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A critical step in the lifecycle of many fungal pathogens is the ability to switch between filamentous and yeast
growth, a process known as dimorphism. cAMP-dependent protein kinase (PKA) controlsmorphological changes
and the pathogenicity of several animal and plant pathogenic fungi. In this work, we report the analysis of PKA
activity during the mycelium to yeast transition in the pathogenic fungus Paracoccidioides lutzii. This fungus, as
well as the closely related species Paracoccidioides brasiliensis, causes paracoccidioidomycosis, a systemicmycosis
that affects thousands of people in Latin America. Infection occurswhenhypha fragments or spores released from
mycelium are inhaled by the host, an event that triggers the morphological switch. We show here that PKA ac-
tivity is regulated in the fungus phase, increasing during the mycelium to yeast transition. Also, morphological
transition from mycelium to yeast is blocked by the compound H89, a specific PKA inhibitor. Nevertheless, the
fungus recovers its ability to change morphology when H89 is removed from the culture media. This recovery
is accompanied by a significant increase in PKA activity. Our results strongly indicate that PKA directly affects
phase transition in P. lutzii.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Protein kinases are enzymes that catalyze the transfer of a γ-
phosphate group of adenosine 5′-triphosphate (ATP) to the amino
acid side chains of target proteins [1–3]. They are considered the largest
family of proteins in eukaryotes and play important roles in cell growth
and metabolism, signal transduction, cytoskeleton rearrangement, cell
division, DNA replication and transcriptional control [4,5].

The cAMP dependent protein kinase (PKA) was the first kinase to
have its structure completely determined [6]. PKA is an inactive tetra-
mer composed of two regulatory and two catalytic subunits. Its activity
is modulated by changes in cAMP levels. When cAMP levels are high, it
binds to the regulatory subunits of PKA, releasing the catalytic subunits
that become active, subsequently phosphorylating protein kinases,
transcription factors, and other substrates to control several physiolog-
ical processes [7,8]. This signal transduction pathway allows organisms
to rapidly respond to environmental changes.

The cAMP/PKA pathway controls morphological changes and patho-
genicity in several pathogenic fungi of plants and animals, such as Can-
dida albicans [9,10], Cryptococcus neoformans [11], Aspergillus fumigatus
[12], Ustilago maydis [13,14] and Magnaporthe grisea [15,16]. This
epartamento de Bioquímica e
II, Campus Samambaia s/n,

, Brazil.
fg.br (S.M. Salem-Izacc).
pathway has been extensively studied in themodel organism Saccharo-
myces cerevisiae, being associated with cell growth, metabolism and re-
sistance to stress. In S. cerevisiae, the regulatory subunits are encoded by
the Bcy1 gene, while the catalytic subunits are encoded by three related
genes, namely Tpk1, Tpk2 and Tpk3. These isoforms are functionally re-
dundant with regard to cell viability, but they regulate different pro-
cesses in the cell [17]. For example, Tpk2 is responsible for stimulating
pseudohyfal morphogenesis. Its targets include the Flo8 transcription
factor, which is required for the expression of Flo11 that, in turn, is re-
sponsible for promoting the adhesion of the daughter-mother cells; an
event required for the growth of pseudohyphas [18]. On the other
hand, Tpk1 and Tpk3 have a repressor effect in this process [19,20].

Fungi of the Paracoccidioides genus are the causative agent of
paracoccidioidomycosis (PCM), a systemic mycosis that extends
throughout Latin America. This genus comprises two closely related
species: P. brasiliensis and P. lutzii, which until recently were considered
a single species. The ability to change between filamentous growth and
yeast is critical to the life cycle of these fungi, and important for the in-
fection process, since strains that are unable to differentiate are often
avirulent [21,22]. The infection occurs through inhalation of conidia
produced by mycelium, which differentiates into yeasts in the host
lungs [23]. PKA also plays an important role in Paracoccidioides
brasiliensis dimorphic transition. It has been demonstrated that the
cAMP levels increase during themycelial to yeast transition and that di-
morphism can bemodulated by exogenous cAMP [24,25].Moreover, re-
cent studies indicate that during cAMP-controlled differentiation, there
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is a change in the expression of Gβ-protein PbGpb1, which interacts
with adenylate cyclase during the morphological transition. In vitro
analysis showed that Gβ-PbGpb1 reduces the activity of Tpk2, suggest-
ing that this inhibition reduces the level of expression of Flo11, which is
responsible for the filamentous growth of cells. In contrast, the TupA
regulatory protein, together with the Flo8 transcription factor, controls
the expression of Flo11 and induces filamentous growth. Therefore,
Gβ-PbGpb1 and TupA bind to Tpk2 to act as antagonistic molecular
switches of cell morphology, with TupA and Gβ-PbGpb1 inducing and
repressing filamentous growth, respectively [26].

In Paracoccidioides spp., there is a single gene coding for the regula-
tory subunit of PKA and the catalytic subunits are encoded by two
genes, namely PbTpk1 and PbTpk2, according to the similarity with
the genes of S. cerevisiae. These subunits have different subcellular local-
ization. It has beendemonstrated that PbTpk2 goes to the nucleus, while
PbTpk1 is localized within distinct structures within the cytoplasm, in-
dicating that they match different targets and regulate distinct pro-
cesses [26].

In this work, we show that the activity of PKA is phase regulated and
that this protein is essential for the mycelium to yeast transition in P.
lutzii, since inhibition of the activity of this protein byH89, a PKA specific
inhibitor, blocks the differentiation process.
2. Material and methods

2.1. Homology modeling

The amino acid sequence of P. lutzii PKA (accession number
PAAG_04050) was retrieved from the UniProt database [27] and used
as a target for homology modeling in the SWISS-MODEL server
[28,29]. Subsequently, the built models were exported to the
GalaxyWEB server [30], which refines loop or terminus regions by ab
initio modeling. Finally, the structural reliability of the built models
was evaluated by using MolProbity server [31], and the model with
the lowest Clashscore and MolProbity score was selected for further
analysis.
2.2. Computational fragment mapping calculations

Computational fragment mapping calculations were performed
using the FTMap server [32,33] to identify small molecule binding hot
spots in the PKA homology model. The program docks sixteen small or-
ganic molecules to determine energetically favorable binding regions.
2.3. Molecular docking

The structure of H89 was imported to Maestro workspace v.9.3 and
prepared using LigPrep 2.5 (Schrödinger, LCC, New York, 2012) at pH of
7.0 ± 1.0. Subsequently, 2000 conformations were generated using
OMEGA v.2.5.1 [34,35], while AM1-BCC charges [36] were added using
QUACPAC v.1.6.3 [37]. At the same time the 3D structure of P. lutzii
PKA was pre-processed using Protein Preparation Wizard available on
Maestro workspace (Schrödinger LLC). During protein preparation, hy-
drogen atomswerefirst added to the proteins, and bond orders and for-
mal charges were adjusted. The protonation state of polar amino acids
was predicted by PROPKA v.3.1 (Schrödinger LLC) [38] at pH of 7.0 ±
1.0. Subsequently, full-atom protein structure minimization using the
OPLS-2005 force field was carried out [39]. Prior to docking studies, a
gridwith the dimensions of 21.3 Å×16.6 Å×16.3Å (x, y, and z) and vol-
ume of 5807 Å3 was defined to include the full ATP-binding site of PKA.
Lastly, molecular docking studies were performed using the high-
resolution protocol from the FRED program and the ChemGauss4
score function, both available on OEDocking suite v.3.2.0 [40–42].
2.4. P. lutzii growth conditions and induction of phase transition in the ab-
sence and in the presence of H89

P. lutzii strain Pb01 (ATCC MYA-826) was used in our experiments.
Myceliumwas grown in semi-solid Fava Netto'smedium (0.3% proteose
peptone, 1% peptone, 0.5% meat extract, 0.5% yeast extract, 4% glucose,
0.5% NaCl and 1.4% agar, pH 7.2) at 22 °C. The mycelium to yeast transi-
tion was performed in 10 mL of liquid Fava Netto's medium by raising
the incubation temperature from22° to 36 °C. Before changing the incu-
bation temperature, the cells were adapted in the liquid medium for
48 h under continuous agitation. After this time, the cells were
harvested by centrifugation and 0.2 g of dry weighed cell mass was in-
oculated into fresh liquid medium, either in the absence or in the pres-
ence of different concentrations of H89 (Sigma-Aldrich, St. Louis, MO,
USA). H89 was dissolved in water (5 mg/mL) and then used in the
final concentrations of 25 μM, 50 μMand 100 μMin 10mL of cultureme-
dium. Cellswere collected at 14 h, 22h, 48h and 72h for achievement of
protein extracts used in the activity assays, and for the morphological
analysis of phase transition. All the experiments were done in triplicate.

2.5. Recovery assay

Cells were cultured as described in Item 2.4. After 48 h of morpho-
logical transition, H89 treated cells werewashed three timeswith phos-
phate buffered saline (PBS) to remove the inhibitor, and then
transferred to fresh liquid Fava Netto's medium without inhibitor and
grown for an additional 48 h. Altogether, cell differentiationwas accom-
panied for 96 h.

2.6.Morphological analysis and cell viability assay of themycelium to yeast
transition

Morphological transition was accompanied under light microscopy.
The mycelium to yeast transition was quantified in a Neubauer Cham-
ber by counting the number of yeast cells that appeared in the culture
medium after changing the incubation temperature from 22 °C to 36
°C. For counting, 10 μL of the cell culture was added to 190 μL trypan
blue solution and diluted in PBS to a final volume of 1 mL. The solution
containing the cells was vigorously shaken before being placed in the
Neubauer chamber to avoid yeast lumps. Cell viability was determined
using trypan blue staining and standard cell count techniques in a
Neubauer chamber. Statistical comparisons were performed using
Student's t-test, and samples with p-values ≤0.05 were considered sta-
tistically significant.

2.7. Protein extraction

Cells were collected by centrifugation at 2000 g for 10 min. After-
wards, cells were resuspended in Tris-Ca buffer (20 mM Tris-HCl,
pH 8.8; 2 mM CaCl2) and treated with 5 μL/mL of Protease Inhibitor
Mix (GE Healthcare Life Sciences, Little Chalfont, UK). Cells were
disrupted in the presence of glass beads (0.5 mm in diameter) in a
mini-beadbeater apparatus (BioSpec, Oklahoma, USA) for five cycles of
30 s with 30 s cooling intervals on ice, followed by repeated centrifuga-
tion until nopellet formationwas observed. Protein extractswere quan-
tified by the Bradford method, analyzed by SDS-PAGE and used in the
PKA activity assays.

2.8. Activity assays

The activity of PKA in P. lutzii was measured in 5 μg of protein ex-
tracts using the ab139435 PKA Activity Kinase Kit (Abcam, Cambridge,
UK) following the manufacturer's guidelines. This kit is based on a
solid phase enzyme-linked immuno-absorbent assay (ELISA). It uses a
specific synthetic peptide as a substrate for PKA, and a polyclonal anti-
body that recognizes the phosphorylated form of the substrate.
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3. Results

To investigate the physiological relevance of PKA on themorpholog-
ical changes of P. lutzii, we examined the effects of the H89 in themyce-
lium to yeast transition.

3.1. Molecular modeling studies

Considering the absence of X-ray structures on the Protein Data
Bank (PDB) database [43], homology models were built for P. lutzii
PKA based on the following steps: (i) identification of structural tem-
plates in PDB, (ii) alignment of P. lutzii PKA sequence and template
structures, (iii) model building, (iv) structure refinement, and
(v) model quality evaluation. The best model was built using Bos taurus
cAMP-dependent protein kinase, alpha-catalytic subunit, available
under PDB code 1XH9 (resolution = 1.6 Å, sequence identity = 43%,
and coverage = 75%). The 3D structure of the built PKA model is
shown in Fig. 1.

Validation of the 3D model was done for various levels of structural
organization. Analysis of structure revealed that only 0.3% of amino
acids are within the disallowed Ramachandran and poor rotamer re-
gions. On the other hand, 95.1% of amino acids are within the favored
Ramachandran regions and have good rotamers, showing the good
quality of the backbonedihedral angles (ψ againstφ) and side-chain an-
gles (χ) of amino acids. In addition, acceptable Clashscore (0.0) and
MolProbity (0.84) scores were obtained for this structure. The
Clashscore is the number of serious steric clashes per 1000 atoms. Al-
ready the MolProbity score is a log-weighted combination of the per-
centage of bad side-chain rotamers, the percentage of Ramachandran
outliers, and the Clashscore, giving one number that reflects the resolu-
tion of X-ray structures at which those values would be expected [31].
Therefore, these overall characteristics suggest that the PKA model can
be useful to prospective molecular modeling investigations.

Aiming to investigate the most energetically favorable interactions
in the P. lutzii PKA surface, the homology model was applied to a hot
Fig. 1.Molecular modeling studies. (A) 3D structure of P. lutzii PKA homology model. (B) Hot sp
The hot spots are shown in gold. The P-loop, DFG motif, and helix αC are highlighted in magen
spots analysis. This tool uses a detailed energy expression (including at-
tractive and repulsive van derWaals terms, electrostatic interaction en-
ergy, desolvation energy, and a structure-based pairwise interaction
potential) to sample probe positions (of small organic molecules) on
the protein surface. In particular, the key protein residues and second-
ary structures that interact with bound probe molecules in the P. lutzii
PKA structure are shown in Fig. 1B. To ensure that the hot spots were
more recognizable, different colors were used to denote them according
to the number of probe clusters that bind to them. The probemolecules
(highlighted in gold) that bind to the ATP pocket interact with residues
Lys129, Glu185, Asp225, Lys227, Glu229, Asn230, and Phe387, demon-
strating the importance of these residues for accommodating smallmol-
ecules. The probes also showed interactions with Val102, Thr104, and
Thr106, Phe107, and Val110 of the P-loop (highlighted in magenta),
and with Asp243 of the DGF-motif (highlighted in green).

To understand the affinity and intermolecular interactions of H89
with P. lutzii PKA, we performed molecular docking. The ChemGauss4
score (−11.2) suggests that H89 could inhibit P. lutzii PKA at lowmicro-
molar concentrations, as demonstrated in our experiments. In addition,
analysis of poses showed that the predicted binding mode of H89 for P.
lutzii PKA is similar to its experimental binding mode on mammalian
PKAs (PDB accession number 1YDT) [44]. As we can see in Fig. 1C,
isoquinolinemoiety of theH89 inhibitor interacts with the hydrophobic
pocket formed byVal110, Leu 178, Leu232, and Phe387,whereas the ar-
omatic nitrogen forms a hydrogen bond interaction (represented as
green dashed lines)with themain chain of Cys181. In addition, aliphatic
amine forms a hydrogen bond interaction with the main chain of
Glu228, whereas 4-bromobenzyl forms Van der Waals interactions
with Phe107, Val110, and Lys129.

3.2. Effect of H89 on the morphological transition of P. lutzii

We analyzed the morphological transition in cultures treated with
three different concentrations of H89: 25 μM, 50 μM (data not shown)
and 100 μM. This initial evaluation showed that 100 μMH89 effectively
ots analysis for the PKA model and (C) its intermolecular interactions with inhibitor H89.
ta, green, and blue, respectively.
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blocks cellular differentiationwithout killing the cells. As a result, all the
experiments described below were done with 100 μM H89.

Themorphological transitionwas blocked in the presence of H89, in-
dicating that PKA plays an important role in this process. As depicted in
Figs. 2A and B, in the control culture, mycelium was completely con-
verted into the yeast form 72 h after induction of transition. On the
other hand, cells treated with H89 failed to change morphology, except
for a few yeast cells observed in the 72 h culture. Cell viability was eval-
uated to demonstrate that H89, at the concentration used in our exper-
iments, did not cause cell death. As shown in Fig. 2C, the viability rate
was above 80% in all the cultures, which is considered a good result
for toxicity tests.
3.3. PKA activity increases during the mycelium to yeast transition

PKA activity increases significantly during the mycelium to yeast
transition. We can observe a slow and gradual increase in activity in
the first 48 h of differentiation and a sudden rise at 72 h. The activity
of PKA is N5 times higher in protein extracts obtained from yeast cells
than from mycelium. In contrast, in protein extracts from cells treated
with H89, enzyme activity drops in the first 48 h of cell differentiation,
although it rises discreetly at 72 h, as shown in Fig. 3.

Our results show a correlation between the mycelium to yeast tran-
sition and PKA activity in P. lutzii, confirming that PKA is essential for the
cell differentiation process in this fungus.
Fig. 2. Effect of H89 in the mycelium to yeast transition. (A) Comparative cellular morphology
transition. The mycelium to yeast transition was quantified in a Neubauer Chamber by coun
incubation temperature from 22 °C to 36 °C. *Statistically significant data compared to the c
techniques.
3.4. P. lutzii recovers the ability to change morphology when H89 is re-
moved from the culture media

We analyzed the ability of P. lutzii to resume differentiation after re-
moving H89 from the culture. In this assay, cells were treated with H89
for 48 h, washed, transferred to freshmedia without inhibitor, and then
grown for another 48 h. Figs. 4A and B show that cells recover fromH89
treatment and rapidly turn into yeast when the inhibitor is taken away
(from 48 h to 96 h). Cell viability wasmonitored throughout the exper-
iment and is almost 90% both for the control and treated cells (Fig. 4C).

As shown in Fig. 5, it is noteworthy that recovery is accompanied by
an increase in PKA activity, reinforcing the relationship between PKA
and phase transition in P. lutzii.
4. Discussion

Previous studies have established that the cAMP-signaling pathway
is important in controlling themorphological transition in P. brasiliensis
[25]. It has been shown that the Gβ protein Gpb1 and the TupA tran-
scriptional co-regulator bind to the Tpk2 subunit of PKA in order to act
as antagonistic molecular switches of P. brasiliensis morphological
changes [26]. Therefore, in order to understand how PKA impacts di-
morphism in P. lutzii, we used the PKA specific inhibitor H89. This strat-
egy has been successfully used to analyze PKA activity in other fungi
[45,46].
. Bars represent 10 μm. (B) Quantification of the number of yeast cells throughout phase
ting the number of yeast cells that appeared in the culture medium after changing the
ontrol. (C) Cell viability determined using trypan blue staining and standard cell count



Fig. 3. PKA activity in P. lutzii protein extracts obtained during the mycelium to yeast
transition. *Statistically significant data compared to the control (p ≤ 0.05).
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In this work, we show that H89, a molecular probe frequently used
to inhibit kinase signaling pathways, may have in vitro activity against
P. lutzii through inhibition of PKA. In order to elucidate the structural
Fig. 4. Phase transition in cells treated with H89 for 48 h, and in cells recovering from treatm
represent 10 μm. (B) Quantification of the number of yeast cells throughout phase transition
that appeared in the culture medium after changing the incubation temperature from 22 °C t
the inhibitor, transferred to fresh liquid Fava Netto's medium without inhibitor and grown for
(p ≤ 0.05). (C) Cell viability determined using trypan blue staining and standard cell count tech
basis for inhibition and to enable structure-based drug design of poten-
tial therapeutic agents for treatment of paracoccidioidomycosis, molec-
ular modeling studies were performed. The hot spots analysis showed
important energetic contributions of the ATP-binding site residues for
interaction with H89. Important hydrogen bond interactions between
the enzyme and the ligand include the isoquinoline ring nitrogen with
the backbone amide of Cys181 and aliphatic amine with the backbone
carbonyl of Glu228. In addition, the in silico analysis revealed similar
bindingmodes of H89 in fungal andmammalian PKAs, but different hy-
drophobicity of the two binding sites. Several amino acid residues of the
binding site (Cys181, Val102 and Thr106) of P. lutzii PKA were
substituted in mammalian PKAs by Val181, Leu102 and Ser106, respec-
tively. These key differences between enzymes combinedwith hot spots
analysis and bindingmode of H89 may be useful to design more potent
and selective antifungal drug candidates.

In this study, we focused on the mycelium to yeast transition since
this is the process observed in nature and it is key to establishment of
the infection. Our in vitro assays show that H89 blocks the dimorphic
transition in P. lutzii by drastically reducing PKA activity. We demon-
strate that PKA activity is phase regulated in P. lutzii, being about five
ent for an additional 48 h (in a 96 h assay). (A) Comparative cellular morphology. Bars
. The mycelium to yeast transition was quantified by counting the number of yeast cells
o 36 °C. After 48 h of morphological transition, H89 treated cells were washed to remove
additional 48 h (in a total of 96 h). *Statistically significant data compared to the control
niques.



Fig. 5. PKA activity in protein extracts obtained from cells treated with H89 and during
recovery from treatment. Protein extracts obtained at 48 h of morphological transition
from H89 treated cells and from cells recovering from H89 treatment for additional 48 h
(in a total of 96 h). *Statistically significant data compared to the control. Statistical
analyses were evaluated by Student's test (p ≤ 0.05).

1219S.J. Sestari et al. / International Journal of Biological Macromolecules 113 (2018) 1214–1220
times higher in protein extracts obtained from yeast cells when com-
pared to mycelium. PKA activity is also correlated with morphogenesis
in S. cerevisiae. In this organism, mutants with constitutively high PKA
activity are hyperfilamentous; whereas those with low PKA activity
cannot switch to the filamentous form [19,47].

As shown, the halt in phase transition is accompanied by a decrease
in PKA activity. But the fungus resumes cell differentiation when the in-
hibitor is removed from the culture media, reinforcing the relationship
between PKA activity and dimorphism in P. lutzii. H89 blocks PKA activ-
ity through a reversible competitive inhibition of the ATP site on the
PKA catalytic subunit.

Although H89 is widely used in the study of PKA effects, this ap-
proach may have some inconveniences. The concentration of the drug
required for effective protein kinase blockade varies according to the
ATP concentration in the cell. Furthermore, although H89 is a specific
PKA inhibitor, some studies have suggested that it also inhibits other ki-
nases [48–50].

As shown here for P. lutzii, PKA contributes to the regulation of cell
shape changes in other fungi, such as S. cerevisiae, C. neoformans and C.
albicans [9–11,19,20]. In C.albicans, 100 μM H89 effectively blocks
phase transition [45].

It is important to highlight that we evaluated cell viability during the
assays to be sure that the block in phase transition is not due to death of
the fungus, but rather as a result of PKA inhibition. The viability ratewas
above 80% in both the control and treated cultures.

5. Conclusion

Taken together, our results strongly support the importance of PKA
with regard to P. lutzii dimorphism, demonstrating that the activity of
this protein is essential for themycelium to the pathogenic yeast transi-
tion in P. lutzii.
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