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a r t i c l e i n f o

Article history:
Received 9 January 2019
Accepted 22 March 2019
Available online 2 April 2019

Keywords:
Paracoccidioides lutzii
Macrophages
Interaction
Serine proteinase
Fructose-1,6-Bisphosphate aldolase
* Corresponding author. Laborat�orio de Biologia
Bioquímica e Biologia Molecular, Instituto de Ciênc
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Paracoccidioidomycosis (PCM), caused by thermodimorphic fungi of the Paracoccidioides genus, is a
systemic disorder that involves the lungs and other organs. The adherence of pathogenic microorganisms
to host tissues is an essential event in the onset of colonization and spread. The hostepathogen inter-
action is a complex interplay between the defense mechanisms of the host and the efforts of pathogenic
microorganisms to colonize it. Therefore, the identification of fungi proteins interacting with host pro-
teins is an important step understanding the survival strategies of the fungus within the host. In this
paper, we used affinity chromatography based on surface proteomics (ACSP) to investigate the in-
teractions of pathogen proteins with host surface molecules. Paracoccidioides lutzii extracts enriched of
surface proteins were captured by chromatographic resin, which was immobilized with macrophage cell
surface proteins, and identified by mass spectrometry. A total of 215 proteins of P. lutzii were identified
interacting with macrophage proteins. In silico analysis classified those proteins according to the pres-
ence of sites for N- and O-glycosylation and secretion by classical and non-classical pathways. Serine
proteinase (SP) and fructose-1,6-bisphosphate aldolase (FBA) were identified in our proteomics analysis.
Immunolocalization assay and flow cytometry both showed an increase in the expression of these two
proteins during hostepathogen interaction.

© 2019 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
Paracoccidioides spp. is a complex of thermodimorphic fungi,
composed of five species in the genus: Paracoccidioides brasiliensis,
P. lutzii, Paracoccidioides americana, Paracoccidioides restrepiensis
and Paracoccidioides venezuelensis [1,2]. These are the etiological
agents of paracoccidioidomycosis (PCM), an endemic mycosis in
Latin America. PCM is initiated by the inhalation of airborne
mycelia fragments/conidia of members of the Paracoccidioides
genus, which are present in soil, and reach pulmonary alveoli when
transiting to the yeast form [3].

The adherence of pathogenic microorganisms to the host is an
essential step in the beginning of colonization and dissemination
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from the entry site to other tissues [4]. This hostepathogen inter-
action is a mutual action between the defense mechanisms of the
host and of the pathogenic microorganism's effort to circumvent
these defenses [5]. The adhesion process of Paracoccidioides spp. to
host tissues is a critical step in the development of infection, being
mediated by adhesins of the fungal cell surface, which often bind to
components of the extracellular matrix (ECM) [6].

Several studies have described adhesion molecules in the Par-
acoccidioides genus. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), located on the surface of many pathogens, is responsible
for facilitating colonization and invasion of host tissues by direct
interaction with host proteins [7]. In P. lutzii, GAPDH is located in
the cell wall. It is able to bind to laminin, fibronectin and type I
collagen, playing a role in the establishment of the disease [8].
Enolase, localized in P. lutzii cell walls, binds to plasminogen, acti-
vating it to plasmin, and thus contributing to the virulence of
P. lutzii, as previously described [9]. In addition, the recombinant
protein enolase is able to bind to the surface of macrophages,
d.
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enhancing the protein's role in interactionwith host cells and in the
promotion of adhesion [9,10]. A 30 kDa adhesin of P. brasiliensis,
named 14-3-3, was capable of binding to laminin, and the adhesion
of yeast cells was inhibited by the pre-treatment of epithelial cells
with the recombinant protein [11]. This protein had increased
levels in the fungus cell wall during interaction with host cells,
which suggests it may be involved in hosteparasite interactions
[12]. Another protein involved in hostepathogen interaction is
elongation factor-Tu (EF-Tu), which is present at the P. brasiliensis
surface and binds to fibronectin and plasminogen. Furthermore, the
protein participates in fungal interaction (attachment/invasion)
with pneumocyte cells [13].

During the process of host invasion, lung-resident macrophages
are the first lines of defense faced by Paracoccidioides spp. In vitro
experiments showed that yeast cells are phagocytosed by macro-
phages where they can replicate and survive [14]. Even being
phagocytosed, P. brasiliensis conidia can bypass the barriers
imposed by macrophages, thus allowing their survival and,
consequently, replication within these cells [14]. Fungal dissemi-
nation is limited by activated macrophages during the early stages
of infection due to the production of high levels of TNF-a [15] and
nitric oxide (NO) [16] by these cells.

Paracoccidioides spp. interaction with host cells is a crucial step
in the evolution of the infection process. The large-scale identifi-
cation bymeans of proteomics of the surface-interacting proteins of
fungi is a new field with few publications. Proteomic studies were
employed to identify plasminogen-binding proteins in members of
the Paracoccidioides complex [17]. In addition to the previously
described enolase [9], we characterized fructose 1,6-biphosphate
aldolase (FBA), which binds to plasminogen and converts it to
plasmin, potentially increasing the fibrinolytic capacity of the
fungus. In that study, the interaction between macrophages and
P. lutzii was reduced by the addition of the recombinant FBA or
polyclonal antibodies directed to the recombinant molecule,
decreasing the fungus adhesion and invasion processes [17]. During
incubation with macrophages, in an ex vivo study model, super-
oxide dismutase (SOD; PADG_07418), thioredoxins (THX;
PADG_02764 and PADG_03161) and cytochrome c peroxidase (CCP,
PADG_03163), involved in the oxidative stress response, were
induced in P. brasiliensis yeast cells [18]. Studies employing prote-
omic analysis of yeast cells recovered from bronchoalveolar lavage
of infected mice revealed a serine proteinase produced and
secreted by P. brasiliensis during infection of mouse lungs. Poly-
clonal antibodies against this protein reduced the fungal burden in
infected animals, suggesting this protein may act as a virulence
factor [19].

As stated above, proteomic studies leading to the identification
of potential molecules interacting with the host are still scarce in
fungi, and especially in the genus Paracoccidioides. The current
study allowed a large-scale identification of P. lutzii proteins that
interact with macrophage surface molecules, as performed by
proteomic analysis.

1. Materials and methods

1.1. Paracoccidioides strain and growth conditions

P. lutzii Pb01 yeast cells (ATCC MYA-826) were maintained in
Fava-Netto solid medium at 36 �C, for 7 days. For experiments,
fungal yeast cells were cultured for 48 h, at 36 �C and 120 rpm.

1.2. Biotinylation of macrophage surface molecules

Protocol previously described [20] was used with modifications.
Murine macrophage cells strain RAW 264.7 obtained from the cell
bank (Banco de c�elulas do Rio de Janeiro BCRJ/UFRJ, access number
0212) were maintained at 37 �C under 5% CO2, in RPMI 1640 me-
dium (Vitrocell, Brazil) supplemented with 10% [v/v] fetal bovine
serum (FBS) and 1% [v/v] non-essential amino acids solution (Sigma
Aldrich, Missouri, USA). Macrophages were collected by scraping,
and washed three times with ice cold PBS (pH 8.0). Subsequently,
they were resuspended at a concentration of 2.5 � 107 cells/mL in
PBS, and a solution of N-hydroxysuccinimide-glycol4 polyethylene-
biotin (biotin-PEG4-NHS) (Pierce, Rockford, IL) was added at 2 mM
and incubated at 4 �C for 30min. Thereafter, the macrophages were
washed three times with PBS and 100 mM of glycine. To confirm
the biotinylation of the macrophage surface molecules, an aliquot
of the treated cells was incubated with Avidin-fluorescein isothio-
cyanate (FITC-avidin) (BioLegend, San Diego, CA, USA) for 30 min at
37 �C. Likewise, non-treated cells were used as negative control.
Cells were visualized in a fluorescence microscope Axioscope A1
(Zeiss Axiocam MRc-Scope A1, Oberkochen, Germany).

1.3. Immobilization of biotinylated macrophage surface molecules

Macrophages subjected to biotinylation were lysed on ice with
occasional vortexing for 30 min in buffer composed of 16 mM
Triton X-100, 20 mM Tris-HCl pH 7.6, 150 mM NaCl, supplemented
with a mix of protease inhibitors (GE Healthcare, Piscataway, NJ,
USA), and the supernatant containing the biotinylated cell surface
proteins was collected. The resin NeutrAvidin agarose (Pierce,
Rockford, IL) was packed in a column; the supernatant above was
added, incubated at room temperature for 15 min and washed with
PBS. A solution of 3.4M biotinwas used to block non-linked agarose
resin. Finally, the column was washed with PBS five times.

1.4. Preparation of P. lutzii cell wall enriched protein extract

Yeast cells of P. lutzii were incubated in liquid Fava Netto's me-
dium for 72 h, at 36 �C and subsequently centrifuged. The extract
containing P. lutzii cell wall enriched protein extract was obtained
as described [21], using extraction buffer (50 mM Tris HCl pH 7.8,
69 mM SDS, 10 mM EDTA and 40 mM b-Mercaptoethanol). After
centrifugation, the amount of proteins in the supernatant was
measured by using the Bradford reagent (Sigma Aldrich, Missouri,
USA).

1.5. Capturing the P. lutzii proteins that interact with macrophage
surface molecules

The column containing the resin NeutrAvidin agarose was filled
with the supernatant containing biotinylated-macrophage surface
proteins. The column was used to capture the P. lutzii cell wall
enriched protein extract, as described [20]. An equal volume of
resin was blocked with 3.3 M biotin solution and placed in a
separate column as a negative control. A total of 100 mg of P. lutzii
cell wall enriched protein extract was added to these columns and
incubated at 4 �C for 60 min.

1.6. Digestion of protein extracts for nano-ESI-UPLC-MSE

acquisition

Enzymatic digestion of proteins was performed, as described
[22], with some modifications. Briefly, 50 mg of protein eluate
(previous item) was added to 50 mM ammonium bicarbonate pH
8.5. RapiGEST™ SF Surfactante (0.2% v/v) was used, followed by
adding dithiothreitol (DTT) (GE Healthcare, Piscataway, NJ, USA)
iodocetamide (GE Healthcare, Piscataway, NJ, USA). Proteins were
digested with 10 mL of trypsin 0.05 mg/mL (w/v) (Promega, Madison,
WI, USA) at 37 �C for 16 h. The peptides were incubated with 5% (v/
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v) trifluoracetic acid solution (Sigma-Aldrich, St. Louis, MO, USA),
followed by centrifugation at 18,000 g at 4 �C, for 30 min. The su-
pernatants were dried in a speed vacuum (Eppendorf, Hamburg,
Germany). All obtained peptides were suspended in 80 mL of a so-
lution containing 20 mM ammonium formiate and 250 fmol/mL of
PHB (Rabbit Phosphorylase B) (Waters Corporation, Manchester,
UK) (MassPREPTM protein).

Nanoscale LC separation of tryptic peptides was performed us-
ing a nanoACQUITY™ system (Waters Corporation, Manchester,
UK) equipped with a nanoEase™ 5 mm � BridgeTM BEH130C18
300 mm � 50 mm precolumn; trap column 5 mm, 180 mm � 20 mm
and BEH130C18 1.7 mm, 100 mm � 100 mm analytical reversed-
phase column (Waters Corporation, Manchester, UK). The pep-
tides were separated using a gradient of 3%, 10.8%, 14%, 16.7%, 20.4%
and 65% (v/v) acetonitrile, with a flow rate of 2000 mL/min. The lock
mass was used for calibration of the apparatus, using a constant
flow rate of 0.5 mL/min at a concentration of 200 fmol protein GFP
([Glu1]-Fibrinopeptide B human (Sigma-Aldrich, St. Louis, MO,
USA). Mass spectrometry analysis was performed on a Synapt G1
MS™ (Waters Corporation, Manchester, UK) equipped with a
nanoelectronspray source and two mass analyzers: a quadrupole
and a time-of-flight (TOF) operating in TOF V-mode. Data were
obtained using the instrument in the MSE mode, which switches
the low energy (6 V) and elevated energy (40 V) acquisition modes
every 0.4 s. Samples were analyzed from three biological replicates.

1.7. Data processing and protein identification

The mass spectrometer data that were obtained from the LC-
MSE analysis were processed and searched using the ProteinLynx
Global Server version 2.4 (Waters Corporation, Manchester, UK).
The processed spectra were searched against P. lutzii protein se-
quences (Broad Institute; http://www.broadinstitute.org/
annotation/genome/paracoccidioides_brasiliensis/MultiHome.
html) together with random sequences, as negative control. The
mass error tolerance for peptide identification was under 50 ppm.
The protein identification criteria also included the detection of at
least 2 fragment ions per peptide, 5 fragments per protein and the
determination of at least 1 peptide per protein; the identification of
protein was allowed with a maximum 4% false positive discovery
rate in at least three technical replicate injections.

Protein tables generated by ProteinLynx Global Server (PLGS)
were merged, and the dynamic range of the experiment was
calculated using the software program MassPivot v1.0.1 [22]. The
peptide and protein tables were compared using Spotfire® v8.0
(TIBCO Software Inc.) software, and suitable graphics were gener-
ated for all data.

1.8. In silico analysis

In silico analysis was performed using the Signal P 4.0 program
(http://www.cbs.dtu.dk/services/SignalP/) to predict signal pep-
tides (D-score � 0.45). For prediction of secretion by non-classical
routes, the Secretome P program was used (http://www.cbs.dtu.
dk/services/SecretomeP/- NN-score � 0.5). Subcellular localization
was predicted using WolfPSORT (http://www.genscript.com/psort/
wolf_psort.html). The TMHMM 2.0 version program (http://www.
cbs.dtu.dk/services/TMHMM/) was used to predict trans-
membrane regions. To identify proteins with a putative GPI anchor,
the big-P Fungal Predictor program was used (http://mendel.imp.
ac.at/gpi/fungi_server.html).

NetNGlyc 1.0 (http://www.cbs.dtu.dk/services/NetNGlyc/) was
used to predict N-glycosylation sites (score value � 0.5). For O-
glycosylation sites, the NetOGlyc 3.1 program (http://www.cbs.dtu.
dk/services/NetOGlyc/) was used (G-score � 0.5). The prediction of
adhesin-like proteins was performed using the Faapred tool (http://
bioinfo.icgeb.res.in/faap) [23] (e-value � �0.8). The identified
proteins were grouped into functional categories according to MIPS
Functional Catalogue Database (FunCatDB), available on the Pedant
database (http://pedant.gsf.de/genomes.jsp?category¼fungal).

1.9. Production of recombinant protein, obtaining polyclonal
antibodies and western blot analyses

cDNA cloning and serine proteinase (SP) protein production
(GenBank accession number AAP83193) were performed, as pre-
viously described [24]. The protein species corresponding to SP
fused to glutathione S transferase (rSP) was used to obtain poly-
clonal antibodies in mice, as described [24]. Recombinant SP fused
to GST was identified by using peptide mass spectrometry analysis,
as described above, to confirm the identity of the protein. The anti-
fructose, 1,6 biphosphate aldolase (FBA) polyclonal antibodies were
previously obtained using the purified protein, as described [17].

1.10. Immunofluorescence assay

Macrophages were cultured in RPMI medium containing bovine
fetal serum 10% (v/v), MEM non-essential amino acid solution
(Sigma Aldrich, Missouri, USA) and IFN-g (1U per mL) at 36 �C and
5% CO2, until complete confluence. Immunofluorescence assay of
macrophages with yeast fungal cells was performed as described
[18]. Macrophages (105 cells/mL) were incubated with 5� 105 Pb01
yeast cells/mL for 4 h at 37 �C, with 5% CO2 to allow adhesion. As
control, P. lutzii cells were maintained without macrophages, under
the same incubation conditions. After 4 h, macrophages were lysed
with cold water for 10 min, centrifuged at 5000 g for 5 min at 4 �C.
The recovered fungal cells were fixed with methanol 100% for 2 h
at � 80 �C and washed three times with PBS. P. lutzii cells were
incubated with polyclonal antibodies anti-SP or anti-FBA (1:100) or
pre-immune serum (1:100) as control for 1 h at room temperature.
Then, cells were washed three times with PBS and incubated with
anti-mouse IgG coupled to fluorescein isothiocyanate (FITC) 1:500
diluted, for 1 h at room temperature. The labeled fungal cells were
washed with PBS three times to remove the FITC excess. The images
were obtained using an Axioscope A1 microscope (Carl Zeiss AG,
Germany) and photographed at bright field, and at 450e490 nm.

1.11. Flow cytometry

The interaction assay was performed as described above. After
4 h, cells were washed three times with PBS to remove unbound
fungal cells, fixedwithmethanol 100% for 2 h at�80 �C andwashed
three times with PBS to remove methanol excess. Then, the cells
were collected by scraping and blocked for 30 min with PBS con-
taining BSA (3% [w/v]) and Tween 20 (0.2% [v/v]) at room tem-
perature. Afterwards, the cells werewashed three timeswith PBS to
remove block buffer excess and were centrifuged 5000 g for 5 min
at 4 �C. The cells were incubated with polyclonal antibodies anti-SP
or anti-FBA (1:100) for 1 h at room temperature, washed three
times with PBS, and incubated with anti-mouse IgG coupled to
fluorescein isothiocyanate (FITC, 1:500 diluted), for 1 h at room
temperature. The labeled fungal cells were washed with PBS three
times to remove the FITC excess. The excitation wavelength was
488 nm and emitted light was collected with a 530/30-nm filter. A
total of 10,000 cells per samplewas acquired by the Guava easyCyte
instrument (Merck Millipore, Darmstadt, Germany). Analyses were
performed in the gate of fungal cells (FSC � SSC) and data were
shown as mean fluorescence intensity (MFI) of SP or FBA
expression.
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2. Results

2.1. Biotinylation of macrophage surface molecules

To gain new insights into the interactions between the proteins
of P. lutzii cell wall enriched extract and the cells of its host, the
RAW264.7 surface molecules were labeled using the reagent PEG4-
NHS-biotin. The PEG4-NHS-biotin does not readily dissolve in polar
solutions, and it does not permeate the cell membrane. Thus, only
the surface molecules of macrophages would be labeled with biotin
[20]. To confirm the biotinylation of macrophage surface molecules,
the pre-treated and untreated cells were incubated with avidin-
fluorescein isothiocyanate (FITC-avidin). A significant fluorescence
was detected in the biotinylated cells. This was not detected in the
control cells, confirming that the macrophage surface molecules
were indeed biotinylated (Fig. S1).

2.2. Confirmation of P. lutzii proteins captured by biotinylated
macrophage surface molecules

NeutrAvidin, which was used to immobilize the biotinylated
macrophage surface molecules, is a chemically-modified version of
avidin [25]. The NeutrAvidin agarose resin with immobilized
macrophage surface molecules was used to capture P. lutzii surface
proteins by means of affinity chromatography. After binding, the
captured proteins were eluted using a high-salt concentration
buffer. To verify the presence of proteins in the eluted extract, one-
dimensional SDS-PAGE gel was performed, as depicted in Fig. S2.
The presence of proteins in the eluate was confirmed. These results
indicated that P. lutzii cell wall enriched protein extract were ob-
tained upon interaction with macrophage proteins.

2.3. Identification and characterization of P. lutzii proteins that
interact with macrophage surface proteins

The resulting NanoUPLC-MSE protein and peptide data gener-
ated by PLGS analysis are shown in Fig. S3. The experiments
resulted in the identification of 3922 peptides. A total of 15% of the
peptides were identified by a missed trypsin cleavage. An in-source
fragmentation rate of 11% was observed (Fig. S3A). The accuracy of
the m/z fragment matches in the database is shown in Fig. S3B. A
total of 87% of the peptides were assigned, with up to 5 ppmm/z of
error. Fig. S3C shows the abundant dynamic range of the identified
proteins; the distribution of protein concentrations comprised
three orders of magnitude.
Fig. 1. Functional classification of identified proteins. The classification was
Liquid chromatography-mass spectrometry (LC-MS/MS) was
used to separate and identify the collected proteins. In addition, a
negative control eluate performed by NeutrAvidin agarose resin
blocked only with biotin solution was used to assess possible
contamination with background proteins. It was also analyzed by
LC-MS/MS, and non-contaminating proteins were detected. A total
of 215 P. lutzii proteins that interact with macrophage surface
proteins were identified (Table S1). The proteomic data were
compared with the murine database and no protein was identified.
This clearly confirmed that precipitated proteins were exclusively
from P. lutzii. The functional classification of identified proteins,
according to MIPS Functional Catalogue Database (FunCatDB), is
shown in Fig. 1. The most representative functional categories are
metabolism (14.4%) and protein synthesis (27.4%).

Regarding transmembrane domains, 30 proteins (13.89%) of
P. lutzii, out of 215, had at least one transmembrane domain
(Table S1, Fig. 2A). Two proteins of P. lutzii (conserved hypothetical
protein - PAAG_00898 - and aminolevulinate synthase -
PAAG_00397) are predicted to contain GPI-anchor (Table S1,
Fig. 2A).

The analysis revealed that 77 P. lutzii proteins (35.65%) showed
N-glycosylation sites, and 181 proteins (83.8%) showed O-glyco-
sylation sites (Table S1, Fig. 2A).With regard to proteins classified as
adhesins, the Faapred program identified 42 proteins (19.44%) with
adhesion characteristics in P. lutzii (Table S1, Fig. 2A).

Several proteins are transported to the cell surface of organisms
to be integrated into the cell wall or to be exported to the extra-
cellular medium [26]. In order to predict secreted proteins, Signal P
4.0 and Secretome P 2.0 were employed. In P. lutzii, from 215
identified proteins, 7 (3.25%) had a signal peptide, and 126 (58.6%)
were predicted to be secreted by alternative routes, totaling 133
proteins (Table S1, Fig. 2A).

2.4. P. lutzii proteins that bind to macrophage surface proteins

For further analysis, we considered as additional criteria only
those proteins that presented signal peptides and/or predicted
non-classical secretion. A total of 133 proteins that showed signal
peptides or non-conventional secretion were identified in the
P. lutzii cell wall enriched protein fractionof P. lutzii during inter-
action with macrophage surfaces (Table 1, Fig. 2A). Functional
classification of these proteins is shown in Fig. 2B.

Considering the criteria for secretion as mentioned above, pro-
teins belonging to several functional categories are putatively
involved with fungal adhesion to macrophages. A large number of
performed according to MIPS Functional Catalogue Database (FunCatDB).



Fig. 2. In silico analysis of P. lutzii proteins that interact with macrophage surface. A: The protein sequences were examined for the presence of transmembrane domains using
TMHMM 2.0 version program (http://www.cbs.dtu.dk/services/TMHMM/). The big-PI program (http://mendel.imp.ac.at/gpi/fungi_server.html) was used to search for protein GPI-
anchoring sites. Using the NetNGlyc (http://www.cbs.dtu.dk/services/NetNGlyc) and NetOGlyc (http://www.cbs.dtu.dk/services/NetOGlyc/) programs, protein glycosylation sites
could be determined. The prediction of adhesin-like proteins was performed using the Faapred tool (http://bioinfo.icgeb.res.in/faap). In addition, the signal peptide search was
performed using SignalP (http://www.cbs.dtu.dk/services/SignalP/). SecretomeP (http://www.cbs.dtu.dk/services/SecretomeP/) was used to identify non-classical protein secretion
signals. B: The database MIPS FunCat2 was used to perform the classification of biological processes. In this graph, only the proteins that showed signal peptide or non-conventional
secretion were presented.
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proteins related to protein synthesis, folding andmodificationwere
characterized as macrophage-binding molecules. Also, enzymes
associated with the metabolism of amino acids were characterized
as macrophage-binding molecules. Furthermore, glycolytic/glu-
congeogenesis and TCA cycle enzymes were described. Proteins
related to cell rescue defense and virulence were also characterized
as macrophage-binding molecules.
2.5. Heterologous expression of serine proteinase, identification of
the recombinant protein by LC-MS/MS and polyclonal antibodies

SP (GenBank accession number AAP83193) was identified by
proteomic analysis as a macrophage-binding protein of P. lutzii. In
silico analysis showed that this protein can be secreted by a classical
pathway, as it presented signal peptide. It also presented O-glyco-
sylation and N-glycosylation sites. The protein was selected to
perform cloning and expression in a heterologous system, as pre-
viously performed [24]. SP was induced for expression in bacteria,
as depicted in Fig. S4A.

LC-MS/MS was performed to identify the recombinant protein.
The protein species corresponding to SP fused to glutathione S
transferase (SP-GST) was excised from the gel, digested, and pep-
tide mass spectrum was generated (Fig. S4B). The protein has a
score value of 229,393 and a sequence coverage percentage of
5.43%.

Mouse polyclonal antibodies obtained against SP specifically
identify SP in Western blot analysis. The specificity of the anti-
bodies anti-SP is shown in Fig. S4C-D, confirming previous results
[24].
2.6. Biological assays to validate the fungal protein function in the
pathogen-host interaction

We selected SP (PADG_04168) and FBA (PADG_01995) for
further analysis of Pb-macrophage interaction. Previous studies in
our laboratory demonstrated that these proteins are important
during in vitro and in vivo infection models with Paracoccidioides
spp. [17,19]. The immunofluorescence assays to SP and FBA showed
an increase in the fluorescence of P. lutzii cells treated with anti-SP
or anti-FBA after interacting with macrophages, when compared to
the control (Fig. 3A). Flow cytometry analysis confirmed that both
SP and FBA were detected in higher amount in the fungal surface

http://www.cbs.dtu.dk/services/TMHMM/
http://mendel.imp.ac.at/gpi/fungi_server.html
http://www.cbs.dtu.dk/services/NetNGlyc
http://www.cbs.dtu.dk/services/NetOGlyc/
http://bioinfo.icgeb.res.in/faap
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SecretomeP/


Table 1
Paracoccidioides lutzii secreted proteins that interact with macrophages.

Accession numbera Protein description and biological processb Signal P Score �0,5c Secretome P (NN-score)d fmole

Metabolism

Amino acid metabolism
PAAG_00468 4-aminobutyrate aminotransferase e 0.58 31.14
PAAG_01194 2-oxoisovalerate dehydrogenase subunit beta e 0.73 180.01
PAAG_01144 Aspartate aminotransferase e 0.57 74.50
PAAG_07786 Acetyl-CoA acetyltransferase e 0.62 96.02
PAAG_02354 Serine 3-dehydrogenase e 0.60 41.76
PAAG_08163 Fumarylacetoacetase e 0.62 56.23
PAAG_08313 L-PSP endoribonuclease family protein (Hmf1) e 0.85 147.05
PAAG_01310 2-oxoisovalerate dehydrogenase subunit alfa e 0.72 53.83
PAAG_04559 2-methylcitrate dehydratase e 0.60 83.34
PAAG_02603 Aspartate aminotransferase e 0.58 69.18
PAAG_03978 3-hydroxyisobutyrate dehydrogenase e 0.60 55.10

Nucleotide/nucleoside/nucleobase metabolism
PAAG_05611 Deoxyuridine 50- triphosphate nucleotidohydrolase e 0.55 134.59

C-compound and carbohydrate metabolism
PAAG_01534 Pyruvate dehydrogenase E1 component subunit beta e 0.73 174.79
PAAG_00050 Pyruvate dehydrogenase complex dihydrolipoamide acetyltransferase e 0.56 118.14
PAAG_00850 Glucosamine-fructose-6 phosphate aminotra e 0.71 117.61
PAAG_00856 Isocitrate dehydrogenase subunit 1 e 0.59 120.62
PAAG_04233 2-nitropropane dioxygenase e 0.75 64.18
PAAG_07729 Isocitrate dehydrogenase subunit 2 e 0.85 85.68
PAAG_01831 SCF E3 ubiquitin ligase complex F-box protein grrA e 0.62 30.41
PAAG_07634 Small GTPase RhoA e 0.58 223.60

Lipid, fatty acid and isoprenoid metabolism
PAAG_02664 3-ketoacyl-CoA thiolase e 0.67 41.14
PAAG_05249 Aldehyde dehydrogenase e 0.56 193.23

Energy

Glycolysis and gluconeogenesis
PAAG_01995 Fructose-1,6-bisphosphate aldolase 1 e 0.51 172.75
PAAG_00771 Enolase e 0.60 397.56
PAAG_08468 Glyceraldehyde-3-phosphate dehydrogenase e 0.53 484.07

Tricarboxylic-acid cycle
PAAG_01463 Succinyl-CoA ligase subunit beta e 0.50 107.66
PAAG_00053 Malate dehydrogenase e 0.66 199.93

Electron transport and membrane-associated energy conservation
PAAG_05735 NADH-ubiquinone oxidoreductase 49 kDa subunit e 0.69 109.57
PAAG_07672 Ubiquinol-cytochrome c reductase subunit 7 e 0.55 190.12
PAAG_06093 Cytochrome c1, heme protein, mitochondrial e 0.85 58.50

Respiration
PAAG_04931 Electron transfer flavoprotein subunit beta e 0.71 56.64
PAAG_04570 ATP synthase D chain, mitochondrial e 0.51 171.22
PAAG_04838 ATP synthase subunit 4 e 0.71 82.08
PAAG_08037 ATP synthase subunit beta e 0.62 149.52
PAAG_08057 Cytochrome c oxidase polypeptide V e 0.79 167.77
PAAG_00173 Electron transfer flavoprotein subunit alpha e 0.64 100.00

Cell cycle and DNA processing

DNA processing
PAAG_02773 Ubiquitin-conjugating enzyme variant MMS2 e 0.91 111.85
PAAG_06511 Mitochondrial genome maintenance protein mgm101 e 0.71 60.98

Cell cycle
PAAG_01347 Actin cytoskeleton protein VIP1 e 0.76 69.80
PAAG_03031 Tubulin beta chain e 0.53 106.86
PAAG_00623 Kinetochore protein spc24 e 0.85 28.99
PAAG_07773 Cyclin-dependent kinases regulatory subunit e 0.84 166.05
PAAG_08917 Histone H2a e 0.75 140.25
PAAG_03129 Dynein light chain e 0.70 106.89

Transcription

RNA synthesis
PAAG_07099 Histone H3.3 e 0.67 326.17
PAAG_02537 Small nuclear ribonucleoprotein Sm D2 e 0.90 106.41
PAAG_04814 Nucleic acid-binding protein e 0.70 122.19
PAAG_08223 Small nuclear ribonucleoprotein Sm D3 e 0.65 90.07

RNA processing
PAAG_04511 ATP-dependent RNA helicase SUB2 e 0.74 170.82

RNA modification
PAAG_03941 G4 quadruplex nucleic acid binding protein e 0.53 69.57

Protein synthesis

Ribosome biogenesis
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Table 1 (continued )

Accession numbera Protein description and biological processb Signal P Score �0,5c Secretome P (NN-score)d fmole

Metabolism

PAAG_06367 30S ribosomal protein S17P e 0.55 113.48
PAAG_05017 40S ribosomal protein S10-A e 0.60 246.26
PAAG_08634 40S ribosomal protein S12 e 0.61 62.00
PAAG_05704 40S ribosomal protein S13-1 e 0.83 101.55
PAAG_01433 40S ribosomal protein S14 e 0.54 316.21
PAAG_01435 40S ribosomal protein S16 e 0.57 55.18
PAAG_01413 40S ribosomal protein S17 e 0.74 86.43
PAAG_03513 40S ribosomal protein S18 e 0.55 388.93
PAAG_03322 40S ribosomal protein S20 e 0.75 387.05
PAAG_08955 40S ribosomal protein S3aE e 0.71 158.24
PAAG_03816 40S ribosomal protein S4 e 0.67 70.36
PAAG_05484 40S ribosomal protein S5 e 0.79 187.66
PAAG_07182 40S ribosomal protein S7 e 0.88 107.66
PAAG_00430 60S ribosomal protein L2 e 0.79 133.20
PAAG_00952 60S ribosomal protein L20 e 0.75 260.59
PAAG_08888 60S ribosomal protein L4-A e 0.69 263.58
PAAG_06569 60S ribosomal protein L43 e 0.70 53.94
PAAG_03019 60S ribosomal protein L6-B e 0.76 176.34
PAAG_06743 60S ribosomal protein L23e e 0.75 123.69
PAAG_09083 TCTP family protein e 0.51 301.23
PAAG_00238 Ubiquitin-60S ribosomal protein L40 e 0.78 182.12
PAAG_00205 60S ribosomal rotein L24 e 0.58 141.88
PAAG_00385 40S ribosomal protein S23 e 0.60 124.46
PAAG_00548 60S ribosomal protein L5 e 0.63 114.00
PAAG_01939 60S ribosomal protein L27-A e 0.77 117.77
PAAG_00347 60S ribosomal protein L9-B e 0.82 53.98
PAAG_00724 Ribosomal protein 11 large subunit e 0.65 88.63
PAAG_03827 60S ribosomal protein L21-A e 0.85 101.97
PAAG_04965 60S ribosomal protein L31 e 0.65 75.38
PAAG_05337 40S ribosomal protein S22 e 0.82 234.10
PAAG_05778 40S ribosomal protein S19 e 0.81 143.65
PAAG_06536 Ubiquitin e 0.83 53.24
PAAG_07385 60S ribosomal protein L23a e 0.60 135.54
PAAG_07847 40S ribosomal protein S26 e 0.61 234.32
PAAG_05590 Protein transporter SEC23 e 0.82 363.07

Translation
PAAG_03028 Elongation factor 1-beta e 0.60 123.63
PAAG_02921 Elongation factor Tu e 0.77 173.44

Protein fate (folding, modification, destination)

Protein folding and stabilization
PAAG_05142 10 kDa heat shock protein, mitochondrial e 0.57 1248.25
PAAG_00986 Disulfide isomerase Pdi1 0.77 127.12
PAAG_00739 Peptidyl-prolyl-cis-trans isomerase B 0.64 169.45
PAAG_07509 Peptidyl-prolyl-cis-trans isomerase ssp1 e 0.72 45.95
PAAG_05788 Peptidyl-prolyl-cis-trans isomerase A2 e 0.75 157.94
PAAG_06255 Mitochondrial co-chaperone GrpE e 0.77 42.87
PAAG_05679 Heat shock protein e 0.08 902.88

Protein targeting, sorting and translocation
PAAG_03772 Mitochondrial import inner membrane translocase subunit tim9 e 0.81 9.30
PAAG_05643 Endoplasmic reticulum and nuclear membrane e 0.53 234.19
PAAG_07490 Monothiol glutaredoxin-5 e 0.63 87.53

Protein modification
PAAG_00204 Ubiquitin-conjugating enzyme e 0.52 126.75

Protein/peptide degradation
PAAG_04168 Aqualysin-1 (serine proteinase) 0.73 e 64.29
PAAG_01962 Proteasome 26S subunit e 0.64 41.05

Protein with binding function or cofactor requirement (Structural Or Catalytic)

Metal binding
PAAG_04391 Progesterone binding protein e 0.70 45.21
PAAG_03717 Myosin regulatory light chain cdc4 e 0.54 66.21

Nucleotide/nucleoside/nucleobase binding
PAAG_06288 Vacuolar ATP synthase subunit B e 0.50 38.43
PAAG_08093 GTP-binding protein ypt3 e 0.55 140.40

Complex cofactor/cosubstrate/vitamine binding
PAAG_01321 Oxidoreductase 2-nitropropane dioxygenase family e 0.70 237.20

Regulation of metabolism and protein function

Regulation of protein activity
PAAG_08518 Ras-2 e 0.71 17.69

Cellular transport, transport facilities and transport routes

(continued on next page)
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Table 1 (continued )

Accession numbera Protein description and biological processb Signal P Score �0,5c Secretome P (NN-score)d fmole

Metabolism

Transport facilities
PAAG_08082 Plasma membrane ATPase e 0.71 71.38

Transport routes
PAAG_05960 NIPSNAP family protein e 0.76 41.30
PAAG_06994 Endoplasmic reticulum vesicle protein 0.87 e 36.03
PAAG_04328 Endosomal cargo receptor (Erp3) 0.91 0.88 104.67

Cellular communication/signal transduction mechanism

Cellular signaling
'PAAG_02458 GTP-binding protein ypt7 e 0.69 102.20

Cell rescue, defense and virulence

Stress response
PAAG_00871 30 kDa heat shock protein e 0.8 335.11
PAAG_01262 Hsp70-like protein 0.86 240.81
PAAG_03216 Mitochondrial peroxiredoxin PRX1 e 0.58 28.04
PAAG_06175 Peroxisomal matrix protein e 0.93 101.57
PAAG_06811 Heat shock protein STI1 e 0.51 87.32

Detoxification
PAAG_02364 Thioredoxin e 0.85 71.01
PAAG_03292 Cytochrome c peroxidase e 0.81 281.91

Biogenesis of cellular components

Cytoskeleton/structural proteins
PAAG_06192 ARP2 3 complex 20 kDa subunit e 0.87 91.14

Unclassified

PAAG_01501 Hypothetical protein e 0.54 54.94
PAAG_02539 Hypothetical protein e 0.62 73.50
PAAG_01926 Hypothetical protein e 0.56 24.72
PAAG_07960 Hypothetical protein 0.75 e 339.76
PAAG_08058 Hypothetical protein e 0.51 394.79
PAAG_03299 Hypothetical protein e 0.72 63.68
PAAG_06036 Hypothetical protein e 0.50 130.03
PAAG_05019 Hypothetical protein e 0.50 69.76
PAAG_01079 Hypothetical protein e 0.59 231.13
PAAG_01591 Hypothetical protein e 0.92 68.75
PAAG_07246 Hypothetical protein e 0.614 376.87
PAAG_07957 Hypothetical protein e 0.801 107.96
PAAG_06539 Hypothetical protein e 0.86 10.22
PAAG_06954 OTU domain containing protein 6B e 0.78 7.29

a Accession e accession number of matched protein from Paracoccidioides Broad Institute database (https://www.broadinstitute.org/annotation/genome/paracoccidioides_
brasiliensis/).

b Descriptione proteins annotation from Paracoccidioides database or by homology in NCBI database (http://www.ncbi.nlm.nih.gov/) and biological process according to the
classification of FunCat (https://www.helmholtzmuenchen.de/en/ibis/resourcesservices/services/funcat-the-functional-catalogue/index.html).

c Prediction secretion according to SignalP 4.0 server, the corresponding number for the D-score must equal or exceed the value of 0.340 (D-score � 0,340) (http://
www,cbs,dtu,dk/services/SignalP/).

d Secretion prediction according to SecretomeP 2.0 server, the corresponding number for the SecP- score must equal or exceed the value of 0.5 (SecP score�0,50) (http://
www,cbs,dtu,dk/services/SecretomeP/).

e Protein quantification in NanoUPLC-MSE.
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during P. lutzii interactionwithmacrophages (Fig. 3B). These results
reinforce that those proteins are ligands of macrophages and may
be important during the infection process.

3. Discussion

In our study, the identification of proteins capable of interaction
with macrophages was obtained by affinity chromatography and
shotgun proteomics (LC-MS/MS), to investigate the interactions
between host and fungus on a large scale. First, the affinity chro-
matography method, which uses the agarose resin with immobi-
lized surface molecules from the host cells as bait, was applied to
capture the specifically interacting proteins from the cell wall
enriched protein extract of P. lutzii. Our results showed that when
treated with biotin, the macrophage surface molecules presented a
significant green fluorescence after incubation with FITC-avidin,
while no specific green fluorescence was observed in the negative
control (Fig. S1). The same result was obtained in biotinylated hu-
man laryngeal epithelial cell line Hep-2 in experiments with
Streptococcus suis [20]. The P. lutzii cell wall enriched protein extract
captured by affinity chromatography were eluted with a very high
salt concentration. As the binding affinity between avidin and
biotin is extremely high, the high-salt buffer does not affect the
binding between the immobilized biotinylated macrophage surface
proteins and NeutrAvidin agarose resin. Thus, only the P. lutzii
proteins were eluted (Fig. S2).

We identified 215 proteins of P. lutzii that interact with macro-
phage surface proteins. In a parallel experiment, the eluate from the
negative controls was also analyzed by LC-MS/MS. This experiment
identified only one protein, showing that P. lutzii proteins identified
in experimental conditions are in fact those that interactedwith the
surface of macrophages and not with contaminating background
proteins (data not shown).

With respect to cellular location, several proteins identified in
our analysis were predicted as primarily localized in the cytoplasm,
followed by mitochondria and the nucleus (Table S1). Examples of
these proteins predicted to be present in the cytoplasms include
elongation factor 1-a, members of HSP70 proteins, the HSP90

https://www.broadinstitute.org/annotation/genome/paracoccidioides_brasiliensis/
https://www.broadinstitute.org/annotation/genome/paracoccidioides_brasiliensis/
http://www.ncbi.nlm.nih.gov/
https://www.helmholtzmuenchen.de/en/ibis/resourcesservices/services/funcat-the-functional-catalogue/index.html
http://www,cbs,dtu,dk/services/SignalP/
http://www,cbs,dtu,dk/services/SignalP/
http://www,cbs,dtu,dk/services/SecretomeP/
http://www,cbs,dtu,dk/services/SecretomeP/


Fig. 3. Immunofluorescence and cytometry assays with polyclonal antibodies anti-SP and anti-FBA upon P. lutzii yeast cells, incubation with RAW 264.7 macrophages. A:
Immunofluorescence assay was performed with control P. lutzii yeast cells (1) and with P. lutzii yeast cells after 4 h of interactionwith macrophages (2). Macrophages were disrupted
and yeast cells were incubated with the polyclonal antibodies raised to SP or FBA. The cells were incubated with the anti-mouse antibody FITC. The images were obtained at bright
field and at 470/440 nmwavelength (FITC). Control with pre-immune serumwas also performed and photographed in the same conditions (3). B: Flow cytometry was performed as
described above. Control yeast cells are shown in gray graphic and yeast cells upon 4 h of interaction with macrophages are shown in white graphic. A total of 10,000 cells per
sample was acquired by instrument Guava easyCyte (Merck Millipore, Darmstadt, Germany).
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family, and elongation factor 2, while ADP/ATP carrier protein is
present in mitochondria, and histones are in the nucleus. Inter-
estingly, despite being located in intracellular compartments, all
these proteins were on the surface of P. lutzii interacting with
macrophages. Studies on different microorganisms have shown the
presence of those intracellular proteins associated with the cell
wall. Elongation factor 1-a is located in the cell wall of Candida
albicans and Saccharomyces cerevisiae [26,27]. In P. lutzii, elongation
factor 1-a is a secreted protein when the fungus is infecting mac-
rophages [28]. Proteins related to stress response and virulence,
such as heat shock proteins (HSPs), were also identified on the wall
of C. albicans by immunolocalization [29]. These proteins may
perform functions related to the biosynthesis, secretion, and
mounting of cell wall components, as well as to the structure of the
cell wall itself [29]. Although histones are commonly associated
with DNA, the presence of these proteins in the cell wall of Histo-
plasma capsulatum has been reported [30]. InMycobacterium leprae,
some histones have been demonstrated as binding to laminin in the
peripheral nerve, facilitating invasion of Schwann cells [31].
Elongation factor 2 and the carrier protein ADP/ATP were described
on the surface of C. albicans [27]. As we have seen, there are many
reports about cytosolic proteins associated with fungal cell walls.

We observed a high rate of proteins that may be secreted by a
non-classical pathway in P. lutzii (59.26%) (Table 1, Fig. 2). Corrob-
orating these data, previous work described that 52.5% of the total
extracellular proteins identified in P. lutziimycelium and yeast cells
were predicted to be secreted by non-classical pathways [28].
Several unconventional secretion pathways are suggested and may
explain how proteins reach the cell surface. In S. cerevisiae for
example, the glycolytic enzyme enolase is secreted via a SNARE-
dependent secretory pathway [32]. Proteins can be exported by
direct translocation across plasma membranes such as fibroblast
growth factor 2, or through the involvement of intracellular
transport intermediates, as shown in the case of acyl-CoA binding
protein [33]. It is believed that those proteins without a signal
peptide may be involved in multiple processes, including cell wall
dynamics and interaction with host components, as well as viru-
lence of pathogens [26].



M.V. Tomazett et al. / Microbes and Infection 21 (2019) 401e411410
Another non-classical route for protein transportation outside
the plasma membrane is through exosomes, which derive from
intracellular multivesicular bodies [34]. Proteomic analysis of
extracellular vesicles led to the identification of several proteins in
Cryptococcus neoformans [35] and in H. capsulatum [36]. In
P. brasiliensis, proteomic analyses identified 72 proteins that were
considered to be commonly transported by extracellular vesicles
[37]. Here, we have identified 46 proteins, which were previously
described as secreted by vesicles in P. brasiliensis [37]. Among these
proteins we can cite some involved in carbohydrate metabolism
(GAPDH, enolase, FBA and TPI), translation (elonagation factors and
several ribosomal proteins), response to stress (heat shock proteins
and 14-3-3-like protein), oxidation-reduction (superoxide dis-
mutase, disulfide isomerase) and other biological processes, sug-
gesting that some of the proteins that interacted with macrophages
were brought into the extracellular space through vesicles.

Our analysis also identified a large number of proteins with
predicted glycosylation sites, both N-glycosylation and O-glyco-
sylation (Tables S1, Fig. 2A). We were interested to observe that
most of the proteins e over 80% e identified in this work are pre-
dicted to possess O-glycosylation sites. O-glycosylation allows the
attachment of a glycan to a hydroxylysine, hydroxyproline, serine,
or threonine [38]. Studies have shown that glycosylation can
contribute to protein secretion [39], and in the case of membrane
glycoproteins, those glycans can mediate a cell's communication
with the outside space [40]. Thus, we can suggest that glycosyla-
tion, and hence the secretion of those proteins to the surface, allows
interactionwithmacrophages. In addition, it has been reported that
most fungal adhesins have a modular structure consisting of N-
glycosylation, O-glycosylation and glycosylphosphatidylinositol
(GPI) anchors [41], suggesting these posttranslational processes are
important to ensure that proteins perform their adhesin function
properly.

We also identified proteins with enzymatic properties, encom-
passing several metabolic pathways (Tables S1 and 1). Present
among the identified proteins are GAPDH, enolase and FBA, all of
which participate in the glycolytic pathway and are presumed to be
involved in the process of interaction between Pararcoccidioides
spp. and host cells [8,9,17,42]. These enzymes exert enzymatic ac-
tivity and alternative cellular functions in P. lutzii and were
described in the cytoplasm and at the cell wall of the yeast cells
[8,9,17]. Cell wall-associated GAPDH binds to extracellular matrix
components such as fibronectin, laminin, and type I collagen, and
mediates the attachment and internalization of the P. lutzii yeast
cells to host tissues. In addition, pneumocytes treated with re-
combinant GAPDH and P. brasiliensis yeast cells treated with anti-
GAPDH polyclonal antibodies inhibited adherence and internali-
zation of P. brasiliensis in in vitro cultured cells, indicating GAPDH
could contribute to the adhesion of the fungus to host tissues,
thereby potentially playing a role in the establishment of disease
[8]. Studies have shown that enolase and FBA located at the P. lutzii
cell surface are capable of recruiting plasminogen and activating
the fibrinolytic system, which in turn can degrade the extracellular
matrix of the host by promoting the spread of the pathogen [9,17].
Previous works demonstrated that enolase transcripts increased
during in vivo infection in mice [9] and bound extracellular matrix
components such as collagen type I and fibronectin [10]. In addi-
tion, the data reinforce the role of those molecules in interaction
with host cells, suggesting their contribution to the pathogenesis of
the fungus. Furthermore, it has been demonstrated that FBA is
secreted by P. lutzii [28], an aspect that reinforces our data. In fact,
the addition of recombinant FBA and/or anti-rFBA antibodies
reduced fungusemacrophage interaction, thus reinforcing the
notion that FBA has a relevant role to play in the adhesion, invasion,
and dissemination of members of the Paracoccidioides complex.
SP and FBA, identified in our proteomic analysis as macrophage-
binding proteins in P. lutzii, were used for additional confirmatory
analysis. Previous data of transcriptional analysis of P. lutzii yeast
cells, derived from infected mouse livers, depicted the induction of
the transcript encoding P. lutzii SP [43]. Additionally, the protein is
induced and secreted during nitrogen deprivation [24]. The infec-
tion of mouse lungs by P. brasiliensis demonstrated that SP was
upregulated and secreted in the lung tissue during infection [19],
reinforcing the protein's role in the fungus' interaction with the
host. FBA, although a cytoplasmic protein, has already been
described at the surface of bacteria playing a role in cell adhesion
and invasion [44]. In addition, in pathogenic fungi such as
C. neoformans, FBA binds host molecules and depicts an adhesion
function beyond its glycolytic activity [45]. In P. lutzii, FBA was
previously characterized, and shown to be an antigenic molecule,
reactive with sera of PCM patients [46]. Proteomic analysis of the
P. lutzii secretome identified plasminogen-binding proteins, such as
FBA, which may participate in the processes of cell adhesion and
tissue invasion/dissemination of Paracoccidioides during infection
[17]. In our study, both proteins, SP and FBA, presented increased
expression when P. lutzii cells were incubated with macrophages,
suggesting involvement of these proteins in the interaction with
host cells during the adhesion process, and its participation in the
virulence of the fungi.

Notably, it is important to reinforce the fact that the method-
ology used in this work can detect proteins which may play a role
during infection in the host. Previously described proteins which
allow the interaction of P. lutzii with host cells, such as GAPDH,
enolase and FBA, were also detected. On the other hand, several
proteins that have not previously been associated with the infec-
tion process were here detected. These findings introduce new
perspectives for the study of the role of these molecules in the
pathogenicity of P. lutzii, as well as in other species of the genus.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgments

This work at Universidade Federal de Goi�as was supported by
grants from Conselho Nacional de Desenvolvimento Científico e
Tecnol�ogico (CNPq), Fundaç~ao de Amparo �a Pesquisa do Estado de
Goi�as (FAPEG), Instituto Nacional de Ciência e Tecnologia da
Interaç~ao Pat�ogeno Hospedeiro (IPH), Coordenaç~ao de Aperfeiçoa-
mento de Pessoal de Nível Superior (CAPES). CMAS and FR-D are
fellow researchers of CNPq.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.micinf.2019.03.002.

References

[1] Teixeira MM, Theodoro RC, de Carvalho MJ, Fernandes L, Paes HC, Hahn RC,
et al. Phylogenetic analysis reveals a high level of speciation in the Para-
coccidioides genus. Mol Phylogenet Evol 2009;52:273e83.

[2] Turissini DA, Gomez OM, Teixeira MM, McEwen JG, Matute DR. Species
boundaries in the human pathogen Paracoccidioides. Fungal Genet Biol
2017;106:9e25.

[3] McEwen JG, Bedoya V, Patino MM, Salazar ME, Restrepo A. Experimental
murine paracoccidiodomycosis induced by the inhalation of conidia. J Med Vet
Mycol 1987;25:165e75.

[4] Bhavsar AP, Auweter SD, Finlay BB. Proteomics as a probe of microbial path-
ogenesis and its molecular boundaries. Future Microbiol 2010;5:253e65.

[5] Coussens PM. Model for immune responses to Mycobacterium avium sub-
species paratuberculosis in cattle. Infect Immun 2004;72:3089e96.

https://doi.org/10.1016/j.micinf.2019.03.002
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref1
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref1
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref1
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref1
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref2
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref2
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref2
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref2
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref3
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref3
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref3
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref3
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref4
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref4
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref4
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref5
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref5
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref5


M.V. Tomazett et al. / Microbes and Infection 21 (2019) 401e411 411
[6] Lenzi HL, Lenzi JA, Kerr IB, Antunes SL, Mota EM, Oliveira DN. Extracellular
matrix in parasitic and infectious diseases. Mem Inst Oswaldo Cruz
1991;86(Suppl. 3):77e90.

[7] Tunio SA, Oldfield NJ, Ala'Aldeen DA, Wooldridge KG, Turner DP. The role of
glyceraldehyde 3-phosphate dehydrogenase (GapA-1) in Neisseria meningi-
tidis adherence to human cells. BMC Microbiol 2010;10:280.

[8] Barbosa MS, Bao SN, Andreotti PF, de Faria FP, Felipe MS, Feitosa LS, et al.
Glyceraldehyde-3-phosphate dehydrogenase of Paracoccidioides brasiliensis is
a cell surface protein involved in fungal adhesion to extracellular matrix
proteins and interaction with cells. Infect Immun 2006;74:382e9.

[9] Nogueira SV, Fonseca FL, Rodrigues ML, Mundodi V, Abi-Chacra EA,
Winters MS, et al. Paracoccidioides brasiliensis enolase is a surface protein that
binds plasminogen and mediates interaction of yeast forms with host cells.
Infect Immun 2010;78:4040e50.

[10] Bail~ao AM, Nogueira SV, Rondon Caixeta Bonfim SM, de Castro KP, de Fatima da
Silva J, Mendes Giannini MJ, et al. Comparative transcriptome analysis of Par-
acoccidioides brasiliensis during in vitro adhesion to type I collagen and fibro-
nectin: identification of potential adhesins. Res Microbiol 2012;163:182e91.

[11] Andreotti PF, Monteiro da Silva JL, Bailao AM, Soares CM, Benard G, Soares CP,
et al. Isolation and partial characterization of a 30 kDa adhesin from Para-
coccidioides brasiliensis. Microb Infect 2005;7:875e81.

[12] da Silva Jde F, de Oliveira HC, Marcos CM, da Silva RA, da Costa TA, Calich VL,
et al. Paracoccidoides brasiliensis 30 kDa adhesin: identification as a 14-3-3
protein, cloning and subcellular localization in infection models. PLoS One
2013;8:e62533.

[13] Marcos CM, de Oliveira HC, da Silva JF, Assato PA, Yamazaki DS, da Silva RA,
et al. Identification and characterisation of elongation factor Tu, a novel
protein involved in Paracoccidioides brasiliensis-host interaction. FEMS Yeast
Res 2016;16. fow079.

[14] Brummer E, Hanson LH, Restrepo A, Stevens DA. Intracellular multiplication of
Paracoccidioides brasiliensis in macrophages: killing and restriction of multi-
plication by activated macrophages. Infect Immun 1989;57:2289e94.

[15] Parise-Fortes MR, da Silva MF, Sugizaki MF, Defaveri J, Montenegro MR,
Soares AM, et al. Experimental paracoccidioidomycosis of the Syrian hamster:
fungicidal activity and production of inflammatory cytokines by macrophages.
Med Mycol 2000;38:51e60.

[16] Gonzalez A, de Gregori W, Velez D, Restrepo A, Cano LE. Nitric oxide partic-
ipation in the fungicidal mechanism of gamma interferon-activated murine
macrophages against Paracoccidioides brasiliensis conidia. Infect Immun
2000;68:2546e52.

[17] Chaves EG, Weber SS, Bao SN, Pereira LA, Bailao AM, Borges CL, et al. Analysis
of Paracoccidioides secreted proteins reveals fructose 1,6-bisphosphate
aldolase as a plasminogen-binding protein. BMC Microbiol 2015;15:53.

[18] Parente-Rocha JA, Parente AF, Baeza LC, Bonfim SM, Hernandez O, McEwen JG,
et al. Macrophage interaction with Paracoccidioides brasiliensis yeast cells
modulates fungal metabolism and generates a response to oxidative stress.
PLoS One 2015;10:e0137619.

[19] Pigosso LL, Baeza LC, Tomazett MV, Faleiro MBR, Moura VMBD, Bail~ao AM,
et al. Paracoccidioides brasiliensis presents metabolic reprogramming and se-
cretes a serine proteinase during murine infection. Virulence 2017;0:1e18.

[20] Chen B, Zhang A, Xu Z, Li R, Chen H, Jin M. Large-scale identification of
bacteria-host crosstalk by affinity chromatography: capturing the interactions
of Streptococcus suis proteins with host cells. J Proteome Res 2011;10:
5163e74.

[21] Araujo DS, Lima PS, Baeza LC, Parente AFA, Melo Bailao A, Borges CL, et al.
Employing proteomic analysis to compare Paracoccidioides lutzii yeast and
mycelium cell wall proteins. Biochim Biophys Acta 2017;1865:1304e14.

[22] Murad AM, Rech EL. NanoUPLC-MSE proteomic data assessment of soybean
seeds using the Uniprot database. BMC Biotechnol 2012;12:82.

[23] Ramana J, Gupta D. FaaPred: a SVM-based prediction method for fungal
adhesins and adhesin-like proteins. PLoS One 2010;5:e9695.

[24] Parente JA, Salem-Izacc SM, Santana JM, Pereira M, Borges CL, Bailao AM, et al.
A secreted serine protease of Paracoccidioides brasiliensis and its interactions
with fungal proteins. BMC Microbiol 2010;10:292.

[25] Hiller Y, Gershoni JM, Bayer EA, Wilchek M. Biotin binding to avidin. Oligo-
saccharide side chain not required for ligand association. Biochem J 1987;248:
167e71.
[26] Nombela C, Gil C, Chaffin WL. Non-conventional protein secretion in yeast.
Trends Microbiol 2006;14:15e21.

[27] Castillo L, Calvo E, Martinez AI, Ruiz-Herrera J, Valentin E, Lopez JA, et al.
A study of the Candida albicans cell wall proteome. Proteomics 2008;8:
3871e81.

[28] Weber SS, Parente AF, Borges CL, Parente JA, Bailao AM, Soares CMA. Analysis
of the secretomes of Paracoccidioides mycelia and yeast cells. PLoS One
2012;7:e52470.

[29] Lopez-Ribot JL, Alloush HM, Masten BJ, Chaffin WL. Evidence for presence in
the cell wall of Candida albicans of a protein related to the hsp70 family. Infect
Immun 1996;64:3333e40.

[30] Nosanchuk JD, Steenbergen JN, Shi L, Deepe Jr GS, Casadevall A. Antibodies to
a cell surface histone-like protein protect against Histoplasma capsulatum.
J Clin Invest 2003;112:1164e75.

[31] Marques MAM, Mahapatra S, Nandan D, Dick T, Sarno EN, Brennan PJ, et al.
Bacterial and host-derived cationic proteins bind alpha2-laminins and
enhance Mycobacterium leprae attachment to human Schwann cells. Microb
Infect 2000;2:1407e17.

[32] Miura N, Kirino A, Endo S, Morisaka H, Kuroda K, Takagi M, et al. Tracing
putative trafficking of the glycolytic enzyme enolase via SNARE-driven un-
conventional secretion. Eukaryot Cell 2012;11:1075e82.

[33] Nickel W. Pathways of unconventional protein secretion. Curr Opin Bio-
technol 2010;21:621e6.

[34] Keller S, Sanderson MP, Stoeck A, Altevogt P. Exosomes: from biogenesis and
secretion to biological function. Immunol Lett 2006;107:102e8.

[35] Rodrigues ML, Nakayasu ES, Oliveira DL, Nimrichter L, Nosanchuk JD,
Almeida IC, et al. Extracellular vesicles produced by Cryptococcus neoformans
contain protein components associated with virulence. Eukaryot Cell 2008;7:
58e67.

[36] Albuquerque PC, Nakayasu ES, Rodrigues ML, Frases S, Casadevall A, Zancope-
Oliveira RM, et al. Vesicular transport in Histoplasma capsulatum: an effective
mechanism for trans-cell wall transfer of proteins and lipids in ascomycetes.
Cell Microbiol 2008;10:1695e710.

[37] Vallejo MC, Nakayasu ES, Matsuo AL, Sobreira TJ, Longo LV, Ganiko L, et al.
Vesicle and vesicle-free extracellular proteome of Paracoccidioides brasiliensis:
comparative analysis with other pathogenic fungi. J Proteome Res 2012;11:
1676e85.

[38] Carraway KL, Hull SR. O-glycosylation pathway for mucin-type glycoproteins.
Bioessays 1989;10:117e21.

[39] Lee J, Park JS, Moon JY, Kim KY, Moon HM. The influence of glycosylation on
secretion, stability, and immunogenicity of recombinant HBV pre-S antigen
synthesized in Saccharomyces cerevisiae. Biochem Biophys Res Commun
2003;303:427e32.

[40] Crocker PR, Feizi T. Carbohydrate recognition systems: functional triads in
cell-cell interactions. Curr Opin Struct Biol 1996;6:679e91.

[41] Dranginis AM, Rauceo JM, Coronado JE, Lipke PN. A biochemical guide to yeast
adhesins: glycoproteins for social and antisocial occasions. Microbiol Mol Biol
Rev 2007;71:282e94.

[42] Bailao AM, Pereira M, Salem-Izacc SM, Borges CL, Soares CM. Transcript
profiling using ESTs from Paracoccidioides brasiliensis in models of infection.
Methods Mol Biol 2012;845:381e96.

[43] Costa M, Borges CL, Bailao AM, Meirelles GV, Mendonca YA, Dantas SF, et al.
Transcriptome profiling of Paracoccidioides brasiliensis yeast-phase cells
recovered from infected mice brings new insights into fungal response upon
host interaction. Microbiology 2007;153:4194e207.

[44] de la Paz Santangelo M, Gest PM, Guerin ME, Coincon M, Pham H, Ryan G,
et al. Glycolytic and non-glycolytic functions of Mycobacterium tuberculosis
fructose-1,6-bisphosphate aldolase, an essential enzyme produced by repli-
cating and non-replicating bacilli. J Biol Chem 2011;286:40219e31.

[45] Stie J, Bruni G, Fox D. Surface-associated plasminogen binding of Crypto-
coccus neoformans promotes extracellular matrix invasion. PLoS One 2009;4:
e5780.

[46] da Fonseca CA, Jesuino RS, Felipe MS, Cunha DA, Brito WA, Soares CM. Two-
dimensional electrophoresis and characterization of antigens from Para-
coccidioides brasiliensis. Microb Infect 2001;3:535e42.

http://refhub.elsevier.com/S1286-4579(19)30046-2/sref6
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref6
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref6
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref6
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref7
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref7
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref7
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref8
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref8
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref8
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref8
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref8
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref9
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref9
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref9
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref9
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref9
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref10
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref10
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref10
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref10
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref10
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref10
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref11
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref11
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref11
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref11
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref12
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref12
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref12
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref12
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref13
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref13
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref13
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref13
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref14
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref14
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref14
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref14
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref15
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref15
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref15
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref15
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref15
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref16
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref16
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref16
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref16
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref16
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref17
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref17
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref17
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref18
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref18
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref18
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref18
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref19
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref19
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref19
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref19
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref19
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref20
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref20
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref20
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref20
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref20
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref21
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref21
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref21
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref21
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref22
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref22
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref23
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref23
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref24
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref24
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref24
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref25
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref25
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref25
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref25
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref26
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref26
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref26
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref27
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref27
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref27
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref27
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref28
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref28
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref28
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref29
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref29
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref29
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref29
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref30
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref30
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref30
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref30
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref31
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref31
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref31
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref31
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref31
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref32
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref32
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref32
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref32
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref33
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref33
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref33
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref34
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref34
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref34
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref35
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref35
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref35
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref35
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref35
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref36
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref36
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref36
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref36
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref36
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref37
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref37
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref37
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref37
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref37
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref38
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref38
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref38
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref39
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref39
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref39
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref39
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref39
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref40
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref40
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref40
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref41
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref41
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref41
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref41
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref42
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref42
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref42
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref42
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref43
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref43
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref43
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref43
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref43
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref44
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref44
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref44
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref44
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref44
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref45
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref45
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref45
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref46
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref46
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref46
http://refhub.elsevier.com/S1286-4579(19)30046-2/sref46

	Identification and characterization of Paracoccidioides lutzii proteins interacting with macrophages
	1. Materials and methods
	1.1. Paracoccidioides strain and growth conditions
	1.2. Biotinylation of macrophage surface molecules
	1.3. Immobilization of biotinylated macrophage surface molecules
	1.4. Preparation of P. lutzii cell wall enriched protein extract
	1.5. Capturing the P. lutzii proteins that interact with macrophage surface molecules
	1.6. Digestion of protein extracts for nano-ESI-UPLC-MSE acquisition
	1.7. Data processing and protein identification
	1.8. In silico analysis
	1.9. Production of recombinant protein, obtaining polyclonal antibodies and western blot analyses
	1.10. Immunofluorescence assay
	1.11. Flow cytometry

	2. Results
	2.1. Biotinylation of macrophage surface molecules
	2.2. Confirmation of P. lutzii proteins captured by biotinylated macrophage surface molecules
	2.3. Identification and characterization of P. lutzii proteins that interact with macrophage surface proteins
	2.4. P. lutzii proteins that bind to macrophage surface proteins
	2.5. Heterologous expression of serine proteinase, identification of the recombinant protein by LC-MS/MS and polyclonal antibodies
	2.6. Biological assays to validate the fungal protein function in the pathogen-host interaction

	3. Discussion
	Conflict of interest
	Acknowledgments
	Appendix A. Supplementary data
	References


