratio).
Following this step, transformants were selected in BHI containing
hygromycin (Sigma-Aldrich, USA) at 75 µg/mL and randomly selected
clones were confirmed for silencing by RT-qPCR.

To characterize the function of FglA in low oxygen concentrations
yeast cells of the wild type (WT), those harboring empty vector (EV)
and fglA silenced strain (AsFglA) were cultured in BHI plates at 36 °C for
5 days in normoxia or hypoxic-mimetic conditions, as described above.
After this time, the cells were collected for determining viability by
staining with 1 µg/mL (w/v) propidium iodide (Sigma-Aldrich, USA).
The samples were analyzed in a fluorescence microscope (Zeiss
Axiocam MRc – Scope A1).

3. Results and discussion

3.1. Fungoglobins are present in members of the Paracoccidioides complex

Globins are important heme-proteins able to bind to O2 and thus
play an important role in aerobic organisms, acting in processes like
respiration, oxidative energy conversion, detoxification of reactive
oxygen species and intracellular signaling (Burmester and Hankeln,
2014). Globins also operate as sensors of oxygen levels (Hoogewijs
et al., 2012). In the human pathogenic fungus A. fumigatus, fungoglobin
(AfFglA) was described as an important protein for the adaptation to
hypoxic stress, which is connected to fungal growth (Hillmann et al.,
2014). Several proteins are regulated in Paracoccidioides spp. in re-
sponse to hypoxia (Lima et al., 2015), and the characterization of the
Paracoccidioides FglA protein has not been established yet. Therefore,
we sought to identify a putative globin-hypoxic responsive protein,
FglA, in members of the Paracoccidioides genus. The sequence of the
AfFglA gene (GenBank accession number AFUB_004020) contains 282
aa and was searched against the genomic database of Paracoccidioides
spp. As a result, we identified a homologous gene in P. brasiliensis - Pb18
(GenBank accession number XP_010756372.1), P. americana - Pa03
(GenBank accession number EEH19835.1,), P. venezuelensis - Pv300
(GenBank accession number ODH38897.1), P. restrepiensis - PrCNH
(GenBank accession number ODH50562.1), but not in P. lutzii - Pl01
(Fig. 1A). The analysis revealed 27% identity on the amino acid level
with AfFglA, although structural similarity with protoglobin from
Anaeromybacter sp. was predicted to be 70%, as shown below. Then, the
deduced amino acid sequences of the protein and their domains were
characterized. The InterPro search revealed the presence of protoglobin
domains (Pfam family number PF11563; Fig. 1A), which consists of a
single globin domain conserved from Archaea (Nardini et al., 2008). It
has been noted that domains of the protoglobin family are part of the
superfamily of hemoglobins and they act as an oxygen level sensor
granting the access of O2 to the heme by apolar tunnels (Nardini et al.,
2008; Zhang and Phillips, 2003). Interestingly, the amino acid histidine
(H in Fig. 1A) is conserved among species and possibly acts as an anchor
for the heme prosthetic group (Frausto da Silva and Williams, 2001;
Kaim et al., 2013).

Previous phylogenetic analysis of genomes of 165 fungi species
identified putative globins and revealed the presence of S-globin only in
the P. americana species (Hoogewijs et al., 2012). Through a detailed
analysis, we identified the genomic sequence in four out of five species
of the Paracoccidioides genus. Ascomycetes, Onygenales and Pezizo-
mycetes do not express flavohemoglobins. Instead, they code only for
sensor-type globins (Hoogewijs et al., 2012). Due to the presence of S-
globins in P. brasiliensis, P. venezuelensis and P. restrepiensis, we carried
out a comprehensive survey of Onygenales protein phylogenetic re-
lationships, including P. americana, P. brasiliensis, P. venezuelensis, P.
restrepiensis, A. dermatitidis, C. immitis and A. fumigatus as outgroup
belonging to the Eurotiales order (Fig. 1B). These results highlight the
evolutionary similarities among Paracoccidioides species, as well as the
globins of fungi belonging to the Onygenales order.

Subsequently, in order to verify the presence/absence of the fglA
gene in P. lutzii, oligonucleotide primers were constructed using the
complete P. brasiliensis-fglA (PbfglA) gene as a template, and the PCR
reaction was performed with P. lutzii gDNA as template. The result
pointed to a DNA fragment in P. lutzii of identical size to P. brasiliensis
fglA (an amplicon of 665 base pairs) (data not shown). Then, the PCR
products were subjected to DNA sequencing. Sequence alignment
(Supplementary Fig. 1) demonstrated that the genes were identical
between the two Paracoccidioides species. Furthermore, the deduced P.
lutzii amino acid sequence contains the conserved protoglobin domain
and the histidine residue, like the other Paracoccidioides species. The
GenBank accession number of the gene reported here is MK895509.

The P. brasiliensis FglA amino acid sequence was submitted to sev-
eral algorithms in order to predict the protein subcellular localization.
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Results suggested that FglA is cytoplasmatic (data not shown).
Regarding the Gene Ontology (GO) classification, we obtained in-
formation that PbFglA participates in biological process, such as oxygen
transport (GO: 0015671) and molecular functions related to heme (GO:
0020037), oxygen (GO: 0019825) and iron-binding (GO: 0005506).

3.2. Molecular modeling of P. brasiliensis fungoglobin a (PbFglA) predict its
interaction with heme and oxygen

Initially, we aimed to characterize the three-dimensional structure
of PbFglA. The PDBID:5ohe crystal of Anaeromyxobacter sp. Fw109-5
(Fig. 2) was used as a structure model. We obtained a TM-score of 0.71
(SD ± 0.12) for the PbFglA predicted structure. According to the
COFACTOR and COACH algorithms, the modeled protein presented the
heme group as the primary ligand (70% of confidence); it was possible
to identify the heme binding site (Fig. 2A). The PbFglA model was
predicted to have molecular function of heme- and oxygen-binding
(88% of confidence), biological process related to oxygen transport
(88% of confidence) and responsiveness to chemical stimuli (58% of
confidence).

Molecular dynamics was performed to correct possible errors in the
predicted structure. Supplementary Fig. 2 evidences the quality of the
molecular dynamics. The Ramachandram plot (Supplementary Fig. 2A)
showed 81.2% of amino acid residues in favorable regions and 91.1% in
allowed regions before molecular dynamics simulation. Supplementary
Fig. 2B shows that after molecular dynamics 92.5% of the residues were
in favorable regions and 98.6% in allowed regions. These results in-
dicate an improvement of the predicted protein structure.
Supplementary Fig. 2C shows the cluster plot with the most

representative conformational groups at each time-step of the simula-
tion. We found 3 main clusters along the molecular dynamic’s trajec-
tory. In Supplementary Fig. 2D, the RMSD plot shows the mean de-
viation of the initial-time structure until the final time of the
simulation, disregarding hydrogen atoms. RMSF plot (Supplementary
Fig. 2E) shows the residues that were most flexible along the molecular
dynamics (peaks in the graph), and in Supplementary Fig. 2F, the
flexible regions are highlighted in red. The molecular dynamics in-
creased confidence in the prediction of the three-dimensional structure
of PbFglA.

Molecular dynamics resulted in a refined PbFglA structure (Fig. 2A).
A detailed analysis of the amino acids showed significant similarities
between the 5hoe crystal and PbFglA, highlighting important char-
acteristics of the structure and its function. PbFglA amino acid residue
HIS137 is predict as an anchor for heme binding (Fig. 2B). This residue
is conserved in the 5hoe crystal (HIS99), as predicted in the sequence
analyzes shown in Fig. 1A. This data is supported by structural analyzes
of heme proteins available in the PDB (Protein Data Bank) that revealed
that cysteine, histidine, phenylalanine, methionine, and tyrosine as the
most frequent residues in heme anchorage (Li et al., 2011). Re-
markably, the heme group binds to histidine more frequently (Li et al.,
2011), and the presence of histidine as an anchor is an intrinsic feature
of globins (Frausto da Silva and Williams, 2001; Kaim et al., 2013). In
addition, the amino acid residues of the 5ohe crystal VAL98 and ILE95
that correspond to the amino acids VAL133 and ILE136 of the fungo-
globin model possibly assist in the stability of the molecule binding to
Fe(II), as represented in the Fig. 2B. The analysis showed the PbFglA
tyrosine residue (TYR60) that potentially acts by interacting with the
oxygen molecule (Fig. 2C). This residue is related to the uptake,

Fig. 1. Alignment and phylogenetic analysis of the fglA gene. (A) Sequences from Paracoccidioides spp. (P. venezuelensis- Pv300 - ODH38897.1, P. brasiliensis - Pb18 -
XP_010756372.1, P. restrepiensis – PrCNH - ODH50562.1, P. americana - Pa03 - EEH19835.1), A. dermatitidis - Ad - XP_002625170.1, C. immitis - Ci- XP_001244432.1
and A. fumigatus- Af - AFUB_004020 were used. The domains of protoglobin (Pfam family number PF11563) are featured in light gray. “H” indicates a putative
histidine residue capable of binding to the heme group. (B) Cladogram comparing the FglA amino acid sequences of Paracoccidioides spp., A. dermatitidis, C. immitis,
and A. fumigatus. Neighbor joining tree was used for displaying phylogenetic tree. The numbers above branches indicate bootstrap support values of neighbor joining
(bootstrap repeat is 10,000).
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stabilization and permanence of the oxygen connected to the heme
molecule - mutation in this amino acid in Anaeromyxobacter sp. Fw109-
5 prevents oxygen uptake (Nardini et al., 2008; Stranava et al., 2017).
Another important finding was that PbFglA ARG103 acts similarly to
the 5ohe crystal LEU68, potentially controlling the entry and exit of the
heme group within globular protein structures (Fig. 2D) (Stranava
et al., 2017).

3.3. FglA recombinant protein and polyclonal antibodies production
allowed the identification of FglA in the fungus proteome

To produce the FglA recombinant protein (rFglA) and polyclonal
antibodies, the FglA was expressed in E. coli. The overproduction of the
recombinant protein fused to TrxA in bacteria and its purification were
carried out (Supplementary Fig. 3A). The rFglA was injected into male
BALB/c mice for polyclonal antibodies production (Supplementary
Fig. 3B). Analysis of the MS/MS spectra confirmed the expression of
FglA (Supplementary Fig. 4, Supplementary Table 1). The molecular
mass of the native FglA was 60 kDa, higher than that of the predicted
protein, which was 25 kDa (Supplementary Fig. 5A). In this way, we
searched for post-translational modifications by using online algorithms
and we found three O-glycosylation sites for FglA. To verify the gly-
cosylation effect on the molecular mass of the native FglA, we cultured
P. brasiliensis in an environment that inhibits general protein O-glyco-
sylation using OSMI-1 (Jaskiewicz and Townson, 2019). To verify the
effects of OSMI-1 on P. brasiliensis growth, the yeast cells were grown in
liquid BHI for 72 h at 36 °C in 96-weel plate and their viability was
determined using a 0.02% resazurin solution (data not shown). Im-
munoblotting confirmed the O-glycosylation and the predicted mole-
cular size with or without glycosylation, revealing FglA with molecular
sizes of 60 and 25 kDa, respectively (Supplementary Fig. 5A and 5B).

3.4. O2 influences PbFglA levels

Yeast cells of P. brasiliensis were subjected to normoxic and hypoxic
environments to quantify the expression of the PbfglA in oxygen-lim-
iting conditions through RT-qPCR. The RNAs were extracted from yeast
cells in normoxia and hypoxia during early and late times (5 min,
15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 9 h, and 12 h). Fig. 3A shows that fglA
expression is regulated by hypoxia after 1 h of treatment (p-
value ≤ 0.01 and fold ≥ 1.5) and remains upregulated upon oxygen
limitation. The transcriptional response of fglA occurs within the first
15 min of hypoxic stress in A. fumigatus (Hillmann et al., 2014). In
addition, the PbFglA levels were analyzed by immunoblot assay using
anti-FglA polyclonal antibodies. Data show that in hypoxia at 12, 24,
and 48 h the accumulation of PbFglA was higher than in normoxia
(Fig. 3B). The increased protein accumulation indicates that FglA ef-
fectively participates in oxygen deprivation adaptation. Protein levels
of FglA increase over time also in normoxia (Fig. 3B), suggesting ad-
ditional regulatory mechanisms other than oxygen levels. The observed
increase also in normoxia is possibly due to the simultaneous response
to different stimuli. Since FglA is predicted to bind heme, the most
likely is that iron content could be the responsible for this behavior.
Scientific evidences of that relationship between FglA and iron is dis-
cussed in topic below.

To continue the investigation, P. brasiliensis yeast cells were sub-
mitted to re-oxygenation. For this, yeast cells were incubated up to 4 h
in oxygen-limiting conditions followed by re-oxygenation and incuba-
tion for 4 additional hours. Control cells were submitted to normoxia.
Fig. 4 shows that the fglA transcript was 2-fold induced during hypoxia
(until 240 min). When cells were re-oxygenated (~21% O2), this
overexpression remained during the first 2 h (2-fold, time point
360 min) but then decreased to levels found during normoxia. This
result demonstrates that PbFglA expression is oxygen dependent with
increase or decrease in expression according to its availability. Alto-
gether, these data suggest an important role of the FglA in response to

Fig. 2. Modeling the predicted FglA. (A) P. brasiliensis fungoglobin patterned by homology (gray), with the heme group (green) and the oxygen atom O2 (red) in the
probable binding site. (B) Amino acid residues involved in the interaction with the heme group. The HIS137 is the key residue in the interaction with the iron of the
heme group. (C) Site of the interaction of the heme group. The amino acid TYR45 (5ohe) and TYR60 (PbFglA) are responsible for the interaction with oxygen. (D)
Amino acids LEU68 (5ohe) and ARG103 (PbFglA) control the entry and exit of the heme group.
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hypoxia.

3.5. Fungoglobin deficiency promotes reduction in yeast cells growth in low-
oxygen environments

According to results above, PbfglA is regulated during the lack of O2.
To demonstrate the effects of FglA in P. brasiliensis cell biology, we
obtained mutant strains by the antisense RNA technology. The method
provided FglA-knocked-down strains in P. brasiliensis yeast cells, as
demonstrated by RT-qPCR (Fig. 5A). We selected a 62% silenced strain,
as demonstrated by RT-qPCR of yeast cells in hypoxia, (Fig. 5A). The
silenced strain presented a 62% level of transcript expression in hy-
poxia, compared to normoxia. Indeed, the hypoxia sensitive phenotypes
were visible at low O2 concentration in silenced strains as compared to
WT and to the Empty Vector (EV), as depicted in Fig. 5B. As a result,
growth was visually affected in silenced strains of P. brasiliensis, in-
dicating that FglA is fundamental for the development of the fungus in

hypoxia. Viability analysis was performed at 5 days-point of growth and
reveals that most cells remains viable (Supplementary Fig. 6). This re-
sult reinforces that the growth defect is linked to FglA deficiency and
not to cell death. Similar results were found in A. fumigatus in which
strains deleted for FglA presented lower growth in hypoxic environ-
ments (Hillmann et al., 2014).

3.6. PbFglA is an iron responsive

After checking the hypoxia response profile, initial analyzes were
carried out to investigate the relationship of FglA with iron ion.
Immunobloting analyzes during nomoxia/hypoxia (Fig. 3B) showed an
increase in the levels of FglA in normoxia, suggesting that the protein
not only responds to oxygen levels, but also to other elements. Our
hypothesis was that FglA is responsive to iron since heme/hemeproteins
may be a major connector between the availability of oxygen and iron
metabolism by interacting with both elements. The predicted heme-
binding site was conserved in Pb18 as demonstrated by in silico analyzes
(Figs. 1 and 2) and, therefore, we first checked experimentally the heme
binding capacity of this protein. Spectrophotometric analyzes were
performed and the UV–VIS spectrum from recombinant purified protein
exhibited an absorbance profile like that of purified hemin (Fig. 6A).
When reduced, FglA does not bind to hemin. Likewise, in A. fumigatus,
fungoglobin has the capacity to bind to hemin (Hillmann et al., 2014).
Bacteria and fungi can use hemin as a sole source of iron for growth
(Desai et al., 1995; Foster, 2002), just like Paracoccidioides (Bailão et al.,
2014).

In addition, RT-qPCR was performed to quantify the PbfglA tran-
script levels during iron deprivation to verify the relationship of fglA
and iron availability. PbfglA was upregulated during the first 6 h of iron
depletion, suggesting a role of this protein during this stress condition
(Fig. 6B). An important host defense strategy is to limit the availability
of iron to extracellular pathogens by intracellular sequestration (Ganz,
2009), Paracoccidioides can survive iron deprivation (Parente et al.,
2011). The suggestion that fungoglobin can obtain iron from heme must
be investigated in future works. In contrast, the transcriptional ex-
pression of PbfglA decreased at 12 and 24 h (Fig. 6B). We believe that at
later times other mechanisms of iron metabolism are more active, such
as hemoglobin uptake (Bailão et al., 2014), expression of siderophores
(Silva et al., 2020; Silva-Bailão et al., 2014) or activation of the re-
ductive pathway (Bailão et al., 2015). These mechanisms have been
reported to occur in the Paracoccidioides genus.

Fig. 3. Fungoglobin transcript and protein expression in P. brasiliensis under hypoxia. (A) Kinetics of the fglA transcript expression during hypoxia determined
by RT-qPCR. The student's t-test was used to determine the level of significance, where “*” indicates differentially significant expression (p ≤ 0.01) among three
biological replicates. The dotted line represents 1.5 fold. (B) Protein levels of FglA during hypoxia determined by western blot assay. The native FglA shows a
molecular mass of 60 kDa. The Student's t-test was used to determine the level of significance, where “*” indicates differentially significant expression (p ≤ 0.01).
Raw Tiff images were analyzed by densitometric analysis of immunoblotting bands using the ImageJ software.

Fig. 4. O2-dependent gene expression of P. brasiliensis fglA. The graphs
display the kinetics of PbfglA expression during the re-oxygenation of the en-
vironment determined by RT-qPCR. Three independent replicates were per-
formed. Student's t-test was used to determine the level of significance, where
“*” indicates differentially significant expression (p ≤ 0.01). The data were
normalized using the constitutive gene encoding alpha-tubulin (GenBank ac-
cession number XP_010763621.1) as reference.
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3.7. Fungoglobin transcription is upregulated in P. brasiliensis during
murine lungs infection

Paracoccidioides spp. faces several adverse conditions in host and
can adapt to them as demonstrated in vitro and in vivo (Camacho and
Niño-Vega, 2017; Chaves et al., 2017, 2019; de Curcio et al., 2017;
Grossklaus et al., 2013; Lima et al., 2014, 2015, Parente et al., 2011,
2013, 2015; Parente-Rocha et al., 2015; Pigosso et al., 2017; Portis
et al., 2020; Rodrigues et al., 2016). Pulmonary concentrations of
oxygen and iron may influence the onset of infection, and we hy-
pothesize that fungoglobin may play a role in the survival of the fungus.
In lung oxygen levels are lower than atmospheric levels (Carreau et al.,
2011; Grahl et al., 2011; Grahl and Cramer, 2010) and iron supply

directly influence the inflammatory and infections process (Zhang et al.,
2019). It is known that, at the first 6 h of intranasal inhalation, Para-
coccidioides cells are able to establish pulmonary infection (Pigosso
et al., 2017). Thus, we decided to verify whether fglA is induced in P.
brasiliensis during murine lung infection. To evaluate the expression of
fglA in an in vivo model, we infected male BALB/c mice with viable P.
brasiliensis yeast cells. After 12 h of intranasal infection, we performed
bronchoalveolar lavage recovering the fungi. As depicted in Fig. 7, the
levels of fglA transcript were increased approximately 3-fold in yeast
cells infecting mice lungs. This finding suggests that during the onset of
the infectious process FglA can be activated by both, oxygen, and iron
levels. This hypothesis could be reinforced, considering that in vitro
tests at 6 h show fglA transcript increase of approximately 5-fold during

Fig. 5. P. brasiliensis silencing of fglA gene via A. tumefaciens-mediated transformation (ATMT). A) Relative quantification performed by RT-qPCR of silencing
level with PbFglA-aRNA cultured in normoxia and hypoxic-mimetic conditions. The transcript level of PbWT transformed with the empty vector (EV) was also
quantified and used as control. The enolase gene (GenBank accession number XM_010761399.1) was used as the reference. The Student's t-test was used for statistical
comparisons. * p < 0.05 and **** p < 0.0005. The graph shows an average representation of the EV under normoxia and hypoxia. Results were not statistically
significant. B) Cells of P. brasiliensis (WT), EV and the silenced clone for FglA (AsFglA) were collected at density of 106 cells and spotted on the plate with solid BHI
media, followed by culturing in normoxia and hypoxia for 5 days.

Fig. 6. Fungoglobin is a heme-protein and responds to iron. (A) Absorbance spectra from purified recombinant FglA in the oxidized (red) and reduced state
(blue) following addition of hemin. Controls were obtained: oxidized hemin (purple), only FglA (yellow), resin (orange) and resin plus hemin (green). (B) Kinetics of
PbfglA expression in iron deprivation determined by RT-qPCR. The Student 's t-test was used to determine the level of significance, where “*” indicates differentially
significant expression (p ≤ 0.01). The dotted line represents 1.5-fold.
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hypoxia (Fig. 3A) and around 10-fold in iron deprivation (Fig. 6B). Low
oxygen levels are found during fungal infections (Grahl et al., 2012;
Grahl and Cramer, 2010) reaching concentrations below 1% (Grahl
et al., 2011) and levels of iron increase the susceptibility of mice to
infection by P. brasiliensis (Parente et al., 2011). Taking into account
that Paracoccidioides survives to hypoxia (Lima et al., 2015) and iron
starvation (Parente et al., 2011), possibly fungoglobin can play an im-
portant role in the pathophysiology of the Paracoccidioides spp. disease.

4. Conclusions

Decreasing oxygen to critical levels induces Paracoccidioides spp. to
establish strategies for survival. In this work, we demonstrated that a
fungoglobin of P. brasiliensis, FglA, is prominently expressed upon hy-
poxia, suggesting that this protein presents a role in oxygen limiting
conditions. In addition, the relationship between FglA and iron meta-
bolism was initially evidenced. In a murine pulmonary PCM, the tran-
script increased. In agreement to the significance of this protein in
oxygen deprivation, we demonstrated that a strain silenced for the gene
presented growth impairment in hypoxic conditions. Altogether, the
results showed the relevance of the Paracoccidioides spp. fungoglobin
protein to its pathophysiology.
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