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PAF26 is a synthetic fungicidal hexapeptide with cell-penetration properties and non-lytic mode of
action. We demonstrate herein the endogenous accumulation of reactive oxygen species (ROS) and nitric
oxide (NO) in the model fungus Saccharomyces cerevisiae treated with PAF26. However, the S. cerevisiae
deletion mutant of YAPI - the major inductor of defense to oxidative stress — did not show high sensitiv-
ity to PAF26 but rather increased resistance, and its ROS accumulation did not differ from that of the
parental strain. Cross-protection experiments suggest that the oxidant H,0, and PAF26 kill yeast through
different pathways. Overall, the data indicate that ROS are not the primary antifungal mechanism of the
peptide. On the contrary, the PAF26-induced intracellular production of NO was blocked in two distinct
resistant mutants: the above mentioned Ayap1, which had the induction of NO disrupted, and the pre-
viously reported Aargl from the biosynthetic pathway of arginine, which has reduced basal NO levels.
The NO synthase inhibitor .-NAME partially restored yeast growth in the presence of PAF26. These find-
ings correlate antifungal activity of PAF26 with NO production and provide a plausible explanation for the
resistance phenotype of Aargl through its involvement in NO biosynthesis.
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1. Introduction

Antimicrobial peptides (AMPs) are widespread in nature and
are considered promising molecules to combat pathogenic micro-
organisms of medical, agricultural, and food relevance [1-3]. Most
AMP are cationic and amphipathic peptides with the capability to
permeate biological membranes and lyse living cells. Over the last
decade, however, it has been shown that some AMP have non-lytic
effects on their target microorganism [4-6]. Significant examples
include binding to membrane components, inhibition of the bio-
synthesis of macromolecules such as DNA, RNA and proteins, inter-
action with chaperone like proteins, or the induction of DNA
damage and apoptosis. Also, some AMP can enter microbial cells
in a non-disruptive manner and are therefore considered cell-pe-
netrating peptides [6-8].

Several studies show the induction of apoptosis markers in fun-
gal cells treated with AMP of very diverse origins [9-14]. In some
of these reports, mutations of pro-apoptotic genes enhance resis-
tance to AMP, indicating that induced microbial death is part of
the peptide killing mechanism [9-11]. Intracellular rise of reactive
oxygen species (ROS) is a marker of cell death and apoptosis in
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fungal cells. Further studies have increased the number of AMP
for which antifungal action is associated with intracellular ROS
production [15-18]. In the case of the synthetic VS2/VS3 peptides
ROS accumulation was coincident with internalization of into
Candida albicans [18]. However, the precise role of ROS in the anti-
fungal mechanism of AMP remains controversial as exemplified in
the case of histatin 5 [19,20]. Studies have not clearly determined
whether intracellular ROS production is either the (primary) cause
or just a marker of fungal death initiated by other pathways.

Nitric oxide (NO) has diverse roles in biological systems, includ-
ing vasodilation, signaling, defense and microbe killing. NO release
is part of the defense of higher organisms against invading micro-
bial pathogens [21]. Interaction of NO with ROS generates reactive
nitrogen species (RNS) that result in nitrosative stress and cytotox-
icity. Therefore, RNS are often associated with ROS and contribute
to harmful effects. The involvement of NO as part of AMP action is
underexplored. Treatment of C. albicans with the pea defensin
PvD1 resulted in the intracellular rise of ROS and NO detected by
microscopy [15], although the relevance to antimicrobial activity
was not further analyzed.

PAF26 is a synthetic de novo-designed hexapeptide that was
identified in a combinatorial screen and shares sequence similarity
with other AMP from natural or synthetic origin [22]. It has activity
against plant pathogenic fungi and several microorganisms of clin-
ical relevance [23]. PAF26 is a cell penetrating peptide that enters
hyphal cells and conidia of Penicillium digitatum or Saccharomyces
cerevisiae yeast cells in a non-disruptive way [24,25]. The precise
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mechanism of action of PAF26 is being investigated. A transcrip-
tome study on S. cerevisiae has identified cell components and
intracellular pathways that modulate sensitivity [25]. Among
them, several ARG genes of the arginine metabolism modulate sen-
sitivity and are specifically induced by PAF26 but not by the cyto-
lytic peptide melittin. Deletion mutants of ARG genes showed
increased resistance to PAF26 including the mutant Aargl, which
codes for the cytosolic argininosuccinate synthetase that catalyzes
the formation of argininosuccinate from citrulline and aspartate in
the arginine biosynthetic pathway.

The objective of this study was to investigate the role of ROS
and NO in the PAF26 mechanism of antifungal action. We demon-
strated production of these reactive agents upon S. cerevisiae expo-
sure to the peptide. In order to establish the involvement of these
molecules in fungal death we characterized the sensitivity and
phenotype of deletion mutants in the master regulator of response
to oxidative stress YAP1, and in the previously identified ARG1.

2. Materials and methods
2.1. Peptide and chemicals

PAF26 (amino acid sequence RKKWFW) was purchased at >90%
purity from Genscript Corporation (USA) and used as described
previously [25]. Dihydrorhodamine 123 (DHR123) and 4-amino-
5-methylamino-2’,7'-difluorofluorescein (DAF-FM) were from
Invitrogen (USA), and nitro-L-arginine methyl ester (.-NAME) from
Sigma-Aldrich (USA).

2.2. Saccharomyces cerevisiae strains

The S. cerevisiae strains used were BY4741 (MATa; his3A1;
leu2 AO; met15 AO; ura3A0) and the corresponding isogenic dele-
tion strains YO1750 (Aargl) and Y00569 (Ayap1) from the public
EUROSCARF collection (http://web.unifrankfurt.de/fb15/mikro/
euroscarf).

2.3. Fluorescence microscopy

In all the experiments of this study S. cerevisiae cells were
grown in YPD medium to exponential phase (ODggg 0.4-0.5) at
30 °C with shaking [25]. For microscopy, 1 mL of 2.5 x 107 cells/
mL were sedimented and treated in 100 pL of sterile water with
0.5 mM H,0,, 30 uM PAF26 or H,0 (control) for 30 min, washed
twice, resuspended in 100 pL of sterile water containing 40 pM
DHR123 and incubated for 30 min. After treatments, cells were
washed and fluorescence was examined and photographed with
an epifluorescence microscope E90i (Nikon, Japan).

2.4. Flow cytometry

2.5 x 107 cells were treated in 100 L of sterile water contain-
ing either 30 uM PAF26, 2 mM H,0, or 0.1 mM Menadione (MD)
for 1 h at 30 °C. After treatment, cells were washed twice and incu-
bated in 100 pL water with either 40 uM DHR123 to assess the
intracellular level of ROS or 30 uM DAF-FM for NO, for 30 min at
30 °C and subsequently diluted to 1 mL in sterile water [26]. Flow
cytometry analysis (20,000 cells/sample) was performed using an
EPICS XL-MCL cytometer (Beckman-Coulter, USA).

2.5. Antifungal assays

For cell viability assays, cultures were adjusted to 107 cells/ml
in 20% YPD containing 40 pg/ml chloramphenicol, and serial 5-fold
dilutions of cells were treated with peptide as described [25].

Aliquots (5 pl) of each sample were dotted onto peptide-free YPD
agar plates and incubated at 30 °C for 2 days to determine viability.
In some experiments, 107 cells/ml in 20% YPD were pre-treated
with 2 mM H,0, for 1h, washed, resuspended in 20% YPD and
treated with peptide. Additional experiments were carried out in
which cell dilutions were dotted onto YPD plates amended with
H,0,. For growth inhibition assays, 5 x 10* BY4741 cells/mL were
grown at 30 °C using a POLARstar Omega (BMG Labtech, Germany)
microtiter plate reader and incubator.

3. Results and discussion

3.1. PAF26 induces an increase in the accumulation of intracellular
ROS and NO in S. cerevisiae

PAF26 is a cell-penetrating peptide that enters S. cerevisiae cells
at subinhibitory concentrations (around 5 pM) and inhibits growth
with ICsp around 30 pM [25]. We explored ROS production in yeast
treated with PAF26 in order to elucidate whether oxidative stress is
associated to peptide antimicrobial activity. Intracellular ROS in
S. cerevisiae BY4741 treated with PAF26 were determined by using
the ROS sensitive fluorescent dye DHR-123, as a general indicator
of cellular ROS levels [12,26]. Microscopy observations of cells
treated with 30 uM PAF26 showed a fluorescence signal higher
than control cells, and even higher than cells treated with sub-
lethal concentrations of the ROS generator oxygen peroxide
(0.5 mM H,0,) (Fig. 1A). In order to confirm and also quantify
ROS production, we carried out flow cytometry experiments. Our
results showed that the subpopulation of positive cells with signal
intensity over a threshold value increased from 49.2% in the con-
trol to 82.1% in the presence of PAF26, while the mean signal inten-
sity increased from 3.2 to 6.5 (Fig. 1B). Additional controls of cells
treated with the superoxide-generating agent menadione (MD) or
H,0, also displayed similar increases of fluorescence (Fig. 1B).
These experiments demonstrate that the activity of PAF26 was
associated with intracellular accumulation of ROS in S. cerevisiae,
as shown with other AMP [12-14,18].

Studies suggest that intracellular ROS production and oxidative
stress in yeast might be linked to production of RNS from NO
[26,27]. The production of ROS and NO in C. albicans treated with
the plant defensin PvD1 has been recently reported [15]. In this lat-
ter study, however, the microscopy observations that support NO
production showed very faint signals. In our experiments, micros-
copy records of NO production were not conclusive due to very low
signal intensity (data not show). We used the NO indicator DAF-FM
[26] coupled to flow cytometry to quantify NO production. This
methodology allowed accurate detection of NO and confirmed in-
creased NO production in cells treated with MD or H,0,, similarly
to previous reports [26,27], and most importantly demonstrated
NO generation in PAF26 treated cells (Fig. 1C). The overall increase
of NO production in any of the three treatments (and measured as
increase of signal intensity or number of positive cells), did not
seem to be as important as ROS production. Collectively, these
findings demonstrate that endogenous ROS and NO production
are induced by PAF26 in S. cerevisiae. Further experiments were
conducted to clarify the role of ROS and NO in the mode of action
of PAF26.

3.2. The S. cerevisiae deletion mutant in the oxidative stress regulator
YAP1 shows increased survival after PAF26 treatment

We screened a total of 11 gene deletion mutants from the EURO-
SCARF collection to further study the role of oxidative stress in
PAF26 antifungal mechanism, including mutants of SOD1, SOD2,
TRX1, TRX2, MSN2 or SKN7. For most of them no significant
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Fig. 1. Endogenous ROS and NO accumulation in S. cerevisiae after PAF26 treatment. (A) Fluorescence microscopy of S. cerevisiae BY4741 stained with DHR-123 after
treatment with either water (control), 30 uM PAF26 or 0.5 mM H,0,. (B) and (C) Histograms of flow cytometry analyses of production of ROS determined by DHR-123
labeling (B), or of NO by DAF-FM labeling (C), in S. cerevisiae BY4741 treated with 30 pM PAF26 (red line), 2 mM H,0, (green line) or 0.1 mM MD (blue line). Histograms of
control untreated cells are shown in gray. The numbers indicate for each record the mean fluorescence signal and in parentheses the percentage of positive cells above the
fluorescence threshold value of the mean fluorescence of the corresponding untreated control.

differences of sensitivity were found with the parental strain (data
not show). The most significant phenotype was found for Ayap1
(EUROSCAREF strain Y00569) (Fig. 2). YAP1p is a bZIP transcription
factor and is considered a major regulator of the defense response
to oxidative stress [28]. It is known that YAP1 deletion strains are
hypersensitive to H,O, [29]. Accordingly, serial dilutions of CFU
from Ayapl did not grow on YPD plates containing 4 mM H,0,
(Fig. 2A). Unexpectedly, a 24 h treatment with PAF26 followed by

A
BY4741
Ayap1

B YPD
BY4741
Ayap1
No peptide
C
BY4741 (2 mM H,0, pretreat.)
Ayap1 (2 mM H,0, pretreat.)

2 mM H,0, YPD

plating onto YPD plates showed a resistance phenotype of Ayap1
as compared to the parental BY4741. As shown in Fig. 2B, BY4741
had a marked reduced viability after PAF26 treatment (see Fig. 2B
mid panel) as reported previously [25], while the mutant only
had a minor reduction of viability (Fig. 2B, compare with the control
left panel). Treatment with PAF26 followed by plating onto H,0,
plates had an additive effect and strongly reduced the viability of
both the parental and the mutant strain (Fig. 2B, right panel).

4 mM H,0, YPD

64 uM PAF26 64 uM PAF26
YPD YPD
No peptide 64 uM PAF26

Fig. 2. Sensitivity of S. cerevisiae BY4741 and Ayap1 to PAF26 and H,0,. (A) Increased sensitivity of Ayap1 to H,0,. Serial dilutions of cells were applied onto YPD plates
amended or not with H,0; as indicated. (B) Increased resistance of Ayap1 to PAF26. Serial dilutions of cells were either control-treated or treated with 64 uM PAF26 for 24 h,
and applied onto YPD plates amended or not with H,0, as indicated. (C) Pre-treatment with H,O, does not cross-protect against PAF26. Serial dilutions of cells were pre-
treated with 2 mM H,0, for 1 h, and subsequently either control-treated or treated with 64 uM PAF26 for 24 h, and applied onto YPD plates.
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YAP1p activation results in up-regulation of genes involved in
oxidative stress response such as superoxide dismutase, catalases
or thioredoxins [28,29]. Gene deletion of some of these oxidative
stress related genes increase susceptibility to oxidizing com-
pounds. Nevertheless, no induction of any of these genes upon
PAF26 treatment was found previously [25], and deletion of a
selection of them caused no altered sensitivity to PAF26 (this
study, data not shown). The transcriptomic data initially indicated
induction of YAP1 after PAF26 treatment [25], although this induc-
tion could not be confirmed by qRT-PCR during this study (data not
shown). Activation of YAP1p is mostly accomplished by oxidation
of cysteine residues and relocation to the cell nucleus, and not by
induction of gene expression [30,31].

The deletion of YAP1 causes hypersensitivity to oxidizing agents
and antifungal compounds that act by causing oxidative stress
[29], in marked contrast to the increased resistance to PAF26. It
is remarkable that Ayap1 is highly sensitive to more than 20 anti-
microbial compounds (SGD, www.yeastgenome.org/), while no
antimicrobial agent has been reported to which it shows increased
resistance as does to PAF26.

Cross-protection experiments indicated distinct cytotoxicity
pathways for ROS and PAF26. Pre-treatment with a sublethal dose
of 2 mM H,0, (Fig. 2A) that results in increased ROS (Fig. 1B) did
not protect BY4741 cells against PAF26 antifungal effect, and nei-
ther changed the resistance phenotype of Ayap1 (Fig. 2C). Alto-
gether, these results suggest that the effect of PAF26 towards S.
cerevisiae is independent from that of H,0,, and presumably other
ROS. Similarly, C. albicans treated with the AMP histatin 5 produced
ROS, while sub-lethal pre-treatment to oxidative stress did not
change susceptibility to the peptide [32].

3.3. NO production after PAF26 treatment was blocked in S. cerevisiae
deletion mutants of genes YAP1 and ARG1

We next quantified ROS after peptide treatment in Ayap1 and
observed a high ROS level (7.7 mean intensity and 80.1% of positive
cells), similarly to that found in the parental strain (Fig. 3A). Fluo-
rescence microscopy showed no obvious DHR-123 signal differ-
ence between Ayapl and the parental strain (data not shown).
The ROS response to PAF26 observed in Ayapl was comparable
to the response to either H,O, or MD treatments (data not shown).
In contrast, no ROS generation was induced in a C. albicans Agcs
mutant resistant to the plant defensin RsAFP2, thus supporting
the involvement of ROS in antimicrobial action [16].

Recently, we observed that the arginine metabolism S. cerevisiae
genes ARG1, ARG3, ARG5,6, and ARG7 were induced by PAF26, and
the corresponding gene deletion mutants were highly resistant to
peptide killing [25]. We investigated ROS production in the dele-
tion mutant of ARG1 (strain Y01750). As occurred with BY4741
and Ayapl, ROS production in Aargl was increased by PAF26
(Fig. 3A), and also by MD and H,0, treatments (data not shown).
Therefore, the resistance phenotype of the two mutants analyzed
did not correlate with significant differences in ROS production
upon peptide treatment. Considering the data presented in this
study on the (i) absence of susceptibility to PAF26 of the YAPT mu-
tant, (ii) additive effects of H,O, and PAF26, (iii) no cross-protec-
tion between H,0, and PAF26, and (iv) no correlation between
ROS production and resistant phenotypes, we conclude that the
generation ROS is not the primary killing mechanism of PAF26 to
S. cerevisiae.

We next determined NO production in mutants Ayapl and
Aargl, and found that NO did not increase in any of them in re-
sponse to either PAF26 (Fig. 3B) or MD/H,0, treatments (data
not show), unlike the parental strain BY4741. However, the behav-
ior was qualitatively different in each mutant. Very low basal levels
of NO were observed in Aargl, as concluded from the low

fluorescence signal in the absence of any treatment (mean value
of 0.5 as compared with 3.2 in the parental), and moreover NO
did not change with treatments. On the other hand, Ayap1 had
basal levels of NO similar to BY4741; nevertheless the induction
of NO upon treatments was blocked. Our data show a correlation
between NO generation after treatments and resistance phenotype
in the mutants, suggesting that endogenous NO may be involved in
the killing mechanism of PAF26.

3.4. Inhibition of NO production partially protects S. cerevisiae from
PAF26 killing

Dual roles have been described for NO in yeast cells. When
exogenously applied at high concentrations it has a cytotoxic func-
tion used in defense mechanisms of higher organisms. The produc-
tion and toxicity of ROS and NO are related in yeast [26]. NO
toxicity is dependent on oxygen and ROS, although YAP1p played
only a minor role in the induction of responses to RNS [33,34]. Con-
versely, H,0,-induced apoptotic yeasts also synthesize NO (and
RNS), which partly accounts for H,O,-mediated cell death [27].
Endogenous NO is also a signaling molecule and mediates
adaptation to stress in yeast [35,36]. Despite its importance, the
regulation of endogenous NO production in fungi is unclear. In
plants and animals NO synthase (NOS) uses arginine to produce
NO and citrulline. No gene has been identified that would code
for an orthologous of NOS in S. cerevisiae, despite a NOS-like activ-
ity that uses arginine and is sensitive to NOS inhibitors has been
characterized, and immunoreactive proteins detected [27,35,36].
It has been proposed that MD induces toxicity in S. cerevisiae by
triggering endogenous NO production from arginine [26]; more-
over, MD toxicity was blocked by pre-treatment with the NOS
inhibitor .-NAME. Similarly, we carried out growth experiments
of BY4741 in the presence of inhibitory concentrations of PAF26
after pre-treatment with .-NAME, and observed that this NOS
inhibitor partially protected cells from PAF26 antifungal action
(Fig. 4). This different experimental approach further indicates that
endogenous NO biosynthesis is involved in the antifungal activity
of PAF26.

We previously hypothesized that the induction of arginine
metabolism ARG genes by PAF26 might be related to accumulation
of toxic metabolites in the cell [25]. The results described here con-
firm that NO basal biosynthesis depends on the ARG1 gene product
(Fig. 3B), likely through arginine metabolism, and that NO produc-
tion correlates with peptide toxicity, providing an explanation for
the high resistance to PAF26 of the ARG mutants.

3.5. Concluding remarks

We have demonstrated ROS and NO production in S. cerevisiae
upon treatment with the cell-penetrating antimicrobial hexapep-
tide PAF26. Our data indicate that although the induction of both
reactive species might be linked, it is the NO induction, and not
the ROS, the one having a primary role in peptide toxicity.

An open question remains on the involvement of YAP1p in the
killing mechanism of PAF26, on one hand, and induced NO produc-
tion, on the other, although it is very likely that both aspects are
somehow related. YAP1p has been proposed to regulate nitrosative
stress responses to exogenous NO application [37,38]. The high
resistance phenotype of Ayap1 is in marked contrast with its in-
creased susceptibility to other antifungals. Diverse modes of
YAP1 activation have been described through ROS or thiol-reactive
compounds, whose involvement depends on the oxidant agent and
affect different subsets of genes [30,39,40]. The effect of YAP1p on
PAF26 toxicity and endogenous NO production might relate to a
yet undiscovered biological function of this transcription factor
and future research will aim to characterize it.
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Fig. 3. Endogenous ROS and NO accumulation in S. cerevisiae BY4741, Ayap1 and Aarg1 after PAF26 treatment. (A) Flow cytometry analyses of ROS production. (B) Flow

cytometry analyses of NO production. Other details as in Fig. 1.
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Fig. 4. Effect of .-NAME on growth inhibition of S. cerevisiae caused by PAF26.
Growth curves of S. cerevisiae BY4741 in the absence (circles) or presence (triangles)
of 32 M PAF26, after pre-treatment with either 200 mM -NAME (white symbols)
or H,0 (black symbols).
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