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Abstract There are short cationic and tryptophan-rich anti-
fungal peptides such as the hexapeptide PAF26 (RKKWFW)
that have selective toxicity and cell penetration properties
against fungal cells. This study demonstrates that
concatemeric peptides with tandem repeats of the
heptapeptide PAF54 (which is an elongated PAF26 sequence)
show increased fungistatic and bacteriostatic activities while
maintaining the absence of hemolytic activity of the monomer.
The increase in antimicrobial activity of the double-repeated
PAF sequences (diPAFs), compared to the nonrepeated PAF,
was higher (4-8-fold) than that seen for the triple-repeated
sequences (triPAFs) versus the diPAFs (2-fold). However,
concatemerization diminished the fungicidal activity against
quiescent spores of the filamentous fungus Penicillium
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digitatum. Peptide solubility and sensitivity to proteolytic deg-
radation were affected by the design of the concatemers: in-
corporation of the AGPA sequence hinge to separate PAF54
repeats increased solubility while the C-terminal addition of
the KDEL sequence decreased in vitro stability. These results
led to the design of the triPAF sequence PAF102 of 30 amino
acid residues, with increased antimicrobial activity and mini-
mal inhibitory concentration (MIC) value of 1-5 uM depend-
ing on the fungus. Further characterization of the mode-of-
action of PAF102 demonstrated that it colocalizes first with
the fungal cell wall, it is thereafter internalized in an energy
dependent manner into hyphal cells of the filamentous fungus
Fusarium proliferatum, and finally kills hyphal cells intracel-
lularly. Therefore, PAF102 showed mechanistic properties
against fungi similar to the parental PAF26. These observa-
tions are of high interest in the future development of PAF-
based antimicrobial molecules optimized for their production
in biofactories.

Keywords Antimicrobial - Antifungal peptide -
Cell-penetrating peptide - Phytopathogen - Fungal cell wall

Introduction

Antimicrobial peptides (AMPs) and proteins are widespread
in nature in organisms from microbes to animals (Jenssen
etal. 2006; Zasloff 2002). In higher organisms, AMPs are part
of ancient defense mechanisms against pathogenic microbes
while in microbes act in the competition for nutrient resources.
AMPs differ in length (less than 100 residues), sequence, and
structure, but most are cationic and amphipathic. The fast and
efficient action of AMPs against microbes and the low toxicity
to mammalian and plant cells have attracted attention to
AMPs as a novel class of antibiotics, with potential

@ Springer


http://dx.doi.org/10.1007/s00253-015-6541-1

8012

Appl Microbiol Biotechnol (2015) 99:8011-8021

application in medicine, crop protection, and food preserva-
tion (Cotter et al. 2005; De Lucca and Walsh 1999; De Souza
Candido et al. 2014; Hancock and Sahl 2006; Lopez-Garcia
etal. 2012; Marcos et al. 2008; Montesinos and Bardaji 2008).
The short length of AMPs enables the rational design of se-
quence modifications that modulate and improve their antimi-
crobial and therapeutic properties, such as potency, specificity,
bioavailability, or stability.

PAF26 (amino acid sequence RKKWFW) is a syn-
thetic de novo-designed hexapeptide that was identified
in a combinatorial screen against the phytopathogen
Penicillium digitatum and shares sequence similarity
with other AMP from natural or synthetic origin
(reviewed in Muifioz et al. 2013a). Additional examples
of fungi that have been demonstrated to be sensitive to
PAF26 and PAF26 derivatives include the phytopatho-
gens Penicillium italicum, Penicillium expansum,
Botrytis cinerea, and Fusarium oxysporum (Lopez-
Garcia et al. 2002, 2003); the human pathogens
Candida albicans, Aspergillus fumigatus, and several
dermatophytes (Lopez-Garcia et al. 2007; Mufioz et al.
2013b); and the model fungus Neurospora crassa
(Muiioz et al. 2012). PAF26 is a cationic tryptophan-
rich peptide that belongs to the cell-penetrating class
of AMPs (CP-AMPs). Penetration into fungal cells has
been analyzed in detail using live-cell imaging tech-
niques in the model filamentous fungus N. crassa
(Mufoz et al. 2012). The study demonstrated energy-
dependent endocytic internalization of PAF26 prior to
killing fungal cells. Therefore, PAF26 possesses the de-
terminants for both antifungal and cell-penetrating activi-
ties in just six amino acid residues, and we have proposed
it as a useful model to analyze these two activities as well
as the relationships between them.

A crucial question for the exploitation of short AMP is
their cost-effective production (Duncan and O’Neil 2013).
Synthetic procedures are viable for the high added value
of medical usage. Other applications might require the use
of biotechnological approaches and heterologous expres-
sion of synthetic genes in bacteria, fungal, or plant
biofactories (Ingham and Moore 2007; Parachin et al.
2012). Specific challenges for the biotechnological pro-
duction of short AMPs in cell factories are their small
length, susceptibility to degradation, and potential toxicity
to the producer host. Fusion to other protein motifs has
been used to stabilize AMP in the producer host
(Company et al. 2014; Viana et al. 2013; Wang et al.
2014) or to target AMP to cell compartments such as
the endoplasmic reticulum (ER) or protein bodies
(Bundo et al. 2014; Coca et al. 2006; Company et al.
2014) where they can accumulate in high amounts.

Size increase of AMP is an attractive approach to im-
prove peptide production in biofactories for several reasons.
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Increased size is expected to enhance stability of very short
peptides. Fusions of different AMP sequences into single
peptides have been shown to result in new AMPs with en-
hanced properties (Ferre et al. 2006; Lopez-Garcia et al.
2007; Piers et al. 1994). Additionally, size increase could
produce more active molecules on a molar basis, as demon-
strated in the case of concatemer elongation of the antibac-
terial peptide BP100 (Badosa et al. 2013) or the antifungal
series of (RW)n or (KW)n repeats with increasing “n” num-
ber (Gopal et al. 2012).

In the first part of this study, the properties of series of
peptides that are tandem repeats of different size and design
derived from the PAF26 sequence have been characterized, in
terms of antimicrobial activity, nonspecific lytic toxicity, and
stability to protease degradation. In a second part, a triple-
repeated sequence that shows improved antimicrobial activity
over PAF26 was designed and demonstrated to act by cell
penetration into fungal cells in an energy-dependent and non-
disruptive way.

Materials and methods
Microorganisms and media

The microorganisms used in this study were reference
strains from diverse fungi of agricultural relevance:
P. digitatum CECT20796, F. oxysporum 4287 (Di
Pietro and Roncero 1996) (provided by Dr. M. 1. G.
Roncero, Universidad de Coérdoba, Cordoba, Spain),
B. cinerea CECT2100, and Magnaporthe oryzae PR-9
(Coca et al. 2004) (CIRAD collection, Montpellier,
France). Additionally, a Fusarium proliferatum local
isolate collected from rice plants (provided by the
Plant Protection Facilities of the Generalitat de
Catalunya, Barcelona, Spain) and a transformant derived
from it that constitutively accumulates the green fluores-
cent protein (GFP-Fp) were used. GFP-Fp was obtained
by Agrobacterium tumefaciens-mediated transformation
as described (Campos-Soriano and San Segundo 2009).
The plasmid used for transformation contains the eGFP
gene under the control of the glyceraldehyde-3-
phosphate dehydrogenase promoter from Agaricus
bisporus and the CaMV 35S terminator (Chen et al.
2000). Fungi were cultured on potato dextrose agar
(PDA) (Difco-BD Diagnostics, Sparks, MD, USA)
plates at 24 °C with the exception of M. oryzae, which
was maintained on rice flour medium. Conidia (mitotic
asexual spores) were collected and adjusted to the ap-
propriate concentration. The Gram-negative bacterium
Escherichia coli DH5« (Invitrogen, Eugene; OR, USA)
was also used and grown in Luria-Bertani (LB) medium
at 37 ° C.
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Synthetic peptides

All the peptides used were synthetic and purchased from
GenScript (Piscataway, NJ, USA) at >95 % purity. The se-
quences of the PAF peptides used are listed in Table 1.
Peptide PAF102 was also synthesized labeled by covalent
modification of the N-terminus with tetramethyl-rhodamine
(TMR-P102). Additional synthetic peptides used as controls
in the hemolytic assays were as follows: the natural cytolytic
peptide melittin (GIGAVLKVLTTGLPALISWIKRKRQQ)
from honeybee venom (Dempsey 1990), the rationally de-
signed heptapeptide 77-3 (FRLKFHF) (Gonzalez et al.
2002), and the active fragment P113 (AKRHHGYKRKFH)
from human histatin 5, a natural cell-penetrating antifungal
peptide isolated from human saliva (Jang et al. 2008). Stock
solutions of peptides were prepared at 1-5 mM in 10 mM
3-(N-morpholino)-propanesulfonic acid (MOPS) (Sigma-
Aldrich, St. Louis, MO, USA), pH 7 buffer and stored at
—20 °C. Peptide concentrations were determined spectropho-
tometrically (Lopez-Garcia et al. 2002).

Antimicrobial activity assays

Growth inhibition assays were carried out in 96-well microti-
ter plates essentially as described (Lopez-Garcia et al. 2002)
with minor modifications. A volume of 90 pL of fungal co-
nidia (or bacterial cells) in appropriate growth media, 1/20
diluted potato dextrose broth (PDB) (Difco-BD Diagnostics)
for fungi or 1/10 diluted LB for bacteria, was mixed in each
plate well with 10 pL of 10x concentrated peptide solution
from serial 2-fold dilutions. All samples were prepared in
triplicate. Plates were statically incubated for 48 h at the tem-
perature optimal for each fungus or bacteria. Growth was
measured every 2 h at ODgoo using a Multiskan Spectrum
plate spectrophotometer (Thermo Electron Corporation,
Vantaa, Finland). Dose-response curves were generated from
measurements after 48 h. Experiments summarized in Table 1
were conducted two to four times for each peptide/
microorganism combination. The minimal inhibitory concen-
tration (MIC) is the peptide concentration that completely
inhibited growth in all the experiments carried out.

A solubility index (SI, Table 1) as indicator of solubility of
peptides under the antimicrobial testing conditions was re-
corded by the appearance of turbidity (i.e., ODgqq, optical
density at 600 nm above the background value of 0.05) of
LB solutions (in the absence of bacteria) containing peptides
at 16 uM (SI score 3), 32 uM (score 2), or 64 uM (score 1)
(see Table 1).

Fungicidal activity was assessed by incubating
nongerminated conidia of P. digitatum with peptides at either
16 or 64 uM in water for 16 h and then plating dilutions to
determine conidia viability as described (Munoz et al. 2007a).

Hemolytic assays

The hemolytic activity of the peptides was determined on
human red blood cells essentially as described (Mufioz et al.
2006). No hemolysis and 100 % hemolysis were determined
in controls with PBS and 0.1 % Triton X-100, respectively.
The hemolytic activity of each peptide was calculated as the
percentage of total hemoglobin released (detected as absor-
bance at 415 nm) compared with that released by incubation
with 0.1 % Triton X-100.

Proteolytic digestion assays

Peptides (5 uM) dissolved in 10 mM MOPS pH 7 were
digested with 5 pg/mL of recombinant proteinase K (approx-
imately 2.0 U/mg) (Roche, Mannheim, Germany) at 30 °C.
Aliquots were withdrawn from the reaction mixtures at 0, 15,
30, 60, and 120 min and immediately heated at 80 °C for
10 min in a water bath to inactivate the enzyme. Each sample
was stored at —20 °C until further analysis by reversed-phase
high-performance liquid chromatography (RP-HPLC).
Digestions were performed in duplicate, and the experiment
was repeated twice.

Analysis of digests by RP-HPLC was performed using a
Waters system (Waters Corporation, Milford, MA, USA)
equipped with a 1525 Binary HPLC pump, a 2996
Photodiode Array Detector and a 717 plus Autosampler. A
Symmetry C18 column (4.6x150 mm, 5 wm, Waters) kept
at 40 °C was operated at a flow rate of 1 mL/min. Peptides
were eluted with a linear gradient of solvent B (acetonitrile
with 0.1 % TFA) in solvent A (water with 0.1 % TFA) from 0
to 40 % in 20 min and detected at 214 nm.

Fluorescence microscopy

GFP-Fp (10° spores/mL) was germinated in 1/10 diluted PDB
for 4-5 h at 28 °C. Then, aliquots of 8 uL. were mixed with
2 uL of 25 uM TMR-PAF102. For some experiments, germi-
nated fungus was stained with the chitin-binding dye
calcofluor white (CFW) (Fluka, Buchs, Switzerland) at a final
concentration of 50 pg/mL before peptide treatment. To de-
termine if peptide internalization is energy-dependent, germi-
nated fungus was pretreated with 3 mM sodium azide (NaN3)
(Fluka) for 15 min.

Confocal laser scanning microscopy was performed using
an Olympus FV1000 microscope (Tokyo, Japan). TMR-
PAF102 was excited at 559 nm, and the emission window
was set at 575-675 nm. GFP was excited with an argon ion
laser emitting at 488 nm and fluorescence detected at 500—
545 nm. CFW was excited at 405 nm and fluorescence detect-
ed at 410-450 nm. Simultaneous bright-field images were
captured with a transmitted light detector.
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Results

Concatemerization of antifungal PAF peptides results
in increased antimicrobial activity

PAF54 (HRKKWFW) is a heptapeptide derived from PAF26
with an extension of one histidine residue at the N-terminus
that gives optimal ratio of antimicrobial activity to nonspecific
toxicity (Munoz et al. 2007a, b). A total of 30 PAF peptides
from 7 to 34 amino acid residues that include concatemers
with tandem di- and tri-repeats of PAF54 were designed
(Table 1), similarly to previous derivatives of the peptide
BP100 (Badosa et al. 2013). The peptides were all possible
combinations containing one, two, or three units of PAF54;
interlinked or not with the AGPA hinge as a spacer and stabi-
lization motif described previously (Badosa et al. 2013); with
or without a KDEL fragment at the C-terminus as a signal for
retention of peptides in the ER (Coca et al. 2006); and with
either G or S residues at the N-terminus as an imprint of a
specific protease processing site (Carrington and Dougherty
1988).

The peptides were tested for in vitro growth inhibition
against the filamentous phytopathogenic fungi P. digitatum,
M. oryzae, F. oxysporum, and B. cinerea, and a laboratory
strain of E. coli (Fig. 1 and Table 1). These experiments dem-
onstrated that double repeats of PAF (so called diPAFs) re-
duced the MIC value (i.e., increased the antimicrobial activity)
4 to 16-fold depending on the microorganism, while the addi-
tion of an additional PAF unit in a triPAF sequence only had at
most a 2-fold increase of activity over the diPAFs. An excep-
tion was the activity toward M. oryzae because the increase of
activity in any of the tandem sequences was not as high as
with other microorganisms. In a previous study, this fungus
also showed a qualitatively different sensitivity profile to dif-
ferent PAF heptapeptides (Mufioz et al. 2007b).

As expected, neutral additions of either G or S residues at
the N-terminus did not affect the activity. The C-terminal ad-
dition of the KDEL sequence reduced 2-fold the activity in the
monomeric peptides but had no significant effect in the di- or
tri-PAF peptides. This result is likely due to the impact that the
—1 net charge of KDEL (see Table 1), since cationic charge is
critical for the initial attraction and binding of PAF peptides to
the fungal surface (Mufioz et al. 2013b)

A positive effect was observed upon the addition of the
AGPA hinge. DiPAFs and triPAFs without the AGPA tend
to precipitate in some media such as the LB used in the anti-
bacterial activity assays, as indicated by SI values above zero
(Table 1), and in general do not dissolve as easily in aqueous
buffers as the monomeric PAFs do. This effect was exempli-
fied by PAF66 (Table 1); addition of G or S at the N-terminus
(as in PAF68 and PAF69) or KDEL at the C-terminus (PAF67)
increased solubility (i.e., reduced the SI). The effect of these
additions was lost in the case of the triPAFs (compared with

peptides PAF78 to PAF83). However, the insertion of the
AGPA hinge between each PAF unit showed a very significant
increase in solubility of both the diPAF and triPAF sequences.

Based on these observations, monoPAFs PAF54, PAF56,
and PAF58; diPAFs PAF62 and PAF64; and triPAFs PAF74
and PAF76 were selected for further characterization as the
most representative PAF concatemers described in the first
part of the study.

Absence of hemolytic activity of PAF concatemers

An assay to determine the nonspecific toxicity of peptides
to eukaryotic cells is the ability to lyse human red blood
cells (erythrocytes). PAF26 is nonhemolytic to erythro-
cytes under conditions at which other cytolytic AMP such
as melittin are (Mufioz et al. 2006). We determined the
hemolytic activity of the selected PAF peptides at differ-
ent concentrations, from to 2 up to 250 uM (i.e., approx-
imately 100 times the completely inhibitory activity
against P. digitatum) (Fig. 2). In these experiments, addi-
tional synthetic peptides were included as controls: the
cytolytic peptide melittin from honeybee (Blondelle and
Houghten 1991), the synthetic heptapeptide 77-3 that was
identified by rational design (Gonzalez et al. 2002), and
the P113 that is an active fragment of the antifungal
histatin 5 and also a cell penetrating antifungal peptide
(Jang et al. 2008).

As expected, the hemolytic peptide melittin caused more
than 75 % hemolysis even at concentrations as low as 2 uM
(Fig. 2). The peptide 77-3 showed an intermediate behavior,
while the fragment P113 and the PAF peptides showed no
hemolysis even at 250 uM, with values close to the control
with no peptide added (<5 %). This result demonstrates that
tandem repetition of PAF sequences does not have incidence
on the very low hemolytic activity of the PAF peptides,
confirming that these have very low nonspecific cell lytic
activity and toxicity.

Concatemerization diminishes the fungicidal activity
of PAF peptides against spores of P. digitatum

A distinctive property of PAF26 is its fungicidal activity
against quiescent spores (Mufioz et al. 2007a). There are
AMPs such as melittin that have fungistatic activity similar
to PAF26 but that are not fungicidal against conidia of
P, digitatum. Fungicidal activity of the selected PAF peptides
was determined (Fig. 3). Interestingly, it was observed that
fungicidal activity decreased with the increase of size and
therefore goes in the opposite direction of the improvement
of fungistatic activity observed with concatemerization. While
monoPAFs are more than 90 % fungicidal at 16 uM, triPAF
peptides are 60—70 % fungicidal at 64 uM. In these
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Fig. 1 Dose-response curves of in vitro growth inhibition of P. digitatum
(a), - oxysporum (b), and E. coli (¢) by the synthetic peptides: PAF54
(white squares), PAF56 (white circles), PAF58 (white triangles), PAF62
(gray circles), PAF64 (gray triangles), PAF70 (black crosses), PAF74
(black circles), and PAF76 (black triangles). For clarity, note that not all
the peptides are shown in each panel, that friangles indicate KDEL
containing peptides, and that colors indicate monoPAFs (white), diPAFs
(gray), or triPAFs (black). Dose-response curves show mean ODggg
values of triplicate samples after 48 h of growth. The SD was less than
10 % of the mean in all the treatments. The peptide PAF70 (black crosses)
is shown in ¢ to illustrate the precipitation that occurred at high peptide
concentration in some media such as the LB used in the antibacterial
activity assays (see Table 1 and text for further details)

experiments, the triPAF peptide PAF102 (see below) was in-
troduced and showed a behavior similar to PAF74 or PAF76.
Resistance of PAF peptides to proteolytic degradation

The in vitro stability of the peptides was determined by incu-

bation with proteinase K at different times (Ferre et al. 2006)
and RP-HPLC analysis of the resultant digests (Fig. 4). The
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Fig. 2 Hemolytic activity of synthetic peptides. The peptides indicated
were used at the concentrations indicated in the legend to assay their
hemolytic activity. The hemolytic activity is given as the mean + SD of
the percentage of human erythrocyte hemolysis (three replicas), as
compared with the positive control in the presence of the detergent
Triton X-100 (100 % hemolysis). The stripped line marks the value of
the background hemolysis in the negative control with no peptide added
(value 4.8 %)

monomeric peptide PAF56 was remarkably resistant to prote-
ase degradation since treatment with high doses of proteinase
K (5 ug/mL) did not result in significant degradation after
120-min incubation. The monoPAF (PAF56/PAF58), diPAF
(PAF62/64), and triPAF (PAF74/PAF76) couples of peptides
differed only in the C-terminal addition of the KDEL se-
quence. All the peptides that have the KDEL were more sus-
ceptible to degradation than their counterparts of the same n-
mer size (Fig. 4). RP-HPLC chromatograms demonstrated
that the degradation of the KDEL-containing peptides did
not result in the precise removal of this sequence, because
none of the resultant fragments coeluted with the correspond-
ing non-KDEL peptides (Supplementary Fig. S1).
Interestingly, the size increase reduced the detrimental effect
of the KDEL sequence on stability since the triPAF (PAF76)
and diPAF (PAF64) were increasingly more resistant than
PAF58 (Fig. 4).

PAF102 is internalized by fungal cells
in an energy-dependent manner

Based on the previous data, we designed a new triPAF se-
quence (PAF102, Table 1). PAF102 is a two residue substitu-
tion of PAF74 in such a way that the second and third PAF units
are modified in their first amino acid residue from PAF54
(HRKKWFW, the substituted residue is underlined) to the pre-
viously described heptapeptides PAF38 (RRKKWFW)
(Mufioz et al. 2007a, b) and PAF42/PAF104 (WRKKWFW)
(Muiioz et al. 2007b; Rebollar and Lopez-Garcia 2013). The
rationale was to broaden and enhance the antifungal ac-
tivity since PAF38 and PAF42/PAF104 have subtle differ-
ences in their activity profiles. However, the inhibitory
and fungicidal activities of PAF74 and PAF102 did not
differ in any of the microorganisms tested (Table 1,
Fig. 3 and data not shown).
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Fig. 3 Fungicidal activity of synthetic peptides. The graph at the top
shows the viability of P. digitatum conidia after exposure to different
peptides at the concentrations indicated in the legend. Data are the
mean + SD of the percentage of conidia viability after exposure to
peptides (three replicas), as compared with the control (CTR) of no pep-
tide added. The images at the bottom show representative plates of co-
nidia viability exposed to the peptides at 16 uM

Experiments were designed to determine whether PAF102
showed cell penetration properties as PAF26. In addition, the-
se experiments were conducted with an additional fungus
(F. proliferatum) in order to broad the repertoire of fungi that
have exhibited sensitivity to PAF peptides and in which cell
penetration has been demonstrated. PAF102 inhibited the
growth of F proliferatum with a MIC value of 5 uM
(Fig. 5). The MIC value of the fluorescent PAF102 la-
beled with rhodamine (TMR-PAF102) did not differ
from unlabeled peptide (Fig. 5). A genetically modified
strain of F. proliferatum that accumulates the fluorescent
GFP protein at the cytosol was demonstrated to be as
sensitive as the parental strain to TMR-PAF102 (Fig. 5)
and PAF102 (data not shown).

The interaction of TMR-PAF102 with GFP-tagged
E proliferatum was followed by time-lapse live-cell imaging
using confocal fluorescence microscopy (Fig. 6). Initially (up
to 15 min), the red signal from the peptide located at the
surface of the fungal cell (Fig. 6a, b), at the outermost layers
of the CFW-stained fungal cell wall (Fig. 6f), similarly to
results reported with PAF26 and N. crassa (Muioz et al.
2012). The cell cytosol was filled with the green GFP signal

and devoid of detectable red signal from the peptide.
Interestingly, at early times, the peptide located first and in
higher concentration at the envelope of the conidia (as seen
in Fig. 6a, f) and not at the cell wall of the emerging germ tube.
From 30 min, PAF102 started to accumulate in vacuoles with-
in cells that did not present any sign of cell deterioration
(Fig. 6¢). At later stages, the peptide was transported out of
the vacuoles and filled the cytosol (Fig. 6d), being distributed
throughout the cell interior (Fig. 6e); at this phase, the cells
presented high vacuolization and cytosolic granules indicative
of cell deterioration and death. Some of these granules pre-
sented strong red labeling. These observations are fully con-
sistent with previous data describing the interaction, internal-
ization, and killing produced by PAF26 on P. digitatum,
N. crassa, and S. cerevisiae (Harries et al. 2013; Mufoz
et al. 2006, 2012, 2013b).

It was previously demonstrated that PAF26 internalization
into N. crassa was energy-dependent (Mufoz et al. 2012).
Sodium azide (NaN3) treatment can be used to inhibit ATP
production and thus energy-dependent processes.
Pretreatment of F. proliferatum conidia with a sublethal con-
centration of NaNj abolished the internalization of PAF102
into F. proliferatum (Fig. 7). In the untreated control (Fig. 7a),
the interaction and internalization of the labeled PAF102 was
similar to the former experiments: the peptide interacted pre-
dominantly with the conidial wall and was then internalized to
kill the germ tube cells, which showed granules of labeled
material. Blockage of PAF102 internalization by NaNj treat-
ment resulted in a homogeneous distribution of the peptide
signal all along the cell wall of the germ tube, which stayed
with no signs of cell killing or degradation even after long
times of exposure (80 min) (Fig. 7b and data not shown).

Discussion

The peptide PAF26 is a model CP-AMP that has a dynamic
antifungal mechanism of action involving at least three neces-
sary but not sufficient sequential steps (Mufioz et al. 2013a, b):
(1) peptide interaction with the fungal cell wall (Bou Zeidan

125%
100%
75%
50%

25%

Peptide recovery (%)

0%

=m0 min
@15 min
030 min
060 min
0120 min

PAF56

PAF58  PAF62

Fig. 4 Kinetics of peptide degradation in the presence of proteinase K.
The graph shows the percentage recovery of the input peptides (5 ©M) as
mean + SD of two replicates, determined by the resulting

PAF64

PAF74  PAF76 PAF102

chromatographic peak area of the corresponding peptide after treatment
with proteinase K (5 mg/mL) for different times (min) (see Supplemen-
tary Fig. S1 for representative RP-HPLC chromatograms)
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Fig. 5 In vitro growth inhibition of F. proliferatum by PAF102. The
graph shows the percentage of fungal growth at different concentrations
of peptides after 48-h incubation. The white circles represent the growth
of F. proliferatum (Fp) after treatment with PAF102, the black circles after
treatment with the labeled peptide TMR-PAF 102, and the black triangles
the effect of TMR-PAF102 on the growth of the GFP-tagged
F proliferatum (GFP-Fp). Data are mean + SD of triplicate samples

et al. 2013; Harries et al. 2013), (ii) the subsequent endocytic-
like internalization and accumulation in endosomes (Mufioz
et al. 2012), and (iii) a series of complex and specific intracel-
lular effects that include extrusion from endosomes and synthe-
sis of reactive oxygen and nitric species (Carmona et al. 2012),
and whose relationship with fungal death is still unclear. This
study shows that concatemerization of the PAF26 sequence re-
sults in increased antifungal and antibacterial inhibitory activity
of peptides, among which energy-dependent cell penetration
into fungal cells is demonstrated in the example of PAF102.
These observations are of high interest in the future develop-
ment of PAF-based antimicrobial molecules.

MIC values of PAF concatemers against the filamentous
fungi P, digitatum and B. cinerea were lowered to the range of
1-2 uM (Table 1 and Fig. 1). A significant reduction of the
MIC value was also observed for F. oxysporum and
F proliferatum. Our study shows that the kinetics of the inter-
action and killing of F. proliferatum by PAF102 (Figs. 6 and 7)
is markedly similar to that of P. digitatum or N. crassa by
PAF26 (Muioz et al. 2012, 2013b). Therefore, increase of
activity is likely a consequence of the molar increase of phys-
ically linked AMP units per molecule of peptide, and not of
any significant change in the mechanism of action. Increased
antimicrobial activity was also associated with longer antifun-
gal peptides in the case of the concatemer series of (RW) and
(KW) dimeric peptides (Gopal et al. 2012) or of a tetramer
branched derivative of B4010 (RGRKVVRR)
(Lakshminarayanan et al. 2014), as well as in the antibacterial
repeats of BP100 (Badosa et al. 2013), although no mechanis-
tic data were reported in these studies.

A different result was found in the case of the rice blast
fungus M. oryzae, since no significant improvement of activ-
ity of diPAFs or triPAFs was observed. For unknown reasons,

@ Springer

Fig. 6 Confocal fluorescence microscopy analyses of the interaction of
TMR-PAF102 with GFP-tagged F. proliferatum. a—e Fungal germ tubes
treated with 5 uM of TMR-PAF102 were visualized after the different
times (min) of treatment shown in the lefi column images. From left to
right, the images in columns show the bright field images, green GFP
signal from GFP-Fp, red TMR signal from TMR-PAF102, and the
colocalization of the latter two, from the same field. In f, an additional
costaining with the cell wall selective dye CFW was conducted and the
leftmost image shows the blue signal from CFW. The rightmost image
shows the colocalization of the three signals, and the inset is an enlarge-
ment to illustrate the location of the peptide at the outer layer of the cell
wall. Bar, 5 ym

M. oryzae is more tolerant than any other filamentous fungi
tested to the growth inhibitory activity of peptides from the
PAF series (Mufioz et al. 2007b). The lack of improvement
with concatemerization reinforces the hypothesis that the
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Fig. 7 PAF102 internalization into GFP-FE proliferatum is energy-
dependent. Representative images of fungus not pretreated (a) or
pretreated with NaN3 for 15 min (b), at different times (min) after treat-
ment with 5 pM TMR-PAF102. Bar, 5 pm

determinants of susceptibility to PAF peptides are different in
this fungus. It was also demonstrated that the PAF104
(WRKKWFW) and other heptapeptides derived from PAF26
inhibited the M. oryzae appressorium formation rather than
fungal growth (Rebollar and Lopez-Garcia 2013; Rebollar
et al. 2014). Consistent with a lack of effect on M. oryzae
growth, the inclusion of the PAF104 sequence as the third
PAF unit in PAF102 did not enhance the inhibitory activity
of triPAFs toward M. oryzae.

PAF26 and PAF26-derived monomeric peptides are selec-
tive against filamentous fungi, but also show reduced activity
against bacteria and yeast (Mufioz et al. 2007b).
Concatemerization brought the MIC value of the PAF pep-
tides against the bacteria E. coli below 10 uM, while main-
taining the low cell lytic activity (as assayed by hemolysis) of
the monoPAFs, and therefore reveals the potential of PAF26-
derived peptides also as antibacterial antibiotics in addition to
their previously known antifungal activity. Nonlytic antibac-
terial mechanisms of action have been described for short
AMPs (Marcos and Gandia 2009; Scocchi et al. 2011;
Wilmes et al. 2011). Although the precise antibacterial mech-
anism of concatemeric PAFs needs to be studied in detail, their
lack of hemolytic activity indicates that they do not act simply
by membrane permeabilization. In the case of filamentous
fungi and yeast, the activity of PAF26 is mediated by the
initial interaction with the fungal cell wall and cell wall gly-
coproteins (Bou Zeidan et al. 2013; Harries et al. 2013).
Therefore, the role of the bacterial cell wall in the activity of
PAF concatemers should be examined in the future for the
characterization of the antibacterial activity.

The partial loss of fungicidal activity against conidia of the
concatemers (Fig. 3) indicates that the peptide interaction is
different in conidia and mycelium. This might reflect the im-
portance of the initial interaction of peptides with the cell wall.
The cell wall of conidia and hyphal cells presents differences
in structure and composition, exemplified in the repertoire of

hydrophobins that confer specific properties to conidia (Bayry
et al. 2012; Latgé 2007). Our microscopy data shows that
PAF102 interacts better with the conidial surface than with
the emerging germ tube (Figs. 6 and 7). Similar results were
observed in the case the fluorescently labelled PAF62 or
PAF64 (data not shown). A high affinity interaction could
result in the sequestration of the peptide at the cell surface that
could limit the internalization and hence the cell killing, sim-
ilarly to the inactive PAF96 derivative (RKKAAA) that
strongly interacts with the cell wall, but does not progress into
the cell and therefore does not kill the fungal cell (Muifioz et al.
2013b). Nevertheless, the reduced fungicidal activity would
be counterbalanced by the increased growth inhibition of the
concatemers (fungistatic activity) once the fungal spores
germinate.

We have demonstrated that the monomeric PAF54 is mark-
edly resistant to protease degradation in vitro. Proteinase K is
commonly used in in vitro protein stability assays for its broad
specificity. The predominant site of cleavage is the peptide
bond adjacent to the carboxyl group of aliphatic or aromatic
amino acids, and therefore, the PAF primary structure should
be susceptible to proteinase K degradation. Our findings indi-
cate that higher order structures make PAF peptides resistant
to degradation. Size increase of PAF-derived peptides should
further enhance their stability when they are produced through
biotechnology in living cell factories, as proposed for other
AMPs (Badosa et al. 2013; Ingham and Moore 2007; Nadal
et al. 2012). However, peptide designs might have important
effects on peptide stability (Fig. 4). This is highlighted with
the inclusion of the KDEL ER retention signal used for in
planta expression (Coca et al. 2006), which unexpectedly
targeted the PAF peptides for degradation. This effect might
be specific of PAF sequences since it has not been reported yet
for other peptides. It remains to be determined to which extent
the properties of the PAF concatemers described in this study
are also observed in the case of peptides produced in cell
biofactories.
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