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Abstract

Background: The availability of antimicrobial peptides from several different natural sources has opened an avenue
for the discovery of new biologically active molecules. To the best of our knowledge, only two peptides isolated
from the frog Leptodactylus labyrinthicus, namely pentadactylin and ocellatin-F1, have shown antimicrobial activities.
Therefore, in order to explore the antimicrobial potential of this species, we have investigated the biological
activities and membrane interactions of three peptides isolated from the anuran skin secretion.

Methods: Three peptide primary structures were determined by automated Edman degradation. These sequences
were prepared by solid-phase synthesis and submitted to activity assays against gram-positive and gram-negative
bacteria and against two fungal strains. The hemolytic properties of the peptides were also investigated in assays
with rabbit blood erythrocytes. The conformational preferences of the peptides and their membrane interactions
have been investigated by circular dichroism spectroscopy and liposome dye release assays.

Results: The amino acid compositions of three ocellatins were determined and the sequences exhibit 100% homology
for the first 22 residues (ocellatin-LB1 sequence). Ocellatin-LB2 carries an extra Asn residue and ocellatin-F1 extra Asn-Lys-
Leu residues at C-terminus. Ocellatin-F1 presents a stronger antibiotic potential and a broader spectrum of activities
compared to the other peptides. The membrane interactions and pore formation capacities of the peptides correlate
directly with their antimicrobial activities, i.e, ocellatin-F1 > ocellatin-LB1 > ocellatin-LB2. All peptides acquire high helical
contents in membrane environments. However, ocellatin-F1 shows in average stronger helical propensities.

Conclusions: The obtained results indicate that the three extra amino acid residues at the ocellatin-F1 C-terminus play
an important role in promoting stronger peptide-membrane interactions and antimicrobial properties. The extra Asn-23
residue present in ocellatin-LB2 sequence seems to decrease its antimicrobial potential and the strength of the peptide-
membrane interactions.
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Background

The resistance acquired by pathogens against the com-
monly used antibiotics has become an important health
issue throughout the globe and, therefore, the discovery
of new drugs is a topic of discussion in the scientific
community. Antimicrobial peptides (AMPs) have emerged
as an interesting option, since these compounds usually
present broad spectra of activities against several microor-
ganisms, including bacteria, fungi and viruses [1, 2]. These
characteristics have therefore stimulated the isolation, as
well as the characterization and antimicrobial activity
evaluation of numerous of these compounds, and now-
adays thousands of sequences can be found in the data-
banks [3]. In particular, a huge variety of active peptides is
found in the skin secretion of anurans (frogs and toads)
and many of these substances play very important roles in
the immune systems of these animals, acting as a first line
of defense against microorganisms [4—6]. AMPs from
anurans are usually composed of 10 to 48 amino acid resi-
dues and they present a variety of different structural mo-
tifs, although many of them are usually cationic and
present amphipathic helix conformations [4, 7].

It is well known that the membrane-interaction process
is a key step for the antimicrobial activity of these com-
pounds, which may promote membrane lyses, as de-
scribed by several models [8], although some peptides
seem to interact with internal targets after crossing the
bilayer barrier [9-11]. Therefore, the understanding of the
mechanism of action demands biophysical investigations
of these compounds in membrane mimetic environments,
which can be performed by different techniques, such as
isothermal titration calorimetry, circular dichroism and
nuclear magnetic resonance spectroscopies, among others
[12-15]. The therapeutic potential of AMPs is sometimes
limited by low selectivity issues, in cases where the peptide
also presents toxicity against eukaryotic cells. Therefore,
several membrane models, such as vesicles containing
different lipid compositions, including cholesterol, can
be employed to investigate the selectivity of these
compounds [16, 17].

In recent decades, antimicrobial peptides have been
isolated from from anurans, including those from the
Leptodactylus genus that contains about 75 species
[4, 18]. These animals are found in South America,
especially in Brazil and the Antilles [19-24]. Although
peptide sequences from several anuran species have
already been reported in the literature, some species have
been poorly or not investigated at all up to now. To the
best of our knowledge, only two peptides isolated from
the frog Leptodactylus labyrinthicus, namely pentadactylin
and ocellatin-F1, have shown antimicrobial activities.

The compound pentadactylin, having been isolated
from the frog species Leptodactylus labyrinthicus, has
also presented anticancer activity and nontoxicity against
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erythrocytes [25]. Oscillatin-F1, an antimicrobial peptide
that was originally found in the skin secretion of the
mountain chicken frog Leptodactylus fallax [24], has
also been recently isolated from the skin secretion of
Leptodactylus labyrinthicus by Cunha Neto et al. [26]. In
order to further explore the biological potential of the
Leptodactylus labyrinthicus skin secretion, we present
here the biological characterization of three peptides iso-
lated from the skin secretion of this frog species. We
have also investigated the interaction of these peptides
with different membrane mimetic systems, such as zwit-
terionic and anionic detergent micelles and phospholipid
bilayers by using different biophysical approaches.

Methods

Materials
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
1-palmitoyl-2-oleoyl-su-glycero-3-phospho-L-serine  (POP
G) and dodecylphosphocholine (DPC) were purchased
from Avanti Polar Lipids (USA). Rink amide polystyrene
resin and amino acid derivatives for peptide synthesis were
from Iris Biotech GmbH (Germany); trifluoroacetic acid
(TFA, analytical and HPLC grades), triisopropylsilane
and 2,2,2-trifluoroethanol from Sigma-Aldrich (USA);
N,N-diisopropylcarbodiimide from Fluka (Germany);
1-hydroxybenzotriazole and 1,2-etanoditiol from Nova
Biochem-Merck (Germany); N,N-dimethylformamide,
diisopropyl ether, chloroform and dichloromethane
were obtained from Vetec (Brazil); and acetonitrile
(HPLC grade) from JT Baker (USA). Sodium dodecyl
sulfate (SDS), calcein, Sephadex® G-50 medium, Triton
X-100, and HEPES from Sigma-Aldrich (USA). Unless
stated otherwise analytical grade solvents were used.

Peptide purification

The L. labyrinthicus skin secretions were obtained by
scraping the dorsum of the frog and then diluted in
Milli-Q water, lyophilized and kept frozen at —80 °C for
subsequent use. Aliquots of lyophilized skin secretion
were dissolved in 0.1% (v/v) TFA/water, filtered
(0.22 pm) and centrifuged at 10,000 rpm at 4 °C for
10 min. The supernatant was purified on a C8 reversed-
phase column (Discovery Supelco, 4.6 x250 mm).
Elution was performed with a gradient of acetonitrile
containing TFA 0.1% (solvent B) at a flow rate of
1 mL.min™" (0-10 min, 0% B; 10-16 min, gradient of
0-20% B; 16—100 min, 20—65% B; 100—108 min, 65—100%
B; 108-116 min, 100% B, 116—117 min, 100-0% B and
117-125 min, 0% B). The experiments were monitored at
214 nm and the fractions were collected and lyophilized.

Mass fingerprinting MALDI-ToF/ToFMS
The fractions obtained from the L. labyrinthicus skin se-
cretion by chromatographic separation were analyzed by
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mass spectrometry performed on a MALDI-ToF/ToF
mass spectrometer (Autoflex™ III SmartBeam spectrometer,
Bruker Daltonics, Germany) in linear and reflector modes
and the spectra were processed with MassLynx"™3.5 (UK)
and FlexAnalysis 3.3 (Bruker Daltonics, Germany).

Briefly, solubilized fractions (0.5 pL of sample, variable
concentrations) were spotted onto the target followed by
0.5 pL of CHCA (a-cyano-4-hidroxycinnamic acid) or
DHB (2,5-dihydroxybenzoic acid) matrix solution (60%
acetonitrile/0.3% TFA), and allowed to dry at room
temperature (dried-droplet method). Peptide Calibration
Standard II (700-4000 Da) and Protein Calibration
Standard I (3000-25,000 Da) (Bruker Daltonics,
Germany) were used as external calibration standards.
Mass spectra from the average of 256 laser pulses from
m/z 600 to 39,400 were obtained.

Amino acid sequencing

The primary structures of the purified peptides were
determined by automated Edman degradation (PPSQ-
21A protein sequencer, Shimadzu, Japan) coupled to
reversed-phase separation of the PTH-amino acids on
a WAKOSIL-PTH column (4.6 mmx9250 mm)
(Wako, Japan).

Peptide synthesis, purification and characterization

The peptides, with amidated C-terminus, were prepared
by solid-phase synthesis on a Rink amide resin by using
the Fmoc strategy [27]. Couplings were performed with
N,N’-diisopropylcarbodiimide/1-hydroxybenzotriazole in
N,N-dimethylformamide for 120 min under stirring
(240 rpm). Cleavage and final deprotection were con-
ducted with TFA:triisopropylsilane:ethanedithiol:water
(94.0:1.0:2.5:2.5, v:v:v:v) for 180 min at room temperature.
The peptide products were precipitated with diisopropyl
ether, extracted with water and lyophilized. Then, peptides
were purified by RP-HPLC (Varian Pro Star 210 Series,
USA) using a preparative C18 column (Vydac C18,
300 x 7.8 mm, USA) eluted by a linear gradient of
acetonitrile containing TFA 0.1% (solvent B) (0-5 min,
a gradient of 20-35% acetonitrile in 0.1% TFA in water;
5-20 min, gradient of 35-45% acetonitrile containing
0.1% TFA in water; 20-35 min, 45-100% acetonitrile
containing 0.1% TFA in water; 35-37 min, 100% aceto-
nitrile with 0.1% TFA; 37—40 min, 100-20% acetonitrile
containing 0.1% TFA in water). A flow of 2.0 mL.min""
was used and the peptides were detected at 214 nm.
The identities of the peptides were confirmed by
MALDI-ToF/ToF mass spectrometry (autoflex™ III
SmartBeam spectrometer, Bruker Daltonics, Germany).

Vesicle preparation
The correct amount of POPC or POPC:POPG (3:1 mol:-
mol) was firstly dissolved in chloroform and the solvent
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was removed with a rotary evaporator resulting in a thin
film, which was further dried under vacuum to remove
the residual solvent. The film was then hydrated with
ultra-pure H,O and vortex-stirred leading to the forma-
tion of large multilamellar vesicles (LMVs). Large unila-
mellar vesicles (LUVs) were obtained by submitting the
suspension to five cycles of freezing and thawing, which
were followed by extrusion (11 times) through two
100 nm polycarbonate membranes (Whatman Nuclepore,
Sigma-Aldrich) in an Avanti Polar Lipids extrusion system
(Inc. Alabaster, USA).

For the dye leakage assays, the POPC film was hy-
drated with a 75 mM calcein solution at pH 7.2 (20 mM
HEPES buffer) containing NaCl at 150 mM before
undergoing five freeze-thaw cycles and then extrusion
(11 times) through membranes with pores of 100 nm
diameter. The dye outside the calcein-loaded vesicles
was removed by gel filtration through a Sephadex G-50
column equilibrated with a 20 mM HEPES buffer
(pH 7.2) containing 150 mM NaCl.

Circular dichroism spectroscopy

The analysis of the peptide secondary structure prefer-
ences have been performed by CD spectroscopy, for the
three peptides in water and in TFE:H,O solutions
(0:100; 10:90; 20:80; 30:70; 50:50 and 60:40 — v:v), in the
presence of SDS and DPC micelles (detergent concentra-
tions ranging from 0.01 to 20 mM), as well as in the
presence of POPC and POPC:POPG (3:1 mol:mol)
phospholipid vesicles (lipid concentrations ranging from
0.01 to 2.0 mM for POPC and from 0.001 to 1.0 mM for
POPC:POPG 3:1). CD spectra were recorded at 20 °C on
a Jasco-815 spectropolarimeter coupled to a Peltier Jasco
PTC-423 L (Tokyo, Japan) using a 1.0 mm path length
rectangular quartz cuvette (NSG, Farmingdale NY). All
spectra were recorded from 260 to 190 nm using a
1.0 nm spectral bandwidth, 0.2 nm step resolution,
50 nm.min"' scan speed, and 1 s response time. Four,
six and eight accumulations were respectively performed
for the peptide samples prepared in TFE:H,O solutions,
in the presence of detergent micelles and in the presence
of phospholipid vesicles. Similar experiments with the
respective blank solutions were also carried out in order
to allow for background subtraction. Ocellatin-LB1,
-LB2 and -F1 final concentrations in the samples were
45.6, 43.3 and 39.2 mM, respectively. The spectra were
analyzed using the CDPro software [28, 29].

Dye release experiments

Calcein efflux measurements induced by peptides were
performed at 37 °C on a Varian Cary Eclipse spectrofluo-
rimeter (USA). In a typical experiment, calcein-loaded
LUV solution (5 pL) was added to 2.5 mL of 150 mM
NaCl and 20 mM HEPES (pH 7.2) in a quartz cuvette
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(NSG Precision Cells, USA) and equilibrated for some
minutes at 37 °C inside the spectrofluorimeter. To in-
duce calcein release, an aliquot of peptide solution was
added to the cuvette while the sample was excited at
505 nm, and the intensity of fluorescence (I) was
recorded at 513 nm for 6 min after which 10 pL of a Tri-
ton X-100 solution (1% v/v) was added to determine the
maximum fluorescence intensity (100% leakage, Ijax)-
The percentage of calcein released from the vesicles (Iy)
was calculated according to the formula Iy, = 100.(I- 1,)/
(Imax- Io), where I, represents the intensity of fluores-
cence before adding the peptide to the solution. The
final peptide concentrations used in these experiments
were: 3.65, 7.30, 14.66 and 21.90 pmol.mL™' for
ocellatin-LB1; 3.46, 6.94, 13.88 and 20.70 umol.mL ™" for
ocellatin-LB2; and 039, 0.79, 157, 3.14 and
6.28 umol.mL ™ for ocellatin-F1.

Antimicrobial assays

The minimum inhibitory concentration values (MICs) of
the ocellatins and of the conventional antibiotic were de-
termined by the broth microdilution susceptibility test
following the guidelines of the CLSI [30, 31]. Serial dilu-
tions of each peptide were prepared (final volume of
50 pL) in 96-well microplate with Miiller-Hinton broth

Page 4 of 14

dilution series included control wells without peptide. A
total of 50 pL of the adjusted inoculum (approximately
5x10° cells/mL for bacteria or 5x10% cells/mL for
fungi, in the appropriate medium) was added to each
well. To evaluate the MIC, microtiter plates with bac-
teria and fungi were incubated at 37 °C for 24 h.

Hemolytic activity experiments

Rabbit blood erythrocytes (Alsever) were separated from
plasma through sedimentation, suspended in a phosphate-
buffered saline solution (0.14 M NaCl; 2.7 mM KCI
10 mM Na,HPO,, 1.8 mM NaH,PO,, pH 7) and incu-
bated with the peptides at different concentrations for 1 h
at 37 °C. Erythrocytes were, then, spun down and the re-
leased hemoglobin was measured spectrophotometrically
at 405 nm. An aqueous 1% v/v Triton X- 100 solution was
used as a positive control for 100% of erythrocyte lysis.

Results and discussion

Three peptides have been isolated from the skin secre-
tion of Leptodactylus labyrinthicus (Fig. 1) and their
sequences have been determined by automated Edman
degradation. MALDI-TOF-TOF mass spectrometry (Fig. 2)
indicated that the three peptides are naturally amidated at
C-terminus and confirmed the peptide primary structures
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Fig. 1 RP-HPLC profile on a preparative C8 reversed-phase column (Discovery Supelco — 4.6 x 250 mm) of pooled skin secretion of L. labyrinthicus. Left
axis: acetonitrile concentration along the gradient. The arrow indicates the fractions that were sequenced by automated Edman degradation
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Fig. 2 Mass spectra (MALDI-TOF-MS) and expansions of the fractions corresponding to (A, A) ocellatin-LB1, (B, B') ocellatin-LB2 and (C, C) ocellatin-F1

structures of the three peptides are shown on Table 1. The
three sequences present high homology, which reaches
100% for the first 22 amino acid residues, i.e., the
sequences are identical from Gly-1 to Met-22, whereas
ocellatin-LB2 carries and extra Asn residue and ocellatin-
F1 extra Asn-Lys-Leu residues. Ocellatin-LB1 and -LB2
sequences carry three Lys and two Asp residues, which
suggest a net +1 charge at physiological pH. Ocellatin-F1

Table 1 Primary structures of three ocellatins determined by
Edman degradation

Name Sequence Number Mg, 2
of residues
ocellatin-LB1 ~ GWDI LKGAA KDIAG 22 219124 219118
HLASK VM-NH,
ocellatin-LB2 ~ GWDI LKGAA KDIAG 23 2305.08  2304.95
HLASK VMN-NH,
ocellatin-F1 GWDI LKGAA KDIAG 25 254646 254652

HLASK VMNKL-NH,

My, and M, correspond to the theoretical monoisotopic mass and observed
monoisotopic mass of the amidated peptides, respectively

carries an extra Lys residue near C-terminus (Lys-24),
which implies in a net +2 charge.

Ocellatin-F1, previously known as fallaxin, was origin-
ally found in the skin secretion of Leptodactylus fallax
and it was also recently isolated from the skin secretion
Leptodactylus labyrinthicus [24, 26]. Whereas this pep-
tide was active against bacteria, no activity against the
tested fungal strains was observed [24]. Besides, Cunha
Neto et al. [26] have noted a synergic antiviral effect be-
tween ocellatin-F1 and the alkaloid bufotenine, since
combinations of these compounds lead to pronounced
inhibition of BHK-21 cellular infection promoted by the
rabies virus. Cunha Neto et al. [26] also mentioned the
isolation of a truncated peptide sequence, which corre-
sponds to ocellatin-F1 deprived from Lys and Leu resi-
dues at the peptide C-terminus, although no biological
activity assays with this peptide have been reported up
to our knowledge. This sequence was also characterized
in our investigations and it corresponds to the primary
structure of ocellatin-LB2 (Table 1). According to the
nomenclature proposed by Conlon [32], the names
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ocellatin-LB1 and -LB2 were attributed to the truncated
sequences.

The sequence alignment of these ocellatins with other
peptides (Table 2) indicates that these compounds could
present antimicrobial activities. Therefore, these three pep-
tides have been prepared with the amidated C-terminus by
synthesis on a Rink amide resin (see Additional file 1) and
they were submitted to activity assays against gram-
positive and gram-negative bacteria and against two fungal
strains (Table 3).

Among the three peptides, only ocellatin-LB1 showed
activity against Candida albicans, however only at the
highest tested concentration. Whereas ocellatin-LB2 did
not presented activity against Candida lusitaniae,
ocellatin-F1 showed pronounced activity against this fun-
gal strain and ocellatin-LB1 showed activity only at the
highest studied concentration. All of the three peptides are
active against gram-negative Aggregatibacter actinomyce-
temcomitans bacteria; however, a MIC about ten times
smaller is observed for ocellatin-F1 when compared to the
other two ocellatins. Ocellatin-LB1 and -F1 also showed
activity against gram-negative Escherichia coli. In the case
of gram-positive bacteria, only ocellatin-F1 showed activity
against the tested Staphylococcus aureus strain. These re-
sults suggest that ocellatin-F1 presents a stronger anti-
biotic potential and a broader spectrum compared to
ocellatin-LB1 and -LB2, since ocellatin-F1 is active against
yeast as well as gram-positive and gram-negative bacteria.

Among the three peptides, ocellatin-LB2 seems to
present the smallest antimicrobial potential, since it is
active only against a single tested gram-negative bacter-
ial strain. Similarly to the observed for ocellatin-LB1 and
-LB2, other AMPs such as leptoglycin and ocellatin-L1
(previously known as laticeptin), which were also iso-
lated from the skin secretion of anurans, present restrict
profiles of activities and are efficient only against gram-
negative bacteria [21, 33]. According to Rollins-Smith et
al. [24], the presence of high amounts of peptides in the
anuran skin secretion may compensate for their rela-
tively low antimicrobial activities, since the peptide

Table 2 Amino acid sequences of antimicrobial peptides

Name Sequence

Ocellatin-LB1 GVVDILKGAAKDIAGHLASKYM—
Ocellatin-LB2 GWDILKGAAKDIAGHLASKVMN-
Ocellatin-F1 GWDILKGAAKDIAGHLASKVMNKL
Ocellatin-K1 GVVDILKGAAKDLAGHLASKVMNKI
Ocellatin-S1 GVLDILKGAAKDLAGHVATKVINKI
Ocellatin-1 GWDILKGAGKDLLAHLVGKISEKV
Ocellatin-PT3 GVIDIIKGAGKDLIAHAIGKLAEKY

Sequence alignment of ocellatin-F1, -LB1 and -LB2 against other amphipathic
antimicrobial peptides. These sequences were aligned with Clustal Omega
[52]. Sequences are from the following references: ocellatin-S1 [23], ocellatin-1
[53], ocellatin-K1 and ocellatin-PT3 [20]
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concentration may exceed the MIC values for many
pathogens to which the animal is exposed in the wild.
Although the three ocellatins present activities relatively
smaller when compared to other antimicrobial peptides
such as DD K and LyeTx-I, they can be important to the
host defense system [17, 34]. The classical screening of
antimicrobial peptides is usually performed over bacter-
ial strains pathogenic to humans; however, the produc-
tion and release of peptide antibiotics from the animal
skin depend on environmental and species-specific
factors [21]. Contrarily to C. albicans, C. lusitaniae is
a relatively rare pathogen originally isolated from the
gastrointestinal tract of warm-blooded animal species,
which suggests that ocellatin-F1 may be important
for the animal innate immune system at its natural
habitat [35, 36].

The hemolytic effects exerted by the three ocellatins
on rabbit blood erythrocytes are presented in Fig. 3. The
peptides show week hemolytic activities even at the
highest investigated concentrations (1000 pg.mL™),
which lead to hemolysis of only 6%, 1% and 13% of the
cells for the assays with ocellatin-LB1, -LB2 and -F1 at
0.46, 0.50 and 0.40 pM, respectively. These values are
significantly smaller when compared to the percentage
of hemolysis induced by the antimicrobial peptide
LyeTx-1, which promotes hemolysis of 50% of the rabbit
blood erythrocytes at 0.13 uM (EDsp) [17]. In spite of
presenting low hemolytic effects, the ability of these
ocellatins to promote lysis of rabbit blood erythrocytes
correlates directly with their antimicrobial activities, i.e.,
ocellatin-F1 > ocellatin-LB1 > ocellatin-LB2. As previ-
ously mentioned, the relatively low antimicrobial activ-
ities can be balanced by peptide concentrations that
exceed the MIC values and the very low hemolytic effect
can afford the desired selectivity, which suggests that
these compounds can be investigated as prototypes to
the development of antimicrobial agents.

The membrane-disruptive properties of the three se-
quenced ocellatins were investigated by assays of dye
leakage promoted by the peptides on calcein-loaded
POPC vesicles and the obtained results indicate that
ocellatin-F1 interacts differently with POPC vesicles,
when compared to the other two ocellatins (Fig. 4).
Ocellatin-F1 at 1.57 mM is able to promote a dye release
of 48%, on the other hand ocellatin-LB1 and -LB2 at
concentrations near to 7 mM promote dye releases no
greater than 2.16%. Ocellatin-F1 at a similar concentra-
tion (6.28 mM) is able to promote 96% of dye release;
however, peptide concentrations near to 20 mM pro-
mote maximum dye releases of only 48.5% and 30% for
ocellatin-LB1 and -LB2, respectively. Whereas ocellatin-
F1 presents pronounced disruptive properties even at
very low concentrations, the dye leakage induced by
ocellatin-LB1 and -LB2 seems to be more dose-dependent,
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Table 3 Minimal inhibitory concentrations determined for ocellatin-LB1, -LB2 and -F1 in the presence of bacteria and fungi
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MIC (uM)?
Strain ATCC Classification Ocellatin-LB1 Ocellatin-LB2 Ocellatin-F1 Control
Aggregatibacter actinomycetemcomitans 29522 Gram-negative/anaerobic 22237 210.04 24.84 12507
Escherichia coli 25922 Gram-negative/aerobic 114.04 ND 39745 125.0°
Stafilococcus aureus 25923 Gram-positive/aerobic ND ND 10991 31.0°
Streptococcus sanguinis 10556 Gram-positive/anaerobic ND ND ND 62.5°
Candida albicans 18804 Fungus-yeast 23355 ND ND NT
Candida lusitaniae 56936 Fungus-yeast 233.55 ND 50.25 NT

2Control: chlorhexidine acetate. ND not determined. NT not tested

which is characteristic of a cooperative mechanism that
seems to demand the accumulation of peptides on the bi-
layer surface to effectively promote the membrane lysis
[37]. These distinct mechanisms may be advantageous to
the animal, since a larger choice implies in a defense
mechanism that is efficient against different pathogens
[38—40]. The conjoint action of these mechanisms pro-
moted by the simultaneous secretion of different peptides
can even lead to a more robust defense system [41, 42].
Interestingly the pore formation capacities of the three
ocellatins correlate directly to their antimicrobial and
hemolytic activities, i.e., ocellatin-F1 > ocellatin-LB1 > ocel-
latin-LB2.

The CD spectra obtained for the three ocellatins in
several media are presented in Figs. 5, 6 and 7 and the
respective percentage of helical contents evaluated from
spectral deconvolution is summarized in Fig. 8. In aque-
ous media (panel A) all of the peptides present spectra
which are consistent with random coil conformations, as
evidenced by a characteristic minimum at 198 nm. In
the presence of 10% of TFE, it is possible to observe a
positive shift of the minimum, however the spectral

14 {—® Ocellatin-LB1
|—4— Ocellatin-LB2

nd* Ocellatin-F1 °

10+

% Hemolysis

“YEs oot oa
[Peptide] (mmol.L")
Fig. 3 Hemolytic activities of ocellatin-LB1 (red squares), -LB2 (blue
triangles) and -F1 (black circles). Rabbit erythrocytes suspended in
phosphate-buffered saline were incubated for 1 h with increasing

peptide concentrations up to 1000 pg.mL™"

profiles undergo significant modifications only at 20% of
TFE, where two minima are observed near 208 and
222 nm. At higher proportions of TFE it is observed an
enhancement of these two minima, which is consistent
with well-defined helical segments. This behavior is typ-
ical of linear antimicrobial peptides, which usually do
not present conformational preferences in water, but
well-defined active conformations are acquired when
they reach the membrane surface [43-45].

Similar behaviors are observed for the peptides in the
presence of zwitterionic (panel B) and anionic (panel C)
detergent micelles and a well-defined maximum near
193 nm is observed for SDS concentrations as small as
0.5 mM and for DPC concentrations as small as
2.0 mM. In the presence of both micellar solutions,
ocellatin-LB1 presents smaller helical contents than the
other two ocellatins, whereas in the presence of DPC
micelles, ocellatin-F1 presents a higher helicity even
when compared to ocellatin-LB2. The spectra obtained
for the peptides in the presence of zwitterionic (POPC)
and anionic (POPC:POPG 3:1) phospholipid bilayers are
also consistent with helical profiles (panels D and E,
respectively). However, greater enhancements of the
minimum and the maximum intensities suggest that the
three peptides acquire even higher helical contents in
the presence of phospholipid vesicles, when compared
to the peptides in the presence of TFE:H,O or aqueous
micellar solutions. Helicity higher than 90% is reached
for all the peptides at higher concentrations of POPC,
although ocellatin-F1 seems to present slightly higher
helical contents in comparison with the other two
peptides.

Interestingly, in the presence of anionic POPC:POPG
(3:1) vesicles, ocellatin-F1 shows significantly stronger
helical propensities in comparison to ocellatin-LB1 and
-LB2. Whereas ocellatin-F1 presents similar helical con-
tents in both membranes, ocellatin-LB1 and -LB2 clearly
present larger helical segments in the presence of POPC
bilayers. This behavior is somehow unusual to cationic
peptides, which show more often stronger affinities for
negatively charged membranes [46, 47]. However, in the
case of these three ocellatins, despite the net positive
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charges, the presence of two negatively charged aspartate
residues may somehow modulate the membrane binding
process, due to the possibility of some repulsive inter-
action between these residues and the negative POPG
lipid head groups. This may explain the apparent stronger
affinity of ocellatin-LB1 and -LB2 to the zwitterionic vesi-
cles; however, the determination of the detailed three
dimensional structures is required for confirming this as-
sumption. Another point that reinforces this proposal is
that the extra positive charge of ocellatin-F1 creates very
high structural order in the presence of the anionic bilay-
ers, possibly by either interacting more efficiently with the
negative lipid head groups, or by neutralizing some repul-
sive effect exerted by one of the aspartate residues.

An important aspect is that the minimum and the
maximum intensities observed in the CD spectra of the
peptides in the presence of phospholipid vesicles are sig-
nificantly greater that the ones observed in the presence
of TFE:H,O solutions (Figs. 5, 6 and 7), which is con-
firmed by deconvolution of the respective spectra (Fig. 8).

These results are very representative, since, in several
cases, antimicrobial peptides that partition between
membrane and aqueous environments usually present
higher helicities in the presence of TFE:H,O mixtures,
whereas moderate or small structural contents are ob-
served in the presence of phospholipid vesicles, due to
simultaneous contributions of aqueous random-coil and
structured membrane-bound populations [13, 48]. In the
presence of POPC, bilayers helicities higher than 90%
are observed for the three peptides, whereas in TFE:H,O
solutions helical contents of only 53.7, 85.2 and 60.4%
have been observed for ocellatin-LB1, -LB2, and -F1,
respectively (Fig. 8). Therefore, contrarily to several
reported cases [9, 40, 48], significantly higher structural
degrees are observed for the peptides in the presence of
vesicles and these results indicate that these three ocella-
tins show high affinity for the phospholipid bilayers.

It is known that fragments derived from active pep-
tides can be found in the skin secretion of frogs and, in
particular, it was shown that the crude skin secretion of
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Fig. 5 CD spectra of ocellatin-LB1 in the presence of (a) TFE:H,O solutions, (b) DPC and (c) SDS micelles, (d) POPC and (e) POPC:POPG (3:1) vesicles
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Leptodactylus labyrinthicus is rich in metallo and serine
peptidases [49]. The peptide sequences investigated here
present 100% homology from residues 1 to 22 (ocellatin-
LB1 primary structure), ocellatin-LB2 carries an extra
Asn and ocellatin-F1 extra Asn-Lys-Leu residues. There-
fore, it is possible that enzymes involved in proteolytic

cleavages are related to the production of peptide seg-
ments. However, regardless of the biochemical processes
responsible for the peptide processing, from the chem-
ical synthesis point of view, ocellatin-LB1 can be consid-
ered as a template for this series and the extra amino
acid residues present in ocellatin-LB2 and -F1 sequences
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seem to have important effects on their biological activ-
ities, membrane-disruptive properties and secondary
structure profiles.

Ocellatin-F1 presents a stronger antibiotic potential
and a broader spectrum of activities compared to the
other two peptides, whereas ocellatin-LB2 presents a
smaller antimicrobial potential in comparison with the

chemical template ocellatin-LB1. Although the three
peptides showed low hemolytic activity, they correlated
directly with their antimicrobial potential, i.e., ocellatin-
F1 > ocellatin-LB1 > ocellatin-LB2. Dye release assays
performed for the three peptides with solutions contain-
ing calcein-loaded phospholipid vesicles also indicated
that ocellatin-F1 pore formation activity is significantly
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Fig. 7 CD spectra of ocellatin-F1 in the presence of (a) TFE:H,O solutions, (b) DPC and (c) SDS micelles, (d) POPC and (e) POPC:POPG (3:1) vesicles

stronger than that of ocellatin-LB1, which is more effect-
ive than ocellatin-LB2 in disrupting the bilayer integrity.
Although CD spectroscopy indicated that the three
peptides show high helical contents in the presence of
detergent micelles as well as in the presence of phospho-
lipid bilayers, it is clear that ocellatin-F1 in average

presents a higher helical propensity in comparison with
the other two peptides. Therefore, the extra three amino
acid residues present in the sequence of ocellatin-F1
seem to assure stronger membrane-interactions for
ocellatin-F1 in comparison to the other two ocellatins.
This effect is very likely to be related to the presence of



Gusmao et al. Journal of Venomous Animals and Toxins including Tropical Diseases (2017) 23:4 Page 12 of 14

p
A 100 B 1o
90 90 4
i /A A i
80 A 80
70 70
>< 1 A 1
= 60 L] S 604
‘é: A .él 'g J
S 504 %. ]
« 50
s S ]
© 40—- /' X 404
30- 30
20 —m—Ocellatin-LB1 20 —=—Ocellatin-LB1
10 - —a—Ocellatin-LB2 ] —A—Ocellatin-LB2
4 4 !
| = o —e—Ocellatin-F1 10+ —e—Ocellatin-F1
o] .74 1
T T T T T T T T T T T T 0 T T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 00 25 50 75 100 125 150 175 200 225
% TFE concentration of DPC (mM)
C o 100
_ D o :
g ———=§
80 1 80 a
70 -
2 60 2 60
3 ] 3 u
= =
& 50 s ] A
£ b £
40
S :
) <4 Bl
30 1 T
2. 204 "4
| —m—Qcellatin-LB1 A‘/ —u—QOcellatin-LB1
10 —4—QOcellatin-LB2 1 o —A—Ocellatin-LB2
1 —e— Ocellatin-F1 04 e —e—QOcellatin-F1
04
T T T T T T T T T T T T T T T T T T T T T T T T T T T
00 25 50 75 100 125 150 175 200 225 0.0 05 1.0 1.5 2.0
concentration of SDS (mM) concentration of POPC (mM)
E 1o
o—* o °
80 -
I/—>I\-
4 “ A
| ]
1 60
5
=
3
S 40 l
B .
20 - —m—Qcellatin-LB1
A —a—Ocellatin-LB2
oo, —e— Ocellatin-F1
04
T T T T T T T T T T T
0.0 0.2 0.4 06 08 1.0

concentration of POPC:POPG (3:1)

Fig. 8 Helical contents of ocellatin-LB1 (red squares), -LB2 (blue triangles) and -F1 (black circles) in the presence of (a) TFE:H,O solutions and as a
function of (b) DPC, (c) SDS, (d) POPC and (e) POPC:POPG (3:1) concentrations

the Lys residue near ocellatin-F1 C-terminus (Lys-24), These results altogether indicate that the three extra
which may promote more efficient dipole neutralization  residues present at the ocellatin-F1 C-terminus play an
for ocellatin-F1 as well as assure more efficient electro-  important role in promoting stronger peptide-membrane

static interactions with the membrane. interactions and antimicrobial properties, therefore
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the C-terminus of ocellatin-F1 seems to be extremely
important for the peptide activity. Interestingly, the
extra Asn-23 residue present in ocellatin-LB2 se-
quence seems to decrease its antimicrobial potential
and the strength of the peptide-membrane interac-
tions in comparison to ocellatin-LB1. In this sense, it
seems to be worth in future investigations to promote
site-directed substitutions at Asn-23 in ocellatin-F1
sequence in order to improve the biological activities
of this peptide series [50]. Naturally, structural and
topological information obtained from other biophys-
ical approaches, such as solution and solid-state NMR
spectroscopies [46, 51], can be used to gain informa-
tion about the peptide-membrane interaction process
and may give important insights about the amino acid
substitutions at position 23, which can easily be per-
formed by solid-phase peptide synthesis.

Conclusions

Despite the high sequence homology of the three investi-
gated peptides present in the skin secretion of Leptodac-
tylus labyrinthicus, these compounds show distinct
antimicrobial spectra as well as different hemolytic activ-
ities and membrane-disruptive properties. The stronger
antimicrobial properties of ocellatin-F1 correlate directly
with its stronger membrane interactions, higher helical
propensities and pore formation capacity, when com-
pared to ocellatin-LB1 and -LB2. Whereas the extra
Asn-Lys-Leu residues present at ocellatin-F1 C-terminus
(positions 23 to 25) seem to promote stronger peptide-
membrane interactions and higher antimicrobial activ-
ities, the extra Asn-23 residue of ocellatin-LB2 seems to
decrease its antimicrobial potential.

Additional file

Additional file 1: Analytical HPLC profiles and mass spectra (MALDI-
TOF-MS) of the purified synthetic peptides (A, A') ocellatin-LB1, (B, B))
ocellatin-LB2 and (C, C) ocellatin-F1. The samples were injected (200 pL
solution at 1 mg.mL ") into a C18 Vydac 218TP510 column (250 mm x

10 mm) equilibrated with 0.1% TFA. Elution: acetonitrile solution/0.1%
TFA at a flow rate of 1 mL.min~". The straight line depicts the variation of
the acetonitrile concentration. Absorbance was monitored (Am) at

214 nm. (JPG 374 kb)
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