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This work aims to investigate the possible mechanism of action of the homologue peptide Pa-MAP based on the
Antarctic fish Pleuronectes americanus, through a study by electrical impedance spectroscopy (EIS) of models of
bilayer lipid membranes supported (BLM-s) on solid substrates. For comparison and validation of the data
obtained by EIS, we also conducted a study evaluating the human peptide LL-37, whose mechanism of action
is well described in the literature: its dielectric response was found to be similar to that of Pa-MAP. The results
obtained indicate that Pa-MAP has a good potential for use as a membrane-disrupting peptide and also suggest
that the corresponding mechanism of action occurs according to the carpet model followed by a detergent-like
effect. The addition of either one of these peptides at different concentrations resulted in a drastic decrease in
the membrane's resistance, after just 1 min of exposure. Additionally, it was seen that the peptides Pa-MAP
and LL-37 may act on membranes with different charges, in an indication of a possible broad spectrum antimicro-
bial activity. These interactions with different membrane compositions have been attributed to the peptides'
structure, mainly due to the presence of many hydrophobic amino acid residues, as observed by in silico studies.
Here, we describe the Pa-MAP mechanism of action for the first time. Furthermore, we report the data demon-
strating that EIS can be used for studies of peptide-membranes interaction, even when small changes on the

surface of the electrode can be detected.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The indiscriminate use of antibiotics has been an important risk
factor for emergence of resistance in microorganisms and, as a result, in-
tensive research is required for the development of novel antimicrobial
agents [1]. In recent years, a large number of protein compounds -
known as antimicrobial peptides (AMPs) - have been isolated from nu-
merous sources, such as bacteria, plants, insects, amphibians and mam-
mals [2]. In fact, since their discovery in the 1980s, AMPs have been
heralded as a promising alternative to today's antibiotics [3]. Most
antibiotics have specific targets, including proteins and other macro-
molecules; AMPs have a different mechanism of action and usually
attack microbial membranes, due to their hydrophobicity. In some
cases they also present a cationic amphipathic structure that allows
the electrostatic attraction toward anionic lipids in the microorganisms'
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membranes to prevail, as an initial step, which is followed by pore
formation in the membrane, leading to the cell death [4].

In spite of the fact that the discovery of new AMPs began with the
identification of active peptides from natural sources, nowadays most
research activity pursues the rational design of synthetic peptide ana-
logs through structure-function studies [5]. In general, the main physi-
cal features common to the AMPs are a cationic charge, which promotes
selectivity for negatively charged microbial cytoplasmic membranes
over zwitterionic mammalian membranes, and a significant proportion
of hydrophobic residues that facilitate interactions with the fatty acyl
chains [6]. Additionally, the understanding of peptide-membrane inter-
action may contribute to the discovery and rational design of new
biopharmaceuticals with high efficiency in controlling pathogenic
microorganisms.

Another class of peptides that has been studied, but with less inten-
sity, corresponds to the antifreezing peptides (AFPs). These proteina-
ceous compounds, which are found in organisms living in frozen
environments, such as Arctic and Antarctic fishes, inhibit ice crystal
growth in their fluids [7]. The family of type I AFPs has commonly
been characterized from winter flounder (Pleuronectes americanus) via
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two peptides, named HPLC-6 (4000 Da) and HPLC-8 (3300 Da), which
have low molecular masses [8]. This characteristic was utilized as
basis for creation of a peptide analog named Pa-MAP [31]. Pa-MAP
showed deleterious activities against different targets such as cancer,
bacterial and fungal cells, as well as viruses. Otherwise, Pa-MAP did
not show any toxicity against mammalian cells [31]. Moreover, Pa-
MAP was also evaluated in vivo toward bacterial infections, showing
the ability to control systemic infections caused by Escherichia coli [9].
Its molecular mechanism of action seems to be correlated to the pres-
ence of hydrophobic residues, since the N-terminal group is charged
at pH 7 [31], suggesting a lipid binding peptide. Furthermore, the theo-
retical Pa-MAP three-dimensional structure consists of an alanine-rich
a-helix composed of 11 amino acids with two imperfect motif repeti-
tions (X;oT, where X is any amino acid residue and T is threonine)
[31]. A clear connection between the functional features of AMP and
AFP may be observed.

In recent years, studies have been developed to understand the
mode of action of peptides by analysis of peptide-membrane interac-
tions. For this, simple models of membranes comprising different lipid
compositions that mimic the original composition of bacterial mem-
branes [5,10,11] were adopted. Among these models, lipid vesicles or li-
posomes, Langmuir-Blodgett layers and bilayer lipid membranes (BLM)
are the most commonly used [11]. BLM supported on solid substrates
(BLM-s), such as hydrophilic metals (Pt, Au, Ag, Cu, Ni, stainless steel
or vitreous carbon), have dynamic properties and the required
mechanical stability to allow the use of such systems as template
biomembranes [12]. In addition, BLM-s have been widely used in studies
of electrochemical biosensors [13] and of the behavior of ion channels
[14].

Despite numerous studies on AMPs, there are still many ques-
tions to be answered about their mechanisms of action. Part of this
lack of understanding occurs due to intrinsic limitations in the ex-
perimental techniques used to decipher their molecular mechanisms
[15]. The most traditional technique used for the study of AMP mem-
brane disorders consists of vesicle leakage assays, which use fluores-
cent probes [16] to examine the escape of polar compounds through
the vesicle lipid membranes, as a result of AMP action. However, this
technique suffers from several limitations, because both the ability
to detect disturbances in the membrane and the small physical size
of the substances to be analyzed usually require the use of higher
AMP concentrations. Thus, these trials in AMP action mechanisms
commonly report only the decrease in the gradient of the analyte con-
centration, merely stating the cumulative AMP effects on the mem-
brane structure, and do not account for fundamental membrane-
molecular peptide interactions [15].

As a way to avoid some of the previously described limitations,
electrical impedance spectroscopy could be used in the investigation
of membrane-AMP interactions, since it is a very sensitive technique
that allows the real time monitoring of even small changes on the elec-
trode surface coated with biological molecules [17]. Impedance spec-
troscopy has been used to unravel AMPs' mechanisms of action, since
it is a robust technique that allows not only the study of a wide variety
of AMPs, but also the analysis of other membrane-associated molecules
(such as toxins, amyloid proteins and polymeric compounds), even
when present in small quantities [17,18]. These characteristics provide
satisfactory results in real time monitoring of the effects of active pep-
tides on lipid membranes and allow the direct measurements of the
bilayer resistance and capacitance [15,18,19]. Stainless steel has been
extensively used as an inexpensive and appropriate substrate to obtain
self-assembled lipid bilayers for electrical measurements [20-22]. In
addition, other authors showed that by using stainless steel electrodes
it is possible to obtain more stable BLM-s compared to other metals,
such as silver and iridium [23].

In summary, the present work helps to decipher the possible mech-
anism of action of Pa-MAP, an analog peptide derived from the Antarctic
fish P. americanus, by studying models of phospholipid membranes

through electrical impedance spectroscopy (EIS) associated with molec-
ular modeling, dynamics and docking studies. In this manner, important
contributions to the understanding of peptide/biological membrane in-
teractions are clearly provided. Moreover, we also focus on the types of
cellular damage induced by Pa-MAP. All these data were further com-
pared to those resulting from the use of the human peptide cathelicidin
LL-37, which has a broad antimicrobial activity and whose action mode
is already known [24,25].

2. Experimental
2.1. Materials

The phospholipid 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine
(DPPC) was obtained from Sigma Chemical (St. Louis, USA). Solid-phase
cathelicidin LL-37 (sequence LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLV-
PRTES) with 95% purity, synthesized by the Fmoc technique, was
purchased from China Peptides (Hong Kong, China). All chemicals
and solvents were of analytical grade and they were used as re-
ceived, without further purification. All purified water used was ob-
tained from a Milli-Q plus (Billerica, USA) system. Amino acid
derivatives and other reagents for the solid-phase peptide synthesis
were from Merck-Nova Biochem (Whitehouse Station, NJ, USA),
Peptides International (Louisville, KY) or Sigma-Aldrich (St. Louis,
USA).

2.2. Solid-phase Pa-MAP synthesis

Pa-MAP was based on the design for two 11-residue repeat-
ing segments from HPLC-8, with the following sequence: H-
HTASDAAAAAALTAANAAAAAAASMA-NH,. The peptide was syn-
thesized by the stepwise solid-phase method, using the N-9-
fluorenylmethyloxycarbonyl (Fmoc) strategy with a Rink amide
resin (0.52 mmol g~ !). Side chain protecting groups were t-butyl
for threonine and (triphenyl)methyl for histidine. Couplings were per-
formed with 1,3-diisopropylcarbodiimide/1-hydroxybenzotriazole
(DIC/HOBt) in N,N-dimethylformamide (DMF) for 60 to 120 min.
Fmoc deprotections (15 min, twice) were performed with 4-
methylpiperidine: DMF solution (1:4 v/v). Cleavage from the resin
and deprotection of side chains were performed with trifluoroacetic
acid (TFA):water:1,2-ethanedithiol (EDT):triisopropylsilane (TIS),
94.0:2.5:2.5:1.0, by volume, at 24 °C for 90 min. After this, the crude
product was precipitated with cold diisopropyl ether, collected by
filtration and solubilized in 200 mL aqueous acetonitrile at 50% (by
volume). The extracted peptide was twice freeze-dried for purification.

2.3. Peptide purification

Pa-MAP was solubilized in 0.1% trifluoroacetic acid (TFA) aqueous
solution and filtered with a Millex filter 0.22 pm (Millipore-Merck, Bil-
lerica, MA). The crude extract was submitted to semi-preparative
reverse-phase high-performance liquid chromatography (RP-HPLC),
C18 NST, 5 mm, 250 mm and 610 mm, using the following mobile
phase conditions: HyO:ACN:TFA (95:05:0.1, v:v:v) for 5 min, then a
linear gradient to H,O:ACN:TFA (05:95:0.1, v:v:v) for 60 min, at a flow
rate of 2.5 mL min~! [26]. The experiments were conducted at room
temperature and monitored at 216 nm. Fractions were manually col-
lected and lyophilized. For all experiments reported here, the synthetic
peptide concentrations were determined by using the measurement
of absorbance at 205, 215 and 225 nm, as described by Murphy and
Kies [27].

2.4. Mass spectrometry analyses

Pa-MAP and LL-37 molecular masses and purity degree were deter-
mined by using matrix-assisted laser desorption/ionization time of
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flight mass spectrometry analysis on an UltraFlex Ill MALDI-ToF MS/MS
(Bruker Daltonics, Billerica, USA). The purified peptide was dissolved in
a minimum volume of water that was mixed with an a-cyano-4-
hydroxycinnamic acid saturated matrix solution (1:3, v:v), spotted
onto a MALDI target plate and dried at room temperature for 5 min.
The a-cyano-4-hydroxycinnamic acid matrix solution was prepared at
50 mM in H,0:ACN:TFA (50:50:0.3, v:v:v). Peptide monoisotopic mass
was obtained in the reflector mode with external calibration, using the
Peptide Calibration Standard II for mass spectrometry (up to 4000 Da
mass range, Bruker Daltonics, Billerica, MA).

2.5. Modification of the electrode

The phospholipid membranes were obtained by self-assembly on a
stainless steel electrode using the dip-coating method [28]. First, the
stainless steel electrode was immersed in a chloroform solution of
DPPC (1 mg mL~") for 10 min, to obtain the phospholipid bilayer on
the electrode surface. Subsequently, the electrode containing the
deposited phospholipid bilayer was transferred to a measurement cell
containing deionized water, and the EIS measurements were performed
at intervals of 5 min. After reaching the maximum time of deposition
(30 min), the electrode containing the lipid membrane was removed
from the measurement cell and immersed in other solution con-
taining the Pa-MAP or LL-37 at two standard concentrations (10
and 100 pug mL~"). After the waiting time in the peptide solution for
each interval of 5 min, the electrode was washed and, subsequently,
returned to the measurement cell. We used a separated peptide solu-
tion to avoid any interference during the measurements. Before each
lipid membrane deposition, an EIS measurement on a clean (unmodi-
fied) electrode was performed in deionized water, as a reference
to allow the evaluation of each subsequent modification step.

2.6. Electrical measurements

Electrical impedance measurements were performed on a SI 1260
impedance analyzer (Solartron, UK), varying the frequency of 1 Hz-
1 MHz. The dielectric measurements were performed under different
potentials (0 V, 0.5V and 1 V) and amplitude of 10 mV. We deter-
mined the real (Z’) and imaginary (Z"”) parts of the impedance of a
system composed of two parallel stainless steel plates with dimen-
sions of 64 x 21 mm and separated by a distance of 10 mm. The elec-
trodes were cleaned in chloroform and subsequently immersed in
deionized water in an ultrasonic bath. All experimental steps were
performed at room temperature and repeated at least three times.

2.7. Scanning electron microscopy measurements

The scanning electron microscopy (SEM) images were obtained
using a JSM 5900 (JEOL Instruments, Japan), at an acceleration voltage
of 15 kV and a working distance of 5 um. Samples were prepared on
glass slides that were placed atop a SEM stub. After drying at room tem-
perature, a thin gold layer was deposited atop by the use of a SCD 050
sputter coater (Bal-Tec, USA) [29].

2.8. Atomic force microscopy measurements

Atomic force microscopy (AFM) measurements were performed
with a commercial PicoSPM II microscope (Molecular Imaging, USA).
Cantilevers with a silicon tip with a resonance frequency of 297 kHz
(Nanosensors, Switzerland) were used for the non-contact mode AFM
in air at room temperature (approximately 25 °C).

2.9. Molecular modeling of Pa-MAP

The three-dimensional model for Pa-MAP was constructed accord-
ing to Migliolo and coworkers [30], by using the PDB structure 1jb5 as

template. The theoretical three-dimensional peptide structure was con-
structed by Modeller v.9.8 [31], using the template. The final model was
chosen as the best one as determined after an evaluation using both
PROSA 11 [32], to analyze packing and solvent exposure characteristics,
and PROCHECK, for additional analysis of the stereochemical quality.
In addition, RMSD was calculated by examining the degree of overlap
of Cax traces and backbones onto the template structure with the pro-
gram 3DSS [33]. The peptide structures were visualized and analyzed
on Delano Scientific's PYMOL http://pymol.sourceforge.net/ [34]. The
grand average of hydropathicity (GRAVY) was calculated using the
ProtParam software [35].

2.10. In silico Pa-MAP versus DPPC membrane interaction

All docking calculations were performed using AUTODOCK 4.2 pro-
gram [36]. Docking simulation of Pa-MAP was performed toward
DPPC (64 lipids) membrane and 3864 water molecules [37]. All water
molecules were removed and hydrogen atoms were added using the
Auto Dock Tool. Grid maps were calculated with 35 x 35 x 20 and 1.0
A spacing centered on the membrane surface and allowing interaction
with all exposed head group. A Lamarckian genetic algorithm was
used as the search method to find the best peptide-membrane complex.
Fifty docking runs were implemented, totalizing 335 possible models
for Pa-MAP versus DPPC membranes, where the maximum of freedom
to the side chains was unlocked. The 335 generated structures were
organized in a Box Plot to identify the greatest amount of interactions
with lowest free energy, and the analysis showed a tolerance of 4 A, as
recommended for blind docking [38]. The program PyMol [39] was
used to characterize peptide-membrane interactions. The statistical
analyses were done through the R package for statistical computing
(http://www.r-project.org).

3. Results
3.1. Electrochemical analysis of lipid-peptide interaction

Nyquist diagrams were taken before and after the modification
with the electrode layer of DPPC and the addition of peptides Pa-
MAP and LL-37 at concentrations of 10 and 100 ug mL™', and at dif-
ferent potentials, and they can be seen in Fig. 1. The phospholipid bi-
layer addition resulted in an increase in the semicircle diameter with
respect to the electrode surface (Fig. 1a). A high resistance to charge
transfer is associated to a low ion permeability, which can be
achieved whenever lipids are densely packed and well-ordered
[18]. The ability of a specific peptide to induce the permeation/lysis
of a lipid membrane can be quantified by the percentage of leakage
induced by these peptides [40]. When the AMPs induce membrane
leakage, the membrane lipid is released and diluted, which leads to
an increase on the conductivity of the solution that is proportional
to the percentage of leakage [41]. After exposure to peptides, the
lipid membrane can be gradually lost to the adjacent aqueous solu-
tions, resulting in an empty space vacated by the loss of the mem-
brane liquid. This behavior leads to the refill of this space by the
aqueous solutions, a fact that is evidenced by the increase in the
total capacitance and conductance [42]. With the addition of Pa-MAP,
there was a sharp decrease (of approximately one order of magnitude)
in resistance due to the lipid layer destabilization caused by the pres-
ence of the peptide. The difference found in the response between the
two concentrations at diverse potentials of Pa-MAP shows that the
peptide activity can be correlated to its concentration, with the maxi-
mum destabilization of the lipid membrane being observed when
100 pug mL™" of peptide is present.

According to Chang et al.[18], the activity of AMPs depends on the
type of lipids that constitutes the target membrane. We note that the
partitioning, orientation and the degree of penetration of the peptides
within the membranes [43] are extremely dependent on the values of
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Fig. 1. Nyquist diagrams after different modification steps: clean electrode and after depo-
sition of the membrane of DPPC (a), lipid layer after the addition of peptides Pa-MAP
(b) and LL-37 (c) at different concentrations and potentials. Solid lines correspond to
the fitting using the obtained circuit parameters.

the membrane potentials [44]. Also, the charge density of the mem-
brane surface is affected by the bias potential due to the ion accumula-
tion [18]. The Pa-MAP dielectric response was also influenced by the
applied potential, although this effect was not very significant, with a
higher response associated to the more positive potential (Fig. 1b). It
is worth to note that it is possible to observe a different behavior in
the Nyquist spectra for Pa-MAP, as compared to the other analyzed sys-
tems. The responses obtained are attributed to a different distribution of
relaxation times due to the heterogeneities present at the microscopic
level at the electrode/solution interface. In addition, this may result
from the contributions from the static disorder due to porosity, as well
as from the nonideal capacitive response of the interface [45]. In the
case of the Pa-MAP system, we obtained a deformed impedance diagram
as a result from the dislocation of the solution resistance due to the inho-
mogeneity or roughness of the electrode surface [46]. LL-37 showed a
lower response compared to Pa-MAP, for all analyzed concentrations.

However, the LL-37 activity had a clear correlation with an increase in
concentration, with a decrease by about one order of magnitude being
observed in the semicircle for the concentration of 100 ug mL™ . Regard-
ing the potential, LL-37 showed the highest response to more positive po-
tentials, a fact that is most apparent at a concentration of 10 pg mL™!
(Fig. 1c). EIS is an useful technique to evaluate peptide-membrane
interactions, since it allows either a controlled variation or to maintain
the membrane potential during their interactions [18].

The impedance data were fitted by using the program EquivCRT
[47]. The equivalent circuit obtained (Fig. 2) represents all elements of
the biosystem analyzed in this study, as follows: the solution resistance
(Rs), the resistance of the membrane to the passage of electric current
(Rm) and of the electrode (R.), the double layer capacitance of the
membrane (C,,) and of the electrode (Ce.), as well as the constant
phase element (CPE). The first three elements are related to the kinetics
of molecules and due to the ion flow and mass diffusion in the interface,
while the latter three cases are related to the molecular or ionic polari-
zation occurring in the interface. Recently, Zhu et al. [48] demonstrate
the use of an equivalent circuit for complexes systems composed by
1,2-diphytanoyl-sn-glycero-3-phosphocholine and gramicidin. Accord-
ing to them, the ideal capacitances are replaced by the CPE, by consider-
ing the frequency dispersion of the capacitance as due to factors such as
the inhomogeneity of the surface. The CPE response can be written as
Yere(®) = Yo(i®)", where 0 < n < 1. A CPE type of response, which re-
flects the non-homogeneity of the layer, is controlled by the parameter
n (membrane homogeneity): CPE can be regarded as a pure capacitance
when n is close to 1, and as a pure resistance, when n is close to 0 [49].
The changes in R, are much higher than in other parts of the dielectric
response, since this parameter depends on the characteristic resistance
of insulation at the electrode/solution interface. Thus, the Ry, was cho-
sen as the relevant signal from the sensor. The corresponding circuit is
commonly used in the literature, since it usually allows for a good fitting
of the EIS experimental data.

In Fig. 3 we show real-time measurements of the curve Ry, vs.
time of action of Pa-MAP and LL-37. The addition of both peptides
at different concentrations resulted in a drastic decrease in the mem-
brane resistance within the first minute of exposure, that then re-
mains constant until the end of the time of permanency (50 min).
It is important to note that a large variation in the impedimetric re-
sponse is not observed in the pristine membrane resistance under
different applied potentials.

A summary of the results obtained before and after exposure of Pa-
MAP and LL-37 is given in Table 1. All measurements were repeated at
least three times and the results were the same nearly every time.
These data demonstrate the efficiency of both peptides in membrane
destabilization. At 0 V potential, the values of Ry, in the presence of
Pa-MAP dropped from 7.37 x 10° Q to 4.14 x 10* Q, at a concentration
of 10 ug mL™", and to 4.40 x 10 Q, at a concentration of 100 ug mL™ .
Otherwise, in the presence of LL-37 the values decreased to 1.91 x 10° Q,
at a concentration of 10 ug mL™", and 1.96 x 10* Q), at a concentration of
100 ug mL~ L. Thus, a more efficient action in disrupting membranes
was observed for Pa-MAP, as well as a dependence of action as a
function of the concentration adopted for both peptides.

In relation to membrane homogeneity (n), the Pa-MAP and LL-37 ac-
tivities induce a decrease in the n values (Table 1). However, it can be
seen that after this reduction the n values remain constant after expo-
sure to Pa-MAP. After exposure to the LL-37, in turn, there is a slight
variation, indicating a greater membrane heterogeneity in behavior
during exposure to this peptide (Table 1).

The analysis of Pa-MAP and LL-37 activities was also evaluated by
varying the relative R, (AR, ), which was calculated from the following
equation:

AR, (%) :wx 100 1)

m
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Fig. 2. A schematic representation of the electrode modified by a lipid layer (left) and its equivalent circuit (right). The elements R and Cy, correspond to the solution resistance and double
layer capacitance membrane, respectively. The elements in series R,,CPE correspond to the membrane resistance and the constant phase element, and the elements in parallel C, Re

correspond to the electrode double layer capacitance and resistance.

where R, is the value of the resistance to the passage of electric current
to the electrode modified by the membrane, and Ry, (pep) is the resis-
tance value of the passage of the electric current in the electrode modi-
fied by the membrane after exposure to peptides (Pa-MAP or LL-37).

As previously noted, the AR, values were higher for Pa-MAP
(around 94% for concentration 10 pg mL~" and 99% for 100 ug mL™ 1)
than for LL-37 (approximately 75% concentration for 10 ug mL™' and
97% for 100 ug mL™ ') (Table 1).

In the corresponding Bode plot it is possible to visualize that the
presence of either Pa-MAP or LL-37 alters the electrical lipid membrane
characteristics (Fig. 4). Especially for Pa-MAP, these differences are
greater at higher concentrations. However, varying the intensity of the
applied potential did not lead to significant differences in behavior. In
the medium-frequency region, a linear relationship can be observed be-
tween the impedance modulus and the logarithm of the frequency
(Fig. 4). This frequency region corresponds to the capacitive behavior
of the electrode/solution interface.
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In addition, as one can easily note, these two plots (Fig. 4b and
¢) show differences in the magnitude of the impedance at high frequen-
cy ranges when compared with those of the lipid-modified electrode;
namely, the impedance magnitude of Pa-MAP and LL-37 at high fre-
quency was lower than in the absence of peptides (Fig. 4a). In addition,
while there is a clear distinction between the dielectric responses of the
peptide films of different concentrations, only small changes can be
noticed in the impedance values at intermediate frequencies (Fig. 4).
The decrease in the dielectric response for the peptide film (Fig. 4b
and c) can be explained by an increase in the degree of displacement
of ions near the surface.

3.2. Scanning electron microscopy (SEM)
In Fig. 5 we show SEM images of the membrane surface before and

after exposure to Pa-MAP and LL-37. The clean electrode metal surface
shows the presence of some defects (Fig. 5a). The layer of lipids appears
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Fig. 3. Membrane resistance versus time at different potentials. In (a, b) the concentration used was 10 ug mL™ ' and (c, d), 100 pg mL™ . Pa-MAP and LL-37 were added in the 30th minute.
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Table 1
Values of the equivalent circuit elements from fitted impedance results.
Sample Peptide concentration (ug mL™') Exposure time (min) Rm (Q) Cm (F) n ARy, (%)
x10* x10~ M
Lipid bilayer = 73.70 + 232 131 4 0.50 = =
Pa-MAP 10 1 427 £ 078 1.32 + 0.40 0.78 + 0.11 9421 + 2.55
Pa-MAP 10 25 419 + 054 1.31 + 0.51 0.78 + 0.07 9431 + 1.50
Pa-MAP 10 50 414 + 044 127 £ 037 0.78 + 0.03 9438 + 2.40
Pa-MAP 100 1 0.31 + 0.13 13.62 + 1.13 081 + 0.17 99.58 + 3.18
Pa-MAP 100 25 0.35 + 0.22 10.61 + 1.26 0.81 + 0.21 99.53 + 221
Pa-MAP 100 50 0.44 + 0.18 9.13 + 1.09 081 + 0.19 99.40 + 3.31
LL-37 10 1 17.40 + 1.12 1.01 + 0.55 0.79 + 0.10 76.39 + 2.51
LL-37 10 25 1911 + 1.32 1.05 + 0.19 0.78 + 0.11 74.08 + 3.29
LL-37 10 50 19.10 + 1.25 1.05 + 031 0.76 + 0.08 74.08 + 3.20
LL-37 100 1 1.91 + 0.22 1.15 + 0.44 0.77 + 0.08 97.41 £ 333
LL-37 100 25 1.95 + 0.19 1.16 & 0.10 0.78 + 0.10 97.35 + 4.09
LL-37 100 50 1.96 + 0.20 1.16 & 0.73 0.78 + 0.08 97.39 + 343
as a homogeneous and flat smooth surface atop the electrode (Fig. 5b).
After exposure to Pa-MAP and LL-37, the lipid membrane became quite
a — heterogeneous, forming a “carpet” with some flaws (Fig. 5c and 5d). It is
E E:Eigzw important to note that the SEM images of Pa-MAP and LL-37 reveal a
- = disruption of the membrane that can influence the conductivity of the
""‘04“ solution, as well as the impedimetric responses of the systems (Fig. 1).
%
<) 10° s . .
5 3.3. Atomic force microscopy (AFM)

The morphological differences of DPPC layers before and after the
action of Pa-MAP and LL-37 can also be seen in AFM images obtained
in non-contact mode (Fig. 6). Initially, the lipid bilayer that contains

10 - . . m no peptide was defect-free and with typical round contour and a flat la-
10’ 10° i 10 1’ 10° 10 mellar region. Through the topographic image was observed that the
f(Hz) height of the phospholipid layer is around ~5 nm, in accord to previous
studies for determination of lipid bilayer thickness [50,51] (Fig. 6a).
b 1 — Generally, the thickness of supported lipid bilayers can be determined
B ooy by measuring the step height from the substrate to the top of the bilayer
B e in bilayer defect regions [51].
& a0 Sl Analysis of the lipid layers after the action of the studied peptides
showed disruption of the layers, with formation of lipid domains of
s varying sizes, some larger with small holes and other of minor size. It
% 10' is worth to note that the observed defects span the entire depth of the
=4 T . Bl s bilayer, suggesting that these structures are forming pores in the bilayer.
B In the case of LL-37, evaluating the morphology of the lipid membrane
‘F'vﬂ_ after the peptide interaction, it is possible to observe larger and hetero-
i3 , geneous surface lipid modifications compatible with previous results
oo obtained by other authors [45] for the carpet mechanism. Similar results
10.10.. 10 10 10 10 10° 0 were ol?tained for Pa-MAP, with_perturbations of the lipid membranes
f(Hz) consisting of holes corresponding to a carpet or aggregate channel
mechanisms [45,52]; detergent-like disruptions in the lipid membrane
c 10 were also observed. The topographic image after the action of Pa-MAP
Y, and LL37 showed that the layers had an average thickness of about
._': ‘E :::EE,V 8 nm (Fig. 6b and c).
o 10 ::;:Efng In addition, the determination of the action mode of peptide in a
100 waimi_1v lipid bilayer is difficult both for the experimental and theoretical
hW models, since a single peptide may exhibit more than one action
S 104 mode with the lipid bilayer, while the mechanism is concentration-
1 dependent [48].
T,
-;T'F"’-Trrmy 3.4. Evaluation in silico of lipid-peptide interaction
i . . - - - The peptide was left clo;e to the DPPC membrane, allowiqg random
10" 10° 10' W0 10 10 10 contact with all surfaces since Pa-MAP demonstrated affinity for the

f{Hz)

Fig. 4. Bode plot of the lipid membrane-modified electrode before (a) and after addition of
Pa-MAP (b) and LL-37 (c) at different concentrations and potentials.

DPPC membrane in in vitro assays, as previously reported [30]. The aver-
age value of the free energy observed for Pa-MAP toward the DPPC
membrane was of (— 3.1 + 1.0) kcal mol™ " as demonstrated in a Box
plot (Fig. 7a).
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Fig. 5. SEM images of stainless steel substrate (a), layer DPPC before (b) and after exposure
of Pa-MAP (c) and LL-37 (d).

The docking interaction analysis showed that Pa-MAP, which has
high hydrophobicity (73%), appeared to be involved in interaction
with the phospholipid carbons that compose the DPPC membrane
(Fig. 7b and c). His' interacts with DPPC?® through of 013 and 014 (ox-
ygen head group) with distances of 3.38 and 2.87 A (table inside Fig. 7c).
In addition, it was also possible to detect two hydrophobic interactions
between His' carbon of the imidazole ring (CD2 and CE1) attacking
DPPC carbon (C3) with distances of 3.21 and 3.40 A, respectively. Impor-
tant interactions were also observed to occur between the Leu'? side
chain carbon (CD1) and the DPPC?* carbon (C14) at a distance of

2.74 A, and a hydrogen bond between the amino acid Asn'# nitrogen
(ND2) and the DPPC'* oxygen head group (013) at a distance of
3.40 A. Furthermore, a hydrophobic link involving Ala'# carbon (CB)
with DPPC?* carbon (C14) was also observed on the membrane surface.

4. Discussion

Currently, several studies have been conducted in order to under-
stand how the interaction of antimicrobial peptides with bio-
membranes takes place and to decipher the possible modes of
action [18,19]. Several different mechanisms have been proposed
to describe the AMPs' modes of action. Among these, four classical
models are more relevant: barrel-stave, toroidal-pore, carpet and
detergent [6]. According to the model barrel-stave, PAMs bind to
the surface of the bilayer through electrostatic interaction and, on
reaching a certain concentration at the membrane surface, the pep-
tide monomers aggregate and become inserted in a perpendicular
orientation into the hydrophobic core of the membrane. The
toroidal-pore model is very similar to the barrel; however, in this
model amphipathic peptide is incorporated according to their
amphipathicity degree within the membrane, forming a pore linear
peptide and lipid. In the fitted model, the AMPs are adsorbed on
the membrane surface in parallel, forming an aggregate that covers
the surface of the lipid bilayer as a “carpet” of molecules. Upon
reaching critical concentration, the membrane is destroyed/solubi-
lized. Finally, the model detergent is based on intercalation of
AMPs in lipid bilayers and, when reaching a critical micelle concen-
tration (CMC), forming micellar structures in a manner similar to a
detergent [53,54]. For this reason, some authors have described
this effect as a detergent model extension carpet, after the concen-
tration of peptides on the membrane reaching a high value [16,54].
In fact, the study of action mechanism of AMPs to permeate phos-
pholipid membranes is essential to the understanding of their antibi-
otic function.

In practice, it does not seem possible to distinguish between these
models, although all the mechanisms mentioned above have two com-
mon steps. The first is the electrostatic interaction between the cationic
peptides and the anionic lipids present in microbial membranes, and
this is followed by a second step. which consists of a peptide reorganiza-
tion over the phospholipid bilayer that leads to pore formation and, con-
sequently, to a permeability increase, which suggests the occurrence of
membrane destruction [55].

EIS has been used in studies of peptide/membrane interaction, since
this technique monitors the lipid membrane integrity in real time and is
sensitive to membrane property modifications, such as thickness, uni-
formity and ion permeability. It has been successfully used in different
studies to understand the AMPs' mechanisms of action [15,18].

Faradaic impedance spectra obtained by EIS follow a behavior pat-
tern that includes a semicircular portion observed at higher frequencies,
corresponding to the transferring electron process in the electrode-
solution interface, followed by a linear lower frequency part assigned
to mass transport limited by diffusion [56]. The increased resistance ob-
served in the Nyquist diagram after adding the phospholipid molecules
is a characteristic that can be associated with resistance load transfer,
since addition of phospholipids on the electrode hinders the passage
of electrons, increasing the resistance of the system. The technique for
forming self-organized BLMs on solid substrates is based on different
driving forces between the metallic surface and the amphiphilic lipid
molecules [57-59], which occur between a highly hydrophillic solid sur-
face interacting and the polar groups of the lipid molecules [60]. Also,
the interaction and orientation between the phospholipid and the
metal surface could be explained by metal-polymer interface theory
[58] based on the interaction between the metal and oxygen atoms.
The interaction of phospholipid polar headgroups with a metal surface
is similar to a specific adsorption and the strength of this bond between
oxygen atoms of the phosphate group of the phospholipids and the solid
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Fig. 6. AFM topographic image obtained for layer DPPC before (a) and after exposure to Pa-MAP (b) and LL-37 (c) with the corresponding cross section. Scan area was 5 pm x 5 um.

surface is dependent on the chemical reactivity of the metal [23]. Thus,
the chemical reactivity between the lipid and the metal surface explains
the observed stability over time of the measurements performed EIS. In
addition, the interaction of phospholipid molecules and the metal sur-
face is favored by the presence of irregularities on the metal surface [58].

The sudden fall of resistance after addition of the Pa-MAP and LL-37
may be explained by the destabilization of the membrane caused by the
peptides, thus allowing the passage of electrons on the electrode
surface. Regarding the influence of applied potential on the response
of the peptides, as it was observed in this study, other studies have
shown that the movement of ions from the interface of the monolayer
can be influenced by external potentials. Boubour and Lennox [61] stud-
ied the ionic permeability in the self-assembled monolayers using im-
pedance spectroscopy under different potentials in the absence of
redox active species. Defects caused by the applied potentials have
been found in the lipid membranes. During cathodic potentials, the en-
ergy required for migration of ions through the membrane decreases,
facilitating the transfer of electrons [61]. Therefore, such behavior can
explain the responses obtained at more positive potentials for the

peptides investigated, since at positive potentials the membrane
shows low resistance to charge transfer.

The activity of AMPs is basically associated to charge and hydropho-
bicity properties. These two physicochemical characteristics, which are
related to the selectivity of the peptides to membranes, facilitate the in-
teraction with fatty acyl chains [6]. The AMs selectivity for microbial
membranes and the absence of deleterious effects on membranes of
mammals are important points to be highlighted in the use of these
peptides in the pharmaceutical area. In general, AMPs are cationic and
have high affinity for negatively charged lipids (a major component of
bacterial membranes) [17].

The results obtained from adjustments using the program
EquivCRT demonstrate how efficient are Pa-MAP and LL-37 in
destabilizing membranes. For both peptides, the Rm fell sharply in
the first minute of exposure. LL-37 is a 37-amino acid peptide
(LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES-NH,), 16 of which
are charged at physiological pH (11 positive and 5 negative, resulting
in a net charge of + 6) [25]. This peptide was shown to bind to and per-
meate effectively within both zwitterionic and negatively charged
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Fig. 7. Pa-MAP in silico docking analysis with DPPC membrane. (a) Box plot of 335 interaction models ranked according to the free energy. (b) Side visualization of Pa-MAP forward DPPC
membrane showing the peptide insertion and (c) zoom visualization showing peptide interaction, with detailed interaction being showed in the inner table with lipid and amino acid

position and their respective atom names and interaction length.
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phospholipids, a feature that distinguishes LL-37 from most other anti-
microbial peptides, which act selectively on bacterial cells. This affinity
for zwitterionic membranes also suggests the occurrence of hydropho-
bic interactions between the peptides and the membranes [62]. Other-
wise, the poly-alanine Pa-MAP (HTASDAAAAAALTAANAAAAAAASMA-
NH,) displays a lower net charge (— 1) and, accordingly, a slight anionic
pl (5.08). Moreover, the hydrophobicity was also distinct in the two
peptides. LL37 shows as a hydrophobic ratio of 35% and a Boman
index of 2.99 kcal mol™'. Otherwise, the Pa-MAP hydrophobic ratio is
much higher, reaching to 73% with a lower —0.23 kcal mol~ . Initially
named protein-binding potential by Hans Boman, this index was
renamed as Boman Index after introduced into the Antimicrobial
Peptide Database (http://aps.unmc.edu/AP/main.php). In summary,
Boman index is the sum of the free energies of side chains for transfer
from cyclohexane to water divided by the total number of the AMP
amino acid residues [63]. The Boman index assesses the potential for
a protein or peptide to interact with other proteins. A high Boman
index value suggests that an AMP may play a wide variety of different
roles within the cell, due to its ability to interact with multiple proteins.

It is worth noting that, despite being neutrally charged, Pa-MAP
showed higher activity against Gram-negative bacteria, as compared
to Gram-positive bacteria [30]. As previously discussed, cationic resi-
dues may in most cases play an important role in the first step, due to
electrostatic interaction. The importance of cationic residues has been
proven in the last few years. Mutations of arginine and lysine residues
can modify the total activity of AMPs, such as mellitin (a peptide from
Apis mellifera), resulting in a greater toxicity to mammalian cells [64].
However, this feature does not seem to be a determinant in the affinity
of the Pa-MAP by membrane, since the corresponding hydrophobicity
ratio seems to play an essential role in the second step, pore forming
[62]. The absence of these cationic residues in Pa-MAP shows that its ac-
tivity is driven by hydrophobic interactions and this also explains its
lack of toxicity to mammalian cells [30]. Therefore, this behavior may
contribute to the higher response obtained for Pa-MAP as compared to
LL-37, since this peptide has a higher hydrophobic ratio (73%) [30].

The activity of the peptides on the membranes also appears to
influence the membrane homogeneity (n). The fall in homogeneity
should be attributed to disruptions caused by the presence of peptides.
However, the constancy of the values of n after Pa-MAP action indicates
that membranes exposed to this peptide tend to show more effective
lipid reorganization than membranes exposed to LL-37.

The AMP activities here evaluated may affect both the capacitance
and the resistance of the membranes. For an ideal membrane, no ion
is transported across the bilayer (which presents infinite resistance),
while the membrane behaves like a dielectric medium with charges ac-
cumulating on both sides. A finite membrane resistance determines the
ion diffusion rate through the bilayer [18]. Therefore, the membrane
instability caused by the interaction with the peptides results in an in-
creased C,, and a decrease in R, as one can see in Table 1.

Chang et al. [18] conducted a study with two AMPs, where it was
possible to distinguish the modifications in the parameters based on
peptide modes of action (resistance, capacitance and homogeneity of
membrane), as perceived by EIS. If the peptides act by following a
barrel-stave model, the resistance of the membrane drops and the
thickness and homogeneity of the membrane are unaltered, as observed
for melittin [18]. Otherwise, if the peptides act as prescribed by the
toroidal pore model, the membrane also becomes permeable (R, de-
creases) and the membrane thickness in the pore regions decreases,
resulting in a slight decrease in its homogeneity. According to this
model, the toroidal pores act as gates for the peptides' passage across
the membrane. Thus, the pore formation may be transient, disintegrating
over time as the concentration of the peptides on both sides of the
membrane becomes balanced. This leads to an increase in membrane
resistance as observed for magainin [18].

For peptides that act following the carpet model, the membrane
homogeneity decreases, while the resistance can decrease (in the case

of peptides that introduce a disorder in lipids) or increased (if the pep-
tides cause an ordering of lipids). It is worth noting that peptides that
act according to this model can induce a detergent effect. These peptides
in high concentrations can disrupt the membrane, resulting in a huge
reduction (or even complete disappearance) of the membrane resis-
tance. However, the membrane can still provide an electrochemical
barrier, where affected regions are repaired by redistributing lipids
and/or peptides by lateral diffusion from the intact regions. Thus, the
uniformity decreases due to the existence of intact and repaired
disrupted regions [18]. This model is consistent with the observed
data for the peptides here described, confirming the work described
above [62], which indicated the carpet model as a mechanism of action
for LL-37, and suggesting this same mechanism for Pa-MAP. The pres-
ence of both peptides caused a destabilization of the membrane in the
first minutes of exposure; subsequently, these changes are locally
repaired, providing a measurable resistance.

The evaluation of in silico Pa-MAP-DPPC interaction allowed the
results obtained for electrochemical analysis to be complemented, in
addition to improving the understanding of the possible mechanism
of action of Pa-MAP. In previous similar studies for two cyclic peptides,
named amp-1 and amp-2, acting toward Gram-negative and -positive
membranes, the corresponding output energy was reported as — 6.4
and —5.8 kcal mol~! and —5.7 and — 7.5 kcal mol ™, respectively
[65]. The in silico data here obtained (— 3.1 kcal mol~!) suggested
that Pa-MAP presents a lower affinity for DPPC when compared with
the free energy observed for amp-1 and amp-2. The in silico data corrob-
orated the in vitro data [30], indicating that Pa-MAP has activity (MIC
30 uM) in higher concentration due to the absence of charged amino
acid residues. As an example to be compared, the pleurocidin from
P. americanus and pardaxin isolated from Pardachirus marmoratus [66]
presented MIC values of 3.5 and 3.0 pM, respectively.

The docking interaction analysis showed that the interaction
between Pa-MAP and membrane involved a mix of electrostatic and
mainly hydrophobic interaction guided by Leu'? and Ala'® amino acid
residues. His', Asn'® and amidated C-termini are Pa-MAP amino acid
residues that may be involved with anchorage in membrane. The inter-
action might first be guided through hydrogen bonds. After that, the
presence of Pa-MAP at higher concentrations could lead to pore forma-
tion, due to the presence of hydrophobic amino acid residues that could
bind to membrane by van der Waals forces.

These data corroborate the impedance data obtained (Figs. 3 and 4),
in which some time is necessary to cause membrane interaction,
besides explaining the formation of a “carpet” as observed in Fig. 5.

4. Conclusions

Our results demonstrated that the peptide Pa-MAP has the potential
to destabilize membranes, an observation that may explain the in vitro
antimicrobial activity observed [30]. The responses obtained through
EIS for LL-37 successfully demonstrated that this peptide followed a
carpet model mode of action. In addition, the dominance of this model
was also determined by other authors using diverse techniques [62,
67]. For Pa-MAP, the data suggest that the mechanism of action of
Pa-MAP is also that of a patterned carpet, but with a detergent effect
appearing in the range of concentrations used in this study. The
mechanism of action of Pa-MAP was first described here. Finally,
the potential-independent activity of Pa-MAP suggests that the peptide
can act on a wide range of pathogenic microorganisms (membranes
with anionic, cationic and zwitterionic molecules), in agreement with
previous in vitro results.
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