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ABSTRACT The available antifungal therapeutic arsenal is limited. The search for al-
ternative drugs with fewer side effects and new targets remains a major challenge.
Decyl gallate (G14) is a derivative of gallic acid with a range of biological activities
and broad-spectrum antifungal activity. Previously, our group demonstrated the
promising anti-Paracoccidioides activity of G14. In this work, to evaluate the antifun-
gal characteristics of G14 for Paracoccidioides lutzii, a chemical-genetic interaction
analysis was conducted on a Saccharomyces cerevisiae model. N-glycosylation and/or
the unfolded protein response pathway was identified as a high-confidence process
for drug target prediction. The overactivation of unfolded protein response (UPR)
signaling was confirmed using this model with IRE1/ATF6/PERK genes tagged with
green fluorescent protein (GFP). In P. lutzii, this prediction was confirmed by the low
activity of glycosylated enzymes [a-(1,3)-glucanase, N-acetyl-B-p-glucosaminidase
(NAGase), and a-(1,4)-amylase], by hyperexpression of genes involved with the UPR
and glycosylated enzymes, and by the reduction in the amounts of glycosylated pro-
teins and chitin. All of these components are involved in fungal cell wall integrity
and are dependent on the N-glycosylation process. This loss of integrity was con-
firmed by the reduction in mitochondrial activity, impaired budding, enhancement of
wall permeability, and a decrease in viability. These events led to a reduction of the abil-
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comes with side effects and high toxicity, resulting in low quality of life for the patient
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TABLE 1 Top 10 deletion mutants sensitive to G14

Mutant z-score Name and/or description

VPS13 —10.1938 Vacuolar protein sorting

IRE1 —14.2456 Inositol requiring

HAC1 —15.172 Homologous to Atf/Creb1

UBR2 —8.99919 Cytoplasmic ubiquitin-protein ligase
CTF3 —9.53256 Chromosome transmission fidelity
HST3 —9.29459 Homolog of SIR2

CTle —8.44196 Cyc8-Tupl-interacting protein
PEX14 —7.77147 Peroxisome related

YHR003C —9.02499 tRNA threonyl-carbamoyl-adenosine dehydratase
YKRO41W —8.24314

(2). Therefore, none of the currently available therapies ensures the complete elimina-
tion of the fungus from the patient (1).

The investment in the development of new antifungal agents with higher efficacy
and fewer side effects is of extreme importance in order to increase the treatment
options for this disease. However, this development is a challenge since the pathogenic
fungi and their host share the same characteristics of eukaryotic cells.

In this respect, the demand for new antifungal compounds, especially those ob-
tained from natural origin or their synthetic derivatives, is of extreme importance, and
PCM experts have been working to find new agents from natural sources (3-9).

Chemical studies of ethanolic extract obtained from the leaves of Alchornea glan-
dulosa identified the presence of phenolic compounds, such as gallic acid, which has a
range of biological activities, including anti-inflammatory and antifungal activity (10-
13). Structurally, modifications were made in this molecule by the addition of variably
sized carbon chains, resulting in the formation of alkyl gallates. They have been
described as having great antifungal activity against a representative panel of oppor-
tunistic pathogenic fungi (14).

Our group demonstrated that decyl gallate (G14) had great antifungal activity in
vitro against 18 pathogenic fungi species (including eight different Paracoccidioides
isolates). For Paracoccidioides isolates, G14 presented a low MIC and a good selectivity
index value (>10) against infection in human lung epithelial cells (A549) and normal
fibroblast pulmonary cells (MRC-5) (8). These results showed that G14 is an excellent
candidate for a broad-spectrum antifungal prototype and encouraged us to try to
discover its mechanism of action.

Therefore, our study using a chemical-genetic interaction assay (15-19) provided
comprehensive information about the effect of specific gene perturbations on the cell’s
response to G14 treatment, which, in addition to other assays, had demonstrated that
G14 has a strong influence on the N-glycosylation process, highlighting G14 as a
potential anti-Paracoccidioides agent.

RESULTS

N-glycosylation/UPR as a target of G14 treatment. To elucidate the G14 mode of
action and cellular target, a chemical-genetic interaction analysis was conducted. A
Saccharomyces cerevisiae gene deletion mutant pool was treated with G14 and different
controls. The relative fitness of each yeast mutant was quantified by sequencing
strain-specific DNA barcodes treated with G14 and comparing fitness levels to that of
the dimethyl sulfoxide (DMSO) control. The top 10 deletion mutants susceptible to G14
(Table 1) were subjected to enrichment analysis, and enrichment was found for genes
involved in the gene ontology (GO) category cellular/endoplasmic reticulum (ER)
unfolded protein response (UPR) (P < 0.01). The deletion mutants of HAC1 and IRE1
were the most hypersensitive to G14. This profile was similar to the chemical-genetic
interaction profile of the control agent tunicamycin, which inhibits the N-glycosylation
pathway. The Pearson correlation coefficient between G14 and tunicamycin profiles
was calculated (0.1906) and showed a moderate level of profile similarity between the
two compounds (Fig. 1). Assuming that the chemical inhibitor of a gene product tends
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FIG 1 G14 and tunicamycin had similar profiles. The chemical genetic interaction score (y axis) of each mutant (x axis) was
plotted for G14 (A) and tunicamycin (B), highlighting the hypersensitive mutants. The profile similarity was demonstrated by

the Pearson correlation coefficient (0.1906) (C).

to mimic the loss-of-function phenotype of a mutant that inactivates the gene, the
chemical-genetic interaction profile for a bioactive compound can resemble the ge-
netic interaction profile for the target. The comparison of the chemical-genetic inter-
action profile of G14 with the genetic interaction network of S. cerevisiae allowed us to
predict the target for the compound as ALG12, which has a genetic interaction profile
most significantly correlated to the chemical-genetic interaction profile of G14. ALG12
is a nonessential gene responsible for the addition of alpha-1,6-mannose to dolichol-
linked proteins, acting in the dolichol pathway for N-glycosylation.

UPR hyperactivation after G14 challenge. The gene IRE1 is a mediator of the yeast
unfolded protein response (UPR) and coordinates a series of responses by a signal
transduction pathway that maintains endoplasmic reticulum homeostasis. Activation of
IRET is closely linked to the activation of HAC1. Both are essential for the proper
functioning of this response (20). The susceptibility to G14 of mutants of IRE1 and HAC1
means that this pathway was essential to yeast survival after G14 exposure. For this
reason, a UPR activation assay was performed against G14 in S. cerevisiae yeast strains
containing green fluorescent protein (GFP) tags on the IRE1, ATF6, and PERK genes. We
investigated if this pathway would be activated after treatment. By fluorescence
microscopy observation (Fig. 2A) and with the analysis of the mean fluorescence
intensity (MFI) (Fig. 2B), an increase in fluorescence intensity of the cells was verified
after 3 h of G14 treatment, and this phenotype persisted after 24 h. Under normal
conditions, this pathway has low activity, similar to that of the control DMSO at a
nontoxic concentration; however, upon G14 treatment, this pathway was activated, and
the transcription products containing the GFP sequence increased. The hyperactivation
of the UPR upon treatment revealed that G14 led to stress in the endoplasmic reticulum
and affected the correct protein folding.

G14 treatment changed N-glycosylated proteins profile of P. lutzii. Since the
mechanism of action of G14 was linked to the N-glycosylation pathway and/or the
response of unfolded proteins, the analysis of important enzymes belonging to remod-
eling and maintenance of the fungal cell wall was indicated. This is based on the idea
that these enzymes are dependent on the N-glycosylation process in order to be
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FIG 2 G14 treatment led to UPR hyperactivity. An S. cerevisiae yeast strain with GFP tags on genes belonging to the unfolded protein
response (genes IRE1, ATF6, and PERK) was treated with decyl gallate (G14) for 3 and 24 h. (A) GFP-tagged protein expression was
observed by fluorescence microscopy. (B) The mean fluorescence intensity (MFI) was measured. Control (W/T), without treatment. *,
P < 0.05.

MFI (UPR-GFP)

functional. Supporting this idea, the relative activities of the enzymes «-(1,3)-glucanase,
N-acetyl-B-p-glucosaminidase, and a-(1,4)-amylase, after treatment with 0.5 ug/ml of
G14 were reduced by almost 50% compared to level of the control without treatment
(Fig. 3A).

The N-glycosylation process occurs at the posttranslational level and is an essential
process for the functioning of these enzymes; we thus tested if the decrease in the
activity of the final protein (enzyme) was affected by the decreased expression of the
involved genes (Table 2). After treatment with G14, it was observed that all the
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FIG 3 G14 changed the normal profiles of N-glycosylated proteins of P. lutzii. The fungal cells were treated with decyl
gallate (G14) for 72 h. (A) Percentage of relative activity of the N-glycosylated enzymes was determined for the following:
N-acetyl-B-p-glucosaminidase (NAGase), a-(1,3)-glucanase, and a-(1,4)-amylase (a-amylase). Control (W/T), without treat-
ment. (B) Real-time PCR analysis of relative expression was conducted for the genes encoding N-acetyl-B-p-
glucosaminidase (nag?), a-(1,4)-amylase (amy), a-(1,3)-glucanase (agn), and the endoplasmic reticulum stress-sensing
genes inositol requiring enzyme-1 (ire7) and transcription factor (hac?). (C) Glycosylated proteins present in fungal wall
were labeled with Alexa Fluor 488-conjugated concanavalin A, and the mean fluorescence intensity (MFI) was evaluated
by flow cytometry. (D) Chitin amount was quantified using calcofluor white label and fluorescence microscopy. Control
(W/T), without treatment. *, P < 0.05.
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TABLE 2 Specific primers for coding genes

Primer name? Sequence

nagl1_F TCATGCAGAGCTGGAACAAC
nagl_R CATTGTAGCGGTGGTCATTG
agn_F CAACCATGGTCAGCAAACAC
agn _R CTGTAGCCCTGAACCCACAT
amy_F CGGTGACTTGTATGGCCTTT
amy _R CAGTTGGCCATTACATGACG
ire1_F CCCCCAGAGATATCGTGAGA
ire1_R TTAGAACGTGGGGCCTAATG
hac1_F CTTGTCCCCATCCTCTTCAA
hac1_R TTCAAGGATCCCTCCAACTG
tub_F CTGTTACCAGCCTCCCCATA
tub_R TGCTTCAGAAATGGCAGTTG

aF, forward; R, reverse.

analyzed genes (agn, nag1, amy, irel, and hac1) showed an increase in expression (Fig.
3B) compared to the level of gene expression of the sample without treatment.

It was possible to observe that the G14 treatment reduced the amount of glycosy-
lated proteins present in the fungal cell wall. The MFI of concanavalin A (ConA) (Fig. 3C),
which is a lectin able to bind to glycosylated proteins, decreased 58% upon treatment,
and calcofluor white (CFW) (Fig. 3D), which binds specifically with chitin, which is
present in the cell wall and dependent on N-glycosylated-enzymes, decreased 50%.

G14 impaired P. lutzii development and viability. An MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyl tetrazolium bromide) assay showed that G14 treatment led to 42%
and 65% reductions in mitochondrial activity after 24 h and 48 h of treatment,
respectively, compared to the levels of the control without treatment (Fig. 4A). The
treatment damaged the development of P. lutzii cells since the treated cells showed a
budding percentage of 50% at both times, indicating a decrease in new bud formation,
while the control without treatment presented budding in about 90% of fungal cells
(Fig. 4B). By trypan blue assay, we observed reductions of 39% and 53% in the rate of
fungal cells excluding the blue dye after 24 and 48 h of G14 treatment, respectively (Fig.
4Q). In the CFU analysis, reduction of 62% and 85% in growth, respectively, were
observed after treatment with G14 (Fig. 4D). Together, these data demonstrated that
G14 treatment impaired the maintenance of the fungal wall, reducing the cellular
viability of the fungus.

G14 treatment reduced adhesion of P. lutzii. Although we observed a tendency
toward a reduction of the internalization of P. lutzii in A549 cells after G14 treatment,
this reduction was not significant compared to levels in the control without treatment.
On the other hand, adhesion, an essential step in Paracoccidioides sp. infection,
decreased 75% after G14 treatment (Fig. 5A). In order to know if the treatment affected
the internalized fungal cells, CFU enumeration was performed. The results showed that
there was not a reduction in CFU counts compared to level of the control without
treatment (Fig. 5B). Even though the G14 treatment had not reached the internalized
fungi in A549 cells, G14 showed important activity on a fungal virulence factor,
adhesion.

G14 improved the antifungal activity of macrophages. When macrophages were
treated only with G14, we observed a reduction of 62% in the nitrite concentration
compared to that in macrophages stimulated with lipopolysaccharide (LPS). The same
was observed during the infection of macrophages by P. lutzii. When the infection was
treated with G14, we observed a reduction of 55% in the nitrite concentration com-
pared to the level in the control without treatment (Fig. 6A). These results showed the
anti-inflammatory activity of G14. We observed a reduction in CFU numbers when the
infection was treated with G14 (Fig. 6B), suggesting that G14 contributed to macro-
phage activity against P. lutzii.
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FIG 4 The development of P. lutzii cells was reduced after G14 treatment. Comparative analysis between the untreated control (W/T, without
treatment) and of P. lutzii cells treated with decyl gallate (G14) after 24 h and 48 h. (A) MTT assay for mitochondrial activity of P. lutzii cells. OD,
optical density. (B) Development assay with analysis of percentage of P. lutzii cells with buds. (C) Trypan blue assay for analysis of fugal wall
permeability. (D) CFU assay to analyze the recovery of viable fungal cells. *, P < 0.05.

DISCUSSION

In order to know the mechanism of action of G14 in Paracoccidioides spp., we used
a chemical-genetic interaction assay using S. cerevisiae as a model to predict the
mechanism of action of G14 (decyl gallate). In the chemical-genetic interaction, a
sublethal concentration of a growth-inhibitory compound was screened, and the
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FIG 5 In vitro G14 decreased adhesion rate of P. Jutzii in human pneumocytes. After 6 h of P. lutzii infection in A549 cells
(human pneumocyte type I line), treatment with decyl gallate (G14) was performed for 24 h. (A) A quenching assay was
performed to obtain the rate of adhesion and internalization by flow cytometry analysis. (B) The viability of internalized
fungal cells was assessed by CFU counts in BHI agar plates. Control (W/T), without treatment. *, P < 0.05.
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FIG 6 G14 decreased nitrite production by macrophages infected in vitro with P. lutzii. A RAW 264.7 macrophage
monolayer was stimulated with LPS (positive control) and infected with P. lutzii for 6 h and subsequently treated
with decyl gallate (G14) for 24 h. (A) Griess assay was performed to verify the ability of G14 to modulate nitrite
production. (B) The infection was plated on BHI agar plates, and CFU counts were determined. Control (W/T),

without treatment. *, P < 0.05.

deletion mutants with hypersensitive profiles were highlighted. The next step was the
comparison of a chemical-genetic interaction profile to a compendium of genetic
interactions (synthetic lethal). A synthetic lethal genetic interaction is characterized by
the deletion of a single gene, resulting in viable mutants. However, a lethal phenotype
is observed when double deletions are combined in the same mutant strain. Gene
deletion alleles that show chemical-genetic interactions with a compound should also
be synthetically lethal or synthetically sick as a result of a mutation in the compound
target gene. Genetic profile similarities are measured for all gene pairs by computing
Pearson correlation coefficients (PCC) from the complete genetic interaction matrix.
These profiles predict the pathways and targets inhibited by treatment (15-19).

Based on the chemical-genetic interaction profile, we predicted that G14 affects the
N-glycosylation and protein folding pathways. The profile was similar to that of one of
our control compounds, tunicamycin. This compound is classified as a nucleoside
antibiotic and inhibits N-glycosylation by blocking the first step in the synthesis of the
dolichol-linked oligosaccharide, the transfer of UDP-N-acetylglucosamine to dolichol
phosphate (21).

This result was confirmed when the chemical-genetic interaction profile of G14 was
compared to the genetic interaction network of S. cerevisiae, allowing the prediction of
its putative molecular target, alpha-1,6-mannosyltransferase (ALG12). ALG12 is localized
in the endoplasmic reticulum (ER) and is responsible for the addition of alpha-1,6-
mannose to dolichol-linked Man7GIcNAc2 and acts in the dolichol pathway for
N-glycosylation (22).

N-glycosylation is an essential process for posttranslational modification of proteins.
Some proteins are synthesized in the ribosomal portion of the rough endoplasmic
reticulum (RER), where they assume their correct conformation. After this, there is an
addition of a precursor oligosaccharide by transferase. The process of linking the
protein with the oligosaccharide is called N-glycosylation (23).

It is known that N-glycosylation is an important process for fungal cells. The fungal
cell wall is composed of polysaccharides, such as glucans, chitin, lipids, and proteins,
some of which are highly glycosylated (glycoproteins). Since the fungal cell wall is
essential for osmotic homeostasis maintenance, morphogenesis, and maintenance of
the cellular form and for a role in mechanical resistance, it is considered a promising
target for the development of new agents (24). In Paracoccidioides this role is not
different; N-glycosylated proteins are crucial for many biological processes (25).

G14 affected the same pathway affected by tunicamycin, which had an effect on
wall composition and development of Paracoccidioides spp. A study by Dos Reis
Almeida et al. (26) showed that upon tunicamycin treatment, the level of
N-glycosylation was lower, and a reduction of a-(1,4)-amylase activity, a glycosy-
lated enzyme, was observed.
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Thinking about glycosylated proteins, analysis of the relative activity of essential
glycosylated enzymes present in the cell wall of P. lutzii, such as «-(1,3)-glucanase,
N-acetyl-B-p-glucosaminidase, and a-(1,4)-amylase, after G14 treatment was proposed.
These enzymes are responsible for covalently joining components to form a three-
dimensional matrix of chitins, glucans, and glycoproteins. It is known that the loss of
any of these components may impair the growth, morphology, and viability of the
fungal cell (24). Our results showed that G14 treatment of P. lutzii reduced the relative
activity of these enzymes, suggesting that G14 impairs the N-glycosylation process.
Interestingly, the analysis of the expression of genes encoding these enzymes showed
upregulation of these genes upon G14 treatment. We believe that this could possibly
be a compensatory mechanism for diminished enzymatic activity due to the lack of
N-glycosylation (27).

In order to demonstrate the extent of the treatment effect on the N-glycosylation
pathway, we used the markers concanavalin A, which has a high affinity for glycosy-
lated structures (28), and calcofluor white, which binds to chitin, a cell wall component
dependent on the glycosylated enzymes that we tested in this study (28). The fluores-
cence of both markers upon treatment with G14 was lower than that in fungal cells
without treatment. This reduction suggests that glycosylated enzymes as well chitin
amounts are decreased after G14 treatment, probably due to its action in damaging the
N-glycosylation process of these components.

When the N-glycosylation process is compromised, unfolded proteins are formed.
The consequence is the generation of toxic signals to cells, leading to a stress situation.
In eukaryotes, the endoplasmic reticulum stress response is orchestrated by at least
three genes: IRE1, ATF6, and PERK. Together, these sensors coordinate the unfolded
protein response (UPR), which is responsible for circumventing this situation and
restoring homeostasis. In fungi, neither ATF6 nor PERK has been described, but IRE1 is
considered the main mediator of homeostasis in response to unfolded proteins. The
activation of IRE1 is closely linked to the activation of HAC1, and both are essential for
the proper cellular response to this stress (20). In this regard, first of all, UPR activation
upon G14 treatment was analyzed in a S. saccharomyces strain with GFP-tagged IRE1,
ATF6, and PERK genes. Increased expression of the protein complex was observed by
fluorescence microscopy, supporting the prediction that G14 interferes with the
N-glycosylation of proteins, activating the UPR. Corroborating these results, real-time
PCR analysis of IRET and HAC1 genes after G14 treatment revealed the activation of the
UPR by the upregulation of these genes.

If the execution of the UPR is unsuccessful, the apoptosis response is induced. This
response is deeply linked to mitochondrion activity since there is a physiological and
functional interaction between the mitochondrial and ER organelles. This connection is
essential to maintain cellular homeostasis and viability (29). The MTT assay confirmed
the chronic activation of UPR signaling in which G14 decreases mitochondrial activity
and the viability rate of P. lutzii cells. The low mitochondrial activity impairs fungal
metabolism and the composition and formation of the cell wall. As a consequence,
there was interference with bud formation (25, 30), as shown after the G14 treatment
of P. lutzii cells. The effects of G14 on fungal viability and wall damage were confirmed
by CFU enumeration and trypan blue assays. A trypan blue assay confirmed that G14
impairs the fungal cell wall, and CFU enumeration confirmed that a consequence of the
weaker fungal cell was a loss of viability.

All of these results confirmed that the fungal wall is important to fungal viability and
highlighted how the N-glycosylation process is vital to the integrity of the fungal cell
wall. For Paracoccidioides spp. the composition of the cell wall is considered an
important virulence factor, and its components are important for some properties, such
as adhesion to host cells (31).

The dynamics of the interaction of Paracoccidioides brasiliensis with human lung
epithelial cells (A549) was previously studied by our group (32), and we demonstrated
that the interaction rate of the fungi with these cells increases progressively after 3 h
of contact, and with 5h the internalization process was observed. Considering this
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knowledge, it was evaluated if the destabilization of the fungal cell wall by G14
treatment in vitro influences the interaction with the host cell. For this, A549 cells were
challenged with P. lutzii for 6 h, ensuring that the cells were adhered and internalized.
From this point, the interaction was treated with G14 for 24 h. In comparison with the
rate for the control, we observed a significant reduction in the interaction rate, and after
applying the quenching test, it was possible to conclude that this reduction was in the
adhesion rate since no differences in rates of internalization of fungi were observed.
The action of G14 in reducing the adhesion rate could be explained by the destabili-
zation this compound caused to the P. lutzii cell wall, as shown in this study. Although
the numbers of CFU of the internalized fungal cells were not different between the
untreated control and the treated cells, the prevention of fungal adherence to host cells
could be an important tool to avoid fungal colonization at different sites, helping to
avoid a systemic infection.

Since G14 was able to decrease the Paracoccidioides sp. infection, hindering proper
fungal adhesion to host cells, we verified whether G14 could help the host control
Paracoccidioides infection. Paracoccidioides spp. are able to induce the modulation of a
chronic inflammatory response via the nitric oxide pathway and to exert a negative
modulatory effect on granuloma formation in PCM (33, 34). We evaluated the in vitro
effect of G14 on nitric oxide modulation in RAW 264.7 macrophages infected with P.
lutzii. G14 treatment significantly reduced nitrite production. We suggest that G14 may
play an important role in balancing the inflammatory reaction caused by fungal
infection without interfering with the microbicidal activity of nitric oxide. However,
when CFU analysis of fungal cells internalized by macrophages was performed, a
significant reduction upon treatment was observed, which could mean that G14
treatment had a positive influence on other microbicidal mechanisms of the macro-
phages.

Antifungal agents acting in the modulation of nitric oxide could be considered
excellent candidates for therapy in pathophysiological processes. Lopes et al. (12)
demonstrated the anti-inflammatory activity of an alkyl gallate, which has a well-
described antioxidant activity and could act as an anti-inflammatory agent and protect
human cells against oxidative damage caused by reactive oxygen species. In this way,
G14 could also act as an antioxidant compound and be able to reduce the inflammation
and damage generated during fungal infection.

In conclusion, through this work we know more about the action of G14, which is
involved in the impairment of the N-glycosylation pathway. This effect damages the
maintenance of the fungal wall, which results in an important decrease in the infection
process in vitro, in addition to the important anti-inflammatory role of G14. This study
highlights the need for continued studies to promote this compound as a new
antifungal agent.

MATERIALS AND METHODS

Decyl gallate (G14). G14 was obtained and provided by Instituto de Quimica, UNESP (Araraquara,
Brazil), according to Morais et al. (35) and prepared according to de Paula e Silva et al. (8).

Chemical-genetic interaction assay. A chemical-genetic interaction assay for G14 was performed as
described previously by Piotrowsk et al. (36-38) using a S. cerevisiae deletion collection pool containing
310 mutants that are functionally representative of all major cellular processes (15, 36). The optimal
inhibitory concentration of G14 for a chemical-genetic interaction assay was determined using an
eight-point dose-response assay, and a concentration of 7 ug/ml of G14 was determined (70 to 80%
growth versus solvent control in yeast extract-peptone [YEP]-galactose medium after 24 h of growth).
The deletion collection pool was grown with 7 ug/ml of G14 for 48 h at 30°C. The controls were DMSO,
tunicamycin (glycosylation inhibitor), methyl methanesulfonate (MMS; DNA damage inducing agent),
micafungin (inhibitor of B-1,3-glucan production of), bortezomib (proteasome inhibitor), and benomyl
(microtubule depolymerizing agent), which have known chemical-genetic interaction profiles. After the
incubation with G14, the genomic DNA of the deletion collection pool was extracted using an Epicentre
MasterPure Yeast DNA purification kit. Special multiplex primers were used to amplify mutant-specific
molecular barcodes and to attach unique experiment-specific barcodes to each compound-treated pool
(19). lllumina MiSeq was used to sequence the barcodes. The barcode counts for each yeast deletion
mutant in the presence of G14 were compared to those under DMSO control conditions to determine
sensitivity or resistance of individual strains in the pool (the chemical-genetic interaction score) (15). A
Bonferroni-corrected hypergeometric distribution test was used to search for significant enrichment of
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GO terms among the top 10 sensitive and resistant deletion mutants (39). Correlation of the chemical-
genetic interaction profile of G14 with the yeast genetic interaction network was performed by a
bioinformatics program (36, 38).

UPR activation assay. S. cerevisiae yeast strain YMJOO03 (ura3A:UPRE-GFP-TEF2pr-RFP-MET-URA3
his3A1 leu2A0 met15A0 ura3A0 LYS* can1A:STE2pr-spHIS5 lyp1A:STE3pr-LEU2 CYH2) was used. This strain
has a green fluorescent protein (GFP) tagged to inositol-requiring enzyme 1 (IRE1), activating transcrip-
tion factor 6 (ATF6), and protein kinase RNA-like endoplasmic reticulum kinase (PERK) genes and was
used for UPR analysis (40). A colony was cultivated in 2 ml of synthetic defined medium lacking Trp
(SD-Trp) for 18 h at 30°C and 150 rpm. The suspension was diluted 1:10 in SD tryptophan drop-out (SD
DO-Trp) medium and incubated for 3 h (log phase) at 30°C and 150 rpm. One milliliter of suspension was
diluted in 1 ml of SD DO-Trp medium with 7 ug/ml G14 or in DMSO for 3 and 24 h at 30°C with shaking
(150 rpm). At each time point the suspension was centrifuged at 10,000 rpm for 1 min, and the yeast cells
were observed by fluorescence microscopy; the mean fluorescence intensity (MFI) was calculated using
ImagelJ software (NIH).

P. lutzii conditions. The maintenance and the inoculum of P. lutzii strain 01 (ATCC MYA-826) were
performed according to Scorzoni et al. (41).

Evaluation of N-glycosylation in P. lutzii. A suspension of 106 P. [utzii cells/ml in brain heart infusion
(BHI) broth was treated with a final concentration of 0.5 png/ml G14 for 3 days at 37°C and 150 rpm. DMSO
in the same proportion was used as a control. The fungal suspension was centrifuged at 4,000 rpm at 4°C
for 10 min, and the obtained pellet was used in the following experiments.

(i) Enzyme activity measurement of N-glycosylated enzymes. The pellet was washed twice with
phosphate-buffered saline (PBS) containing 1 mM phenylmethylsulfonyl fluoride. Cells were disrupted by
sonication, followed by centrifugation (10,000 rpm) for 15 min at 4°C for the crude protein extract
obtained from the supernatant. Protein concentration was quantified by bicinchoninic acid assay (Pierce
Chemical Co.), with bovine serum albumin as the standard (42). Activity of a-(1,4)-amylase (a-amylase)
was assayed by monitoring starch hydrolysis (43). One unit of a-(1,4)-amylase activity was described
as the amount of enzyme required to hydrolyze 0.1 mg of starch/min. Activity of a-(1,3)-glucanase
was determined using a-glucan from Aspergillus niger as the substrate (26). One unit of «-(1,3)-
glucanase activity was defined as the amount of enzyme required to produce 1 uM reducing
sugars/min. N-Acetyl-B-p-glucosaminidase (NAGase) activity was verified by monitoring the rate of
formation of p-nitrophenol from p-nitrophenol-B-N-acetylglucosamine (pNPGIcNAc; Sigma) (25, 44).
One unit of N-acetyl-B-p-glucosaminidase activity was defined as the amount of protein required to
produce 1 uM p-nitrophenol/min at 37°C. The enzyme activity values correspond to the mean values
of at least three replicates.

(ii) Evaluation of glycosylated components of fungal cell wall. Fungal suspensions with and
without G14 treatment were incubated separately with 100 wg/ml of concanavalin A (ConA), conjugated
to Alexa Fluor 488 (Invitrogen), and 100 wg/ml of calcofluor white (CFW; Sigma) at 37°C for 30 min as
described by de Curcio et al. (28). The fungal cells were washed, suspended in PBS, and submitted to
analysis by a BD FACSCanto | flow cytometer. The mean fluorescence intensity (MFI) of 10,000 cells in the
fluorescein isothiocyanate (FITC) channel was calculated. ConA-labeled fungal cells were positive for
glycosylated proteins. The CFW-labeled cells were analyzed under a fluorescence microscope. A total of
300 cells (triplicate) were analyzed using ImagelJ software (NIH) measuring the MFI of CFW to determine
the chitin amount, which is N-glycosylated-enzyme dependent.

(iii) Differential gene expression analysis. RNA from P. [utzii with and without G14 treatment was
extracted using the TRIzol method (Invitrogen). cDNA synthesis was performed using RevertAid H Minus
Reverse Transcriptase (Fermentas) according to the manufacturer’s instructions using 1 ug of total RNA.
The relative expression levels of the a-(1,3)-glucanase (agn), N-acetyl-B-p-glucosaminidase (nag1), a-(1,4)-
amylase (amy), inositol requiring enzyme-1 (irel), and transcription factor (hacl) genes were analyzed
(Table 2). a-Tubulin (tub) was used as the housekeeping gene. The reactions were carried out using 1 ul
of ¢cDNA, 10 I of Maximum SYBR green/ROX gPCR Master Mix (2X) (Qiagen), and 0.5 uM each primer.
The PCR conditions were as follows: an initial temperature of 95°C for 1 min, followed by 40 cycles of 55
at 95°C and 60°C for 32 s. The signal emission corresponding to a single product was confirmed by melt
curve analysis. Reactions were performed in triplicate with an Applied Biosystems 7500 cycler (Applied
Biosystems). Data were analyzed using the 224" method (where C; is threshold cycle) (45).

Influence of G14 on P. lutzii. A total of 10° fungal cells/ml in BHI broth were treated with 0.5 wg/ml
G14in a 96-well plate at 37°C in 5% CO, for 24 and 48 h. The fungal cell was analyzed by MTT assay, bud
formation, trypan blue assay, and CFU enumeration. After the treatment, trypan blue reagent (Sigma)
was added to the cells, and the percentage of nonblue cells was measured in a total of 100 cells. Also
100 cells were used to analyze bud formation. For this, cells were separated in two groups: (i) cells with
only one or without any buds and (ii) cells with more than one bud. In the CFU enumeration assay, an
aliquot of 100 ul was diluted (1:100) in PBS and plated on solid BHI medium supplemented with 4% fetal
calf serum, 5% P. brasiliensis (strain 192)-spent culture medium, 1.5% glucose, and gentamicin (40 mg/ml)
and incubated at 37°C for 15 days, and colonies were counted (46). For the MTT assay, the 96-well plate
was centrifuged for 2 min at 5,000 rpm. The supernatant was carefully removed, and 10 ul of MTT
solution (5 mg/ml in PBS) plus 40 ul of PBS was added and incubated at 37°C in 5% CO, for 4 h. The
formazan precipitate was solubilized with 100 wl/well of pure DMSO. The supernatant was transferred to
other plate and read by spectrophotometer at 570 nm (690-nm reference).

Influence of G14 on P. lutzii-A549 cell interaction. The human lung epithelial cells (A549) were
obtained from Banco de Células do Rio de Janeiro (BCRJ). All the cultivation conditions were performed
according to BCRJ instructions. A total of 106 cells/ml were plated in a 96-well plate in monolayer
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formation at 37°C in 5% CO,. Cells were challenged with 10° P. lutzii cells/ml labeled with 0.5 mg/ml of
fluorescein isothiocyanate (FITC; Sigma) for 6 h at 37° C in 5% CO, The supernatant was removed, and
the infection was washed with PBS and treated with 0.5 ug/ml G14 in Dulbecco’s modified Eagle’s
medium (DMEM) for 24 h at 37°C in 5% CO.,. After the incubation, the interaction was analyzed by flow
cytometry and CFU enumeration as described below.

(i) Flow cytometry analysis. The supernatant was carefully removed, and 0.065 uM Alexa Fluor
647-phalloidin (ThermoFisher Scientific) solution prepared in cold 4% paraformaldehyde (Sigma) with
0.5% Triton X-100 (Amersham Biosciences) was added to the cells for 20 min. The cells were recovered
in PBS and submitted to analysis by BD FACSCanto | flow cytometer. A total of 10,000 events were
acquired from Alexa Fluor 647-positive events (allophycocyanin [APC] filter for the host cell population).
FITC-positive events (FITC filter for the fungal cell population) were analyzed from the APC-positive
population. This relation reveals the percentage of fungal cells interacting with host cells, termed the
interaction rate. To the remaining suspension, 200 ug/ml trypan blue (Sigma) was added and incubated
for 10 min at room temperature to quench FITC fluorescence of externally adhered fungal cells. Trypan
blue reagent is able to decrease the fluorescence intensity of FITC, and it is not capable of reaching the
intracellular host compartment, thus differentiating intracellular and adhered fungal cells (47). A total of
10,000 events were acquired from APC-positive events gate, obtaining a rate of fungal cells (FITC
positive) internalized in the host cells. For the estimation of adhered cells, the internalized fungal cell rate
was subtracted from interaction rate.

(ii) CFU enumeration. The supernatant was discarded, and the nonadherent fungal cells were
removed with PBS washes. Subsequently, 15 ug/ml of ketoconazole (Sigma) in DMEM was added for 1
h at 37°C to kill only the adhered fungi, followed by PBS washes to remove them. The A549 cells were
lysed with 100 ul of sterile MilliQ water (32), and the suspension was plated on solid BHI medium
supplemented as described previously and incubated at 37°C for 15 days for colony counts (46). The CFU
count obtained indicates fungal cells that were internalized.

Anti-P. lutzii activity of macrophage due to G14 modulation. RAW 264.7 macrophages were
obtained from BCRJ, and all the cultivation conditions were performed according to BCRJ instructions.
The macrophage suspension was adjusted to 106 cells/ml, and 100 ul was plated in a 96-well plate in
monolayer formation at 37°C in 5% CO,. After macrophage monolayer formation, the supernatant was
carefully removed, and cells were infected with 100 ul at 10¢ P. lutzii cells/ml in DMEM or treated with
0.2 mg/ml lipopolysaccharide (LPS) in DMEM (positive control) or only DMEM (negative control). The
plates were incubated at 37°C in 5% CO, for 6 h. After this the supernatant was removed, and the
monolayer was carefully washed with PBS and treated with 0.5 ug/ml G14 for 24 h at 37°C in 5% CO.,.
Nitrite production was evaluated using a Griess assay (12, 48). For this, the supernatants were transferred
to another plate and mixed 1:1 with 100 wl/well fresh solution of N-(1-naphthyl) ethylenediamine
dihydrochloride (NEED; 0.1%) and sulfanilamide (1%, vol/vol) The reaction was read by spectrophotom-
eter at 540 nm. The viability of P. lutzii cells internalized by macrophages was determined by CFU
analysis. This assay was conducted as described above.

Statistical analyses. Graphs and statistical analyzes were performed with GraphPad Prism, version
5 (La Jolla, CA, USA), using a t test.
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