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Abstract The indiscriminate use of conventional antibiotics
is leading to an increase in the number of resistant bacterial
strains, motivating the search for new compounds to over-
come this challenging problem.Antimicrobial peptides, acting
only in the lipid phase of membranes without requiring spe-
cific membrane receptors as do conventional antibiotics, have
shown great potential as possible substituents of these drugs.
These peptides are in general rich in basic and hydrophobic
residues forming an amphipathic structure when in contact
with membranes. The outer leaflet of the prokaryotic cell
membrane is rich in anionic lipids, while the surface of the
eukaryotic cell is zwitterionic. Due to their positive net charge,
many of these peptides are selective to the prokaryotic mem-
brane. Notwithstanding this preference for anionic mem-
branes, some of them can also act on neutral ones, hampering
their therapeutic use. In addition to the electrostatic interaction
driving peptide adsorption by the membrane, the ability of the
peptide to perturb lipid packing is of paramount importance in
their capacity to induce cell lysis, which is strongly dependent
on electrostatic and hydrophobic interactions. In the present
research, we revised the adsorption of antimicrobial peptides
by model membranes as well as the perturbation that they
induce in lipid packing. In particular, we focused on some
peptides that have simultaneously acidic and basic residues.
The net charges of these peptides are modulated by pH chang-
es and the lipid composition of model membranes.We discuss

the experimental approaches used to explore these aspects of
lipid membranes using lipid vesicles and lipid monolayer as
model membranes.
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Introduction

Antimicrobial peptides belong to the innate immune system
and are part of the first line of defense of many species from
bacteria to plants and humans (Nguyen et al. 2011; Wang
2014). These short sequences, with up to 40 residues, are rich
in cationic and non-polar amino acids, which are distributed in
the sequence in such a way that they are prone to form am-
phipathic structures, alpha helix or beta structures, when in
adequate conditions (Zasloff 2002; Yeaman and Yount
2003). In the present review, we will focus on the helical
antimicrobial peptides whose structure is formed when they
are in contact with lipid membranes and/or in a specific am-
bient such as surfactant micelles or helix-inducing agents such
as trifluoroethanol (TFE).

A wealth of information regarding the mode of action of
these peptides has been gathered over recent decades (Parente
et al. 1990; Matsuzaki et al. 1996a; Pokorny et al. 2002;
Huang et al. 2004; Sengupta et al. 2008; Epand et al. 2009;
Haney et al. 2010; Nguyen et al. 2011). Some of this informa-
tion indicates that the bactericide activities of all L-residue
peptides are the same as for all D-residue peptides. Neither
these forms can be distinguished by bacteria (Wade et al.
1990; Chen et al. 2006). This lack of discrimination indicates
that these peptides act directly on the lipid matrix of the cell
membrane, with no requirement for specific membrane recep-
tors (Hancock et al. 1995; Shai 1999; Epand and Vogel 1999;
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Zasloff 2002). The outer leaflet of the plasma membrane of
prokaryotic cells is rich in anionic phospholipids (Malanovic
and Lohner 2015), while the surface of the eukaryotic cells is
electrostatically neutral due to the dominance of zwitterionic
and uncharged lipids (Rothman and Lenard 1977; Devaux
1991). Due to their cationicity, antimicrobial peptides have a
preference for anionic membranes, driven mostly by electro-
static interactions between them. In addition, since they only
act in the membrane lipid matrix, it is difficult for the micro-
organism to develop a resistance mechanism against these
peptides, rendering them promising alternatives to conven-
tional antibiotics. The search for and development of new
antibiotic compounds was identified as a task of global impor-
tance in the recent O’Neil report to the United Kingdom gov-
ernment on the reduction of the widespread increase in micro-
organism resistance (O’Neill 2015). Several recently investi-
gated cationic peptides are currently undergoing clinical trials
(Marshall and Arenas 2003; Arias and Murray 2009; Yeung
et al. 2011; Bahar and Ren 2013).

In the present review, we discuss the lytic activity of the
antimicrobial natural peptide MP1 (IDWKKLLDAAKQIL-
NH2) and the synthetic peptide L1A (IDGLKAIWKK
VADLLKNT-NH2) and its N-acetylated analog, Ac-L1A,
containing concomitantly acid and basic residues whose net
charge could be modulated by changes in solution pH. The
lytic activity of these peptides was explored in both large and
giant unilamellar vesicles (LUVs and GUVs, respectively).
The effect of these peptides on lipid packing was assessed
by their impact on lipid monolayers.

The action mechanism of helical antimicrobial
peptides

Several models have been proposed for the action mech-
anism of antimicrobial peptides, and they have been re-
cently revised (Nguyen et al. 2011; Wimley and Hristova
2011; Bechinger 2015). Some of these models were pro-
posed largely as a result of leakage experiments. All the
models proposed to explain the action mechanism of these
peptides begin with the peptide adsorption onto the lipid
bilayer. In solution, the peptide is unstructured and its
adsorption is followed by its folding into an amphipathic
structure, mostly helix whose axis is parallel to the mem-
brane surface. The adsorption of the peptide onto the
membrane continues until a critical concentration is
achieved, creating a mass imbalance and elastic stress
which is relieved by forming defects or pores, leading to
the lytic process. The peptide can aggregate and then form
a transmembrane pore in which the hydrophobic faces of
the peptides are in contact with the acyl chains, which
requires that the peptide length span the bilayer thickness
(Parente et al. 1990; Huang et al. 2004). Toroidal pores

can be formed after the adsorbed peptide concentration
achieves a critical value. In these pores the outer and the
inner leaflets of the bilayer are fused and the lipids are
then curved inward; these pores are toroidal holes lined
by lipids and peptides (Matsuzaki et al. 1996b; Huang
et al. 2004). In an alternative model, the adsorbed pep-
tides induce curvature strain in the bilayer, which is re-
lieved by their aggregation into the bilayer, enabling the
aggregate to be translocated to the vesicle lumen by a
sinking-raft process (Pokorny et al. 2002). Depending on
the lipid composition of the bilayer, the peptide can in-
duce a non-lamellar phase and be translocated across the
membrane by the formation of non-bilayer intermediates
in which the peptide is trapped inside inverted micelle
(Haney et al. 2010). At higher peptide-to-lipid ratios, the
peptides can also act as a detergent, inducing micelliza-
tion of the lipid bilayer or its rupture. These mechanisms
are not exclusive and a given peptide can present more
than one mechanism depending on the peptide-to-lipid
ratio (Bechinger and Lohner 2006). A challenging ques-
tion not answered until now is how many different mech-
anisms exist and how many can operate at the same time
(Wimley and Hristova 2011).

Irrespective of the action mechanism, the peptide is
adsorbed onto the lipid bilayer, most frequently folded in an
amphipathic helical structure, in which the charged and polar
residues of the hydrophilic face are either in contact with the
lipid head groups or solvated by the aqueous environment and
the hydrophobic residues, including the backbone, seeking a
water-depleted environment (Dathe andWieprecht 1999). The
amphipathic structure is relevant in peptide penetration and
perturbation of the membrane leading to the lytic process.
Although some peptides lack an amphipathic structure, they
are still capable of disturbing the lipid packing and of inducing
the lytic process by an interfacial action (Wimley 2010).

The adsorption of peptides onto anionic bilayers is mostly
directed by electrostatic interactions due to their net charge
being opposed to that of the target membrane. Even adsorp-
tion onto a neutral bilayer would have a small electrostatic
component due to the dipolar character of the zwitterionic
head-groups. When a peptide is adsorbed onto the lipid bilay-
er, at a low peptide-to-lipid concentration ratio, evidence has
shown that its orientation is preferentially parallel to the mem-
brane surface (Bechinger et al. 1992; Silvestro and Axelsen
2000; Marassi and Opella 2000; Klocek et al. 2009). In this
orientation, the peptide inserts its non-polar face into the re-
gion between the lipid head groups and the acyl chains. The
peptide is sufficiently stiff, and the highly flexible acyl chains
adapt their conformation to accommodate the insertion of the
peptide. This conformational adaptation of the acyl chains
creates elastic distortions, resulting in a compression of the
outer layer, which responds with a change in the lipid area,
(ΔA). The elastic energy penalty to be paid for this change in
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area is proportional to (ΔA/A)2 (Fošnarič et al. 2006). The
perturbation of the acyl chains also leads to changes in their
molecular packing and in the order parameter, with conse-
quences for the thermotropic properties of the bilayer (Jing
et al. 2003). In addition, if the peptide has a charge density
higher than that of the bilayer, this excess of positive charges
acts to recruit oppositely charged lipid head groups, inducing
lipid de-mixing (May et al. 2000; Epand et al. 2010; Bagheri
et al. 2015). Furthermore, overstretching the outer layer in
relation to the inner layer can induce two different responses
which are not exclusive: membrane thinning of the lipid bi-
layer, as observed by X-ray and neutron diffraction (He et al.
1995; Spaar et al. 2004), and changes in the membrane cur-
vature (Zemel et al. 2008).

Model membranes and strategies for investigating
lipid-packing perturbation

From the physical point of view, model membranes are a
simple system, composed of lipids (phospholipids,
sphingolipids, sterol), incorporating the most important char-
acteristics to be investigated in the cell membrane, which is
very complex (Eeman and Deleu 2010). In general, these
characteristics are related to the lipid composition, lateral pres-
sure and other features representing the targeted plasma mem-
brane of the living system. Lipid vesicles have been shown to
represent a valuable model system for the investigation of
many aspects of peptide-to-lipid interactions, especially the
lytic process and the thermotropic properties of lipids and
phase transition in lipid bilayer (McElhaney 1982;
McElhaney 1986). Lipid monolayers are another valuable
model membrane which makes it possible to assess the effect
of peptide on the phase transition of the lipid film, providing
information on the changes of lipid packing induced by the
peptide. These model membranes have been widely reviewed
in the literature (Brockman 1999; Maget-Dana 1999; Birdi
2006; Dennison et al. 2010; Stefaniu et al. 2014; Wilke 2014).

Lipid vesicles for the investigation of the lytic activity
of antimicrobial peptides

Large and giant unilamellar vesicles, LUVs and GUVs,
respectively, have been extensively used to investigate
the lytic activity of antimicrobial peptides. The prepara-
tion of large unilamellar vesicles (LUVs) is very simple
and widely diffused in the literature (Hope et al. 1985;
Hope et al. 1986). In brief, a lipid solution in organic
solvent is deposited into a round-bottom flask, at desired
composition and concentration, and is then dried by N2

flux and subsequently under vacuum, for a few hours, to
remove excess of organic solvent. The film obtained is then
hydrated by gentle agitation with a solution containing a

fluorescent dye, in general carboxyfluorescein or calcein,
~10 °C above the melting temperature of the lipids, forming
a suspension of multilamellar vesicles (MLVs). This suspen-
sion is then submitted to several steps of extrusion through
polycarbonate membranes with pores of known diameter. The
non-encapsulated dye is removed by gel filtration chromatog-
raphy. In leakage experiments, a fixed aliquot of the vesicle
suspension is added to a solution containing a given peptide
concentration. When entrapped in the vesicle, the fluores-
cence intensity is self-quenched. Upon the action of the lytic
peptide, a fraction of the entrapped dye is released from the
vesicle and the fluorescence is de-quenched, and the time
course of the fluorescence intensity change is monitored.
The increase in fluorescence intensity is proportional to the
peptide concentration of the solution to which the vesicles are
added. At each peptide concentration used, the percentage of
released dye can be obtained as: % leakage = (F – F0)/(F100 –
F0), where F is the fluorescence intensity after a time interval
of peptide action, F0 is the fluorescence intensity in the ab-
sence of peptide, and F100 is the intensity obtained for entire
release induced by the addition of a surfactant, in general,
Triton X-100. The lytic activity is analyzed using a dose–
response curve, % leakage versus peptide concentration, and
by the kinetic of fluorescence intensity change due to the
leakage (Jin et al. 2005; Rautenbach et al. 2006; Wang et al.
2012). Alternatively, the fluorescent dye, 8-aminonaphthalene-
1,3,6-trisulfonic acid (ANTS), can be entrapped with its
quencher, p-xylenebis-pyridinum bromide (DPX), and, upon
release, it can be re-quenched by further addition of the
quencher (Yandek et al. 2009). This method allows the
amount of dye released and the amount that remained
entrapped after the peptide action to be monitored. With this
alternative experiment, it is possible to estimate whether the
leakage process is graded or all-or-none (Parente et al. 1990;
Pokorny et al. 2002). In addition, Heerklotz and coauthors
(Patel et al. 2009) developed a method using time-resolved
fluorescence approach to monitor dye release (calcein) from
LUVs. This method provided evidence about the heterogene-
ity of graded leakage and also allowed distinguishing from all-
or-none leakage process.

Giant unilamellar vesicles (GUVs) can be formed either
by spontaneous formation (Akashi et al. 1996) or by
electroformation (Angelova and Dimitrov 1986), and have
been extensively reviewed in the literature (Yamazaki and
Tamba 2005; Dimova et al. 2006; Riske 2015). Briefly, in
spontaneous formation, after the solvent has been complete-
ly removed by vacuum, the lipid film, whether or not it
contains fluorescently labeled lipid, is pre-hydrated with a
very small volume of water (~10 μl) at 45 °C for a short
time, ~10 min. This pre-hydrated film is incubated with a
sucrose solution, with or without a fluorescent dye, at 37 °C
overnight, and a visible cloud, containing the GUVs, is
formed. In the electroformation method, the lipid solution
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is deposited on the conductive sides of two glass plates
covered with indium tin-oxide or alternatively over two par-
allel platinum electrodes (wires) (Puff and Angelova 2006).
The surfaces of the conducive plates containing the lipid
film will be the inside walls of a chamber formed by the
plates and a rectangular Teflon separator. In both ap-
proaches, the lipid film is hydrated with the sucrose solution
and the electrodes are connected to a pulse generator, and a
low AC voltage (1–3 V) at frequency of up to 10–20 hertz is
applied for 2–3 h. The electric field induces the lipid layer to
peel off, followed by self-assembly leading to vesicle forma-
tion. Where the GUVs are grown with a fluorescent dye and
sucrose solution, the excess of dye outside the GUVs must
be removed by gel filtration (Tamba et al. 2011; Islam et al.
2014). Aliquots of the harvested GUVs are diluted in an
equal osmolarity glucose or buffer solution. The difference
between the refractive indices of the outside and the inside
solutions of the GUVs enables the vesicles to be visualized
by phase contrast microscopy. For dye-encapsulated GUVs,
the leakage process can be monitored by fluorescence mi-
croscopy (FM). The spontaneous formation and
electroformation are the most common approaches to grow-
ing GUVs. These methods present the same limitations
when large amount of negatively charged lipids and high
ionic strength are used. Recently, Weinberger and collabora-
tors (Weinberger et al. 2013) developed a new methods in
which GUVs grown on a polyvinyl alcohol film, allowing
the formations of GUVs in different aqueous solution and
large range of lipid composition.

The peptide is then injected into the GUV suspension in the
observation chamber (which contains an optical window)
using a glass micropipette connected to a micromanipulator.
The experiment is then monitored by phase contrast or fluo-
rescence microscope connected to a CCD camera.
Alternatively, this experiment can be performed by adding
GUVs to a solution of one or more fluorescent dyes, and the
influx into the vesicle lumen can be monitored by FM (Leite
et al. 2015; Alvares et al. 2017), enabling the lytic activity for
single vesicles to be obtained.

GUV observations provide specific information about
the lytic activity of peptide for a single vesicle, such as
shape deformation and vesicle rupture, that cannot be ob-
tained by experiments in LUVs. However, in GUV exper-
iments, it is not possible to control the lipid concentration,
and the lipid-to-peptide ratios cannot be exactly deter-
mined. In addition, LUV experiments provide information
about leakage from a collection of vesicles while, in ex-
periments with GUVs, the information obtained is for a
single vesicle. The two techniques thus complement each
other describing the lytic activity of peptide. Here, we
demonstrate that it is possible to distinguish between
graded and all-or none leakage mechanisms in GUVs
and LUVs and that they coincide in both methods.

The effect of lipid composition on affinity and lytic
activities in vesicles

The adsorption of lytic peptide to the membrane creates an
elastic stress, as described above. It may therefore be expected
that the composition of the lipid bilayer will play an important
role in peptide action. In addition to potent and broad-spectrum
bactericide activity, the peptide Polybia-MP-1 (MP1) also
inhibited the proliferation of prostate and bladder cancer cells
(Wang et al. 2008) and, in lymphocytes, proved to be multidrug
resistant (Wang et al. 2009). It was observed that this peptide
selectively recognized leukemic T-lymphocytes and not healthy
ones, being harmful only to leukemic ones (Dos Santos Cabrera
et al. 2012). Cancer cells lose the asymmetric lipid distribution
of healthy cells with the aminophospholipids phosphati
dylserine (PS) and phosphatidylethanolamine (PE) in the inner
layer, and phosphatidylcholine (PC) and sphingomyelin (SM) in
the outer layer of the membrane. The asymmetrical phospho-
lipid distribution observed in healthy human cells is maintained
by the family of enzymes aminophospholipid translocases
(Devaux 1992). In cancer cells, the aminophospholipids are
exposed in the outer leaflet (Utsugi et al. 1991; Fadok et al.
1992, 1998; Stafford and Thorpe 2011), rendering their surface
negatively charged, which can be discriminated by cationic pep-
tides. The effect of PS and PE on the lytic activity of MP1 was
explored inGUVs and LUVs composed of pure DOPC, DOPC/
DOPE (9:1), DOPC/POPS (8:2) and DOPC/DOPE/POPS
(7:1:2). In GUV experiments, a GUV suspension was added
to a solution containing three different dyes: carboxyfluores-
cein (CF), cascade-blue-labeled dextran (3 k–CB) and
Alexafluor dextran (10 k–AF647), with molecular weights of
0.36, 3.0 and 10.0 kD, respectively; the influx to the vesicle
lumen was monitored by FCM. In addition, a small fraction
(~0.5 mol%) of DOPE-rhodamine was used to check the bilayer
integrity during the peptide action. The dye concentration inside
the GUV, at a given time t, was calculated by: c(t) = (pin, t – pin,
control)/(pex, t – pex, control), where pin,t, pin,control, pex,t and pex, control
are the pixel intensity inside the GUV at time t, inside at time
zero, outside the GUVat time t and outside at time zero, respec-
tively. The kinetics of dye influx (dye concentration inside the
vesicle, c(t), as a function of time) of the three permeating mol-
ecules, induced by 4 μMofMP1 in PC/PE and PC/PE/PS GUV
showed the existence of a time-lag in initiating the entrance of
dye into the vesicle lumen that was dependent on vesicle lipid
composition (see fig. S2 in Leite et al. 2015). The average time-
lag calculated for 50 vesicles was smaller for the GUVs contain-
ing PS and PE, ~760 ± 120 for PC/PE/PS, compared to PC/PE,
~1600 ± 60 s, and the two other compositions (Leite et al. 2015).
The increase in dye concentration in the vesicle lumen, after the
time-lag, was dependent on the dye size; for PC and PC/PS
vesicles, only the smallest dye achieved the complete filling. In
contrast, in GUVs containing PE, the entrance of the three dyes
reached complete filling even for 10 k–AF647. The dose
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response curves (% of filled vesicles by dyes as a function of
peptide concentration) showed that the influx of the dyes induced
by MP1 was also dependent on the peptide concentration These
plots show that complete filling with the smaller and even with
the 10-kD dyes was only achieved in the GUVs of PC/PE/PS
(see fig. S1 in Leite et al. 2015). Lytic activity decreased in the
following order of lipid composition for both dyes: PC/PE/
PS > PC/PE > PC/PS > PC. The histograms for CF and 10 k–
AF647 influxes in 50 GUVs of pure PC, PC/PS, PC/PE and PC/
PE/PS upon addition of 4.0 μM of MP1 are shown in Fig. 1a.
The dye entrance or the percentage of vesicle filling was en-
hanced by the presence of anionic lipid. Interestingly, in the
presence of PE in the binary mixture, PC/PE, almost 100% of
the analyzed GUVs were totally filled. Another important obser-
vation is that the dye entrance was observed mostly in two
ranges, smaller than 20% and larger than 80%, suggesting an
all-or-none process of dye influx. The experiments in LUVs
using the re-quenching of ANTS and its quencher DPX
entrapped in the vesicles with the same lipid composition made
it possible to determine the amount of ANTS remaining inside
the LUVs (Qin) after the peptide action and the fraction of dye
released (fout). These two factors, displayed in Fig. 1b, show that

the amount of ANTS remaining inside LUVs is constant
as the fraction of dye released increases, supporting an
all-or-none process. These results provided strong evi-
dence that the aminophospholipids PS and PE act syn-
ergistically, enhancing the permeability induced by MP1
in lipid vesicles.

In addition to the asymmetry of phospholipid distribution
in their membranes, human cells also present planar ordered
domains composed of sphingomyelin and cholesterol (lipid
rafts) that are important for the membrane proteins and for
elastic control of the membrane (Quinn 2010; Rosetti et al.
2017; Sezgin et al. 2017). Evidence has been gathered indi-
cating that the presence and integrity of lipid rafts is necessary
tomaintain PS exposure (Ishii et al. 2005). The lytic activity of
MP1 was investigated in GUVs containing PS and brain
sphingomyelin (bSM) and cholesterol (Chol) not necessarily
organized in liquid ordered domains (Lo). The experiments
with GUVs examined the influx of carboxyfluorescein in-
duced by 2 μM of peptide to the lumen of GUVs composed
of pure DOPC, DOPC:POPS (4.9:2.1), DOPC:bSM:Chol
(3:3:1), DOPC:POPS:bSM:Chol (2.1:0.9:3:1, Lo domains
are observed) and POPC:POPS:bSM:Chol (2.1:0.9:3:1,Lo

Fig. 1 Lytic activity in LUVs and GUVs modulated by the vesicle lipid
composition. a Percentages of carboxyfluorescein (CF) and Alexa 647-
10 k (10 kDa) entrance induced by MP1 in 50 individual GUVs after
30 min of addition of 4 μM of the peptide. Horizontal dashed lines show
two ranges, 80 and 20%, defining all-or-none dye entrance. b ANTS/
DPX re-quenching experiments monitoring leakage induce byMP1 from
LUVs of pure DOPC (circles), DOPC/POPS (8:2) (squares),
DOPC:DOPE (9:1) (triangles) and DOPC:DOPE:POPS (7:1:2) (stars)
induced by MP1: the amount of ANTS remained in the LUVs (Qin) as

a function of the released ANTS fraction (fout).Dashed lines represent the
theoretical curves for ideal graded and all-or-none dye release calculated
as shown in (Ladokhin et al. 1995). c The amount of MP1 necessary to
induced 50% of carboxyfluorescein from a suspension of LUVs after
1 min of peptide/vesicles incubation. Each slice represents the composi-
t i o n o f t h e LUV s : DO PC , DOPC : PO P S ( 4 . 9 : 2 . 1 ) ,
DOPC:POPS:bSM:Chol (2.1:0.9:3:1) and DOPC:POPG:bSM:Chol
(2.1:0.9:3:1). (a) and (b) were adapted, with permission, from Leite
et al. (2015)
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domains are not observed) containing a small fraction
(0.2 mol%) of the fluorescent lipid BodipyTR-Ceramide for
the control of bilayer integrity. MP1 either failed to induce or
induced only a marginal CF influx in DOPC and DOPC/bSM/
Chol. The dye influx kinetic in PS-containing GUVs induced
by 2 μM of MP1 showed that in DOPC/POPS GUVs, CF
influx achieved 40% in ~1300s, while, in vesicles containing
PS and Lo domains, only 160 s was necessary for the peptide
to induce 100% of filling. Interestingly, in POPC/POPS/bSM/
Chol in which liquid-ordered/liquid-disordered phase coexis-
tence was not observed, the CF influx achieved 40% in
~1600 s (Alvares et al. 2017). The leakage experiments per-
formed with LUVs point to results similar to those observed in
the experiments with GUVs. The pie chart in Fig. 1c shows
that the peptide concentration required to achieve 50% of
leakage (EC50) in DOPC:POPS:bSM:Chol was 6.5 and 28-
times smaller compared to DOPC:POPS and DOPC LUVs,
respectively, indicating that, when PS and Lo domains are
present in the lipid composition, the permeability efficiency
of MP1 enhanced significantly. On the other hand, when
POPS wa s r e p l a c e d b y t h e s am e amoun t o f
phosphatidylglycerol (POPG), the EC50 was 3-times higher
than the concentration observed in the presence of POPS,
suggesting that, in addition to the polar head net charge, its
structure seems to play an important role in peptide/lipid in-
teraction. These results suggest a synergy between PS and
liquid ordered domains in significantly influencing the lytic
activity of MP1.

Charge effect on the affinity and lytic activity of peptides
in lipid vesicles

Lysines (Lys) and arginines (Arg), with a positive electrical
charge in physiological pH, are the aminoacid residues in
antimicrobial peptides which, together with hydrophobic and
non-polar residues (Fjell et al. 2012), occur to the greatest
extent. Besides these positively charged residues, some nat-
ural peptides present a post-translational modification in the
C-terminus that removes its negative charge, the most fre-
quent modification being amidation (Andreu and Rivas
1998; Yeaman and Yount 2003). This C-terminal protection
prevents proteolytic digestion of the peptide and has been
shown to play an important role in the peptide structure.
From the structural point of view, the C-terminus amidation
was shown by NMR to provide an extra hydrogen bonding
in Eumenine mastoparan-AF (EMP-AF-NH2) compared
with the non-amidated analog (Sforça et al. 2004). Similar
observations were carried out for Protonectarina-MP using
hydrogen deuterium exchange and mass spectrometry (da
Silva et al. 2014). This helical stabilizing effect was also
observed in the less frequent post-translational modification
in the N-terminus, for instance i ts acetylat ion.
Conformational analysis of the synthetic peptide L1A and

its acetylated analog by molecular dynamics simulations as-
sociated with CD spectroscopy have shown that N-terminus
acetylation provides four extra backbone hydrogen bonds,
enhancing helical stability (Zanin et al. 2016). In addition
to structural effects, these post-translational modifications of
C- and N-termini result in changes in the peptide net charge.
In this sense, amidation changes the C-terminus from nega-
tive to neutral under physiological conditions providing the
peptide with an extra positive charge. Acetylation, on the
other hand, renders the charged amino-group neutral, reduc-
ing the cationicity of the peptide. These modifications have
been shown to play an important role in lytic activity in
model membranes and in their biological activities. For in-
stance, the amidation of the C-terminus of Eumenine
mastoparan-AF (EMP-AF-NH2), enhances several times
the leakage efficiency induced in 7POPC:3POPG LUVs
compared with EMP-AF-OH (Dos Santos Cabrera et al.
2004). Notwithstanding the net charge reduction in the acet-
ylation of the synthetic peptide, L1A, the modified peptide
showed higher efficiency in lytic activity in the mixed an-
ionic lipid vesicle (8POPC:2POPG); EC50 decreased by
30% compared to non-acetylated L1A (Zanin et al. 2016).
The peptide net charge can also be changed by residue sub-
stitution. MP1 is a potent antimicrobial peptide with 2
aspartic acids and 3 lysines which, with the amidated C-
terminus, results in a net charge of +2. The substitution of
aspartic acid (Asp) by an asparagine residue increases its net
charge to +3. The increase in the net charge improved the
leakage efficiency in anionic mixed LUVs and GUVs (Dos
Santos Cabrera et al. 2011; Leite et al. 2011). The net charge
of peptides concomitantly containing acidic and basic resi-
dues, Asp and Lys like MP1 and L1A, can be modulated by
changes in the pH of the solution. The pKa of the aspartic
acid, lysine and N-terminus are 4.0, 10.4 and 8.0, respec-
tively (Grimsley et al. 2009). At a given pH, the protonation
of these groups may or may not be favored by the surface
electrostatic potential (ψ0) of the vesicle. In general, the
fraction of the protonated group is given by:

f AH ¼ 1þ 10 pHþ0:434
Fψ0
RT −pKað Þh i−1

where F is the Faraday constant and RT is the thermal
energy.

In the presence of POPC:POPG (8:2) vesicles, in which
surface potential was ψ0 = − 27.0 mV determined from the
zeta potential measurements, the calculated net charges for
L1A are 3.7, 3.0 and 1.9 at pH 4.0, 7.0 and 10.0, respectively.
These changes in peptide net charge had a strong effect on
peptide lytic activity in anionic mixed LUVs, as shown in the
dose–response curves for POPC:POPG (8:2) vesicles after
5 min of peptide action in Fig. 2a. Complete leakage was only
achieved at pH 10.0, when the N-terminus and some lysines
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were deprotonated. The values of EC50 in the anionic mixture
were 17, 6 and 2 μM at pH 4.0, 7.0 and 10.0, respectively.
Similar observations were also made in experiments with
GUVs. The effect of peptide was investigated by monitoring
changes in phase contrast. Figure 2b shows phase contrast
snapshots of 8POPC:2POPG GUVs before and after the in-
jection of 7 μM of L1A near the GUVs in different pH solu-
tions. In both neutral and basic pH, the peptide induced a
complete loss of phase contrast; however, the kinetic was de-
pendent on the pH of the solution (see Fig. 2c). At pH 7, the
loss of contrast was gradual and the time to complete contrast
loss was 1.8-times higher than at pH 10.0. At pH 10.0, a quick
lytic process took place, only 130 s after peptide injection, and
vesicle burst was observed after complete loss of contrast for
all the analyzed GUVs. On the other hand, L1A did not induce
permeability after a long time of peptide injection (1800 s)
when the experiments were performed at pH 4.0. These results
indicate that the neutralization of the N-terminus charge favors
lytic activity probably by inducing higher perturbation in lipid
packing. In fact, this result is in good agreement with the
results obtained for the acetylated analog of L1A (Zanin
et al. 2013, 2016).

Charge effect on lipid packing perturbation induced
by peptides in lipid monolayer

The Langmuir monolayer, a model system that mimics a sin-
gle leaflet of the bilayer, has been extensively used to investi-
gate lateral lipid–lipid interactions, as well as the impact of
antimicrobial peptide on lipid packing (Fischer et al. 1984;
Worthman et al. 1997; Eeman et al. 2006; Neville et al.
2006; Bouffioux et al. 2007; Dennison et al. 2008; Wilke
2014). The main advantage of this system is that the molecular
density and lipid composition can be varied without limita-
tion, while the pressure–area isotherms are monitored by si-
multaneous visualization of the monolayer with microscopy
techniques (Lösche et al. 1983; Henon and Meunier 1991;
Möhwald 1995; Kaganer et al. 1999; Lheveder et al. 2000).

A lipid film can be formed by spreading a lipid solution, in
organic solvent, on an air–aqueous interface (Kaganer et al.
1999). Due to its amphiphilic characteristic, a monomolecular
film, in which the polar head-groups are in contact with water
and the acyl chains are in the air (low dielectric constant phase),
can be formed in a Langmuir trough containing two movable
barriers whose position is controlled by a servomechanism

Fig. 2 The effects of pH on lytic activity induced by a pH-responsive
peptide in LUVs and GUVs: a Dose–response curves of L1A-induced
leakage of calcein from LUVs of POPC:POPG (8:2) at pH 4 (circles), 7
(squares) and 10 (triangle). The percentage of dye leakage after 5 min of
peptide addition was plotted as a function of peptide concentration. The
data were fitted with Boltzmann sigmoidal equation in order to calculate
the EC50. b Phase contrast images of POPC:POPG (8:2) vesicles after

addition of 7 μM of L1A showing the effect of solution pH on lytic
activity of the peptide. The peptide was continuously injected near a
single GUV using a glass micropipet controlled by a micromanipulator
(Narishige, Tokyo, Japan). The time indicated on the first image repre-
sents the start of peptide injection. Scale bar 20 μm. c pH effect on the
kinetics of sucrose/glucose permeability from a single GUV induced by
L1A shown in (b) as a function of time
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(Maget-Dana 1999). The movement of these barriers applies a
lateral surface pressure on the lipid film while the surface ten-
sion is monitored by a Wilhelmy plate connected to a micro-
balance. As the surface pressure increases, the area available to
the lipidmolecules decreases, resulting in a pressure–area (π vs.
A) isotherm. The packing and orientation of the hydrophobic
tails of the lipid molecules change during the compression,
giving rise to phase transitions from a loosely unordered gas-
like phase to a liquid phase or to a highly ordered condensed
phase, similar to a 2-D vant’Hoff isotherm. Some lipids present
both the liquid-expanded (LE) and the liquid-condensed (LC)
phases and a plateau of coexistence of these phases (Fischer
et al. 1984). In the phase coexistence region, solid domains are
formed and grow during the compression of the lipid film
(Heckl et al. 1986; Miller and Mohwald 1987; Vanderlick and
Möhwald 1990). The separate phases and the morphology of
these solid domains can be visualized by FM (Lösche et al.
1983; Weis and McConnell 1984; Mohwald 1990) or
Brewster angle microscopy (BAM) (Hoenig and Moebius
1991; McConlogue and Vanderlick 1997; Mottola et al. 2013)
during film compression or by atomic force microcopy
(Clausell et al. 2004; Mularski et al. 2015) in films transferred
to a solid substrate at a given surface pressure (Mangiarotti and
Wilke 2015). The pressure at which the phase coexistence takes
place and the extension of the plateau are very sensitive to the
pH, ionic conditions and temperature of the subphase
(Mohwald 1990; Maltseva et al. 2006; Vega Mercado et al.
2011). This plateau of coexistence is an important signature to
be used in the investigation of the impact of a peptide on lipid
packing (Dennison et al. 2014). The interfacial properties of
antimicrobial peptides also influence peptide/lipid interaction.
Surface pressure–area isotherms of pure peptide provide useful
information about its capability to form monolayers, and the
possible orientation of the peptide in the monolayer. Through
the compression curves, two important values can be obtained:
the collapse surface pressure, πcol, and the limiting molecular
area, ALim. πcol is the surface pressure at which the film col-
lapses and, ALim is the minimal area before the collapse. In this
context, compression isotherms of pure L1Awere carried out in
saline solution at pH 2, 4, 7 and 10. The values of πcol and ALim

indicated that L1A, as well as MP1, was able to form a stable
monolayer at the air–aqueous interface, adopting a mostly α-
helical conformation oriented almost perpendicularly to the in-
terface (for details of calculation, see (Alvares et al. 2016)). This
orientation was also reported for other surface active peptides
(Ambroggio et al. 2004; Mura et al. 2013). Figure 3a, b shows
how the πcol and ALim, respectively, are affected by the sub-
phase pH. At pH 2, the peptide was totally protonated and the
repulsion between the high net charge peptides led to an unsta-
ble peptide film characterized by the lower collapse surface
pressure. At pH 4, the aspartic acids were partially protonated,
and, despite the reduction of the peptide net charge, a repulsive
peptide-peptide interaction prevailed. At neutral pH, both kinds

of charged amino acids were charged and, despite the ionic
strength, salt bridges were able to form, resulting in a more
stable film compared to acidic pH. At basic pH, where the N-
terminus and the lysines were totally and partially deprotonated,
respectively, the repulsion between peptide molecules was re-
duced, leading to the formation of a stable peptide film of the
highest lateral pressure (see Fig. 3a). The collapse pressure was
a function of the pH of the solution and, consequently, of the
peptide net charge. The dependence of collapse pressure and
limiting molecular area on the subphase pH was also observed
in other peptides, such as MP1 (Alvares et al. 2016), melittin
(Fidelio et al. 1986) and maculatin (Ambroggio et al. 2004).

In the investigation of the impact of the peptide on lipid
packing, it was important to use a lipid monolayer with a lipid
that displays the LE–LC coexistence plateau, like, for in-
stance, DPPC, co-spread with the peptide. The impact of
MP1 on the phase behavior of the DPPC monolayer at acidic
and basic pH was analyzed using BAM (Alvares et al. 2016).
At acidic pH, MP1 induced the formation of smaller and more
rounded LC domains compared to all other conditions. In the
classical nucleation process of a system, the number of nuclei
increases when the compression rate increases or when the
lipid diffusion decreases (Bernchou et al. 2009; Vega
Mercado et al. 2012). The change in domain size/shape may
be attributed to a more viscous monolayer at acidic pH than at
basic and neutral pHs. In the case of neutral and basic pHs, the
domains presented triskelion-like shapes similar to those
formed by pure DPPC films at the same subphase condition.
In acidic, neutral and basic solutions, the peptide remained in
the liquid-expanded phase and the liquid-condensed domains
were composed of nearly pure lipid. Similar effects were also
observed for DPPC/L1A monolayers. Figure 3c shows the
FM images obtained for DPPC/L1A monolayers at pH 4
and 10. Due to the similitude of L1A and MP1, a similar
explanation can be given for the changes in the shape/size of
domains induced by L1A. These results show that the pH of
the subphase is an important parameter that modulates the
surface activity of the peptide, emphasizing the importance
of lateral interaction between peptide molecules to stabilize
the peptides in the hydrophobic region in the membrane.

pH effect on the surface activity of peptide and its insertion
into lipid monolayers

The surface activity of peptide can also be investigated by
experiments on a constant area monitoring the adsorption ki-
netics of peptide at a clean interface (without lipid) (Maget-
Dana et al. 1999; Ambroggio et al. 2006; Eeman et al. 2006;
Dennison et al. 2009). The progress of the adsorption depends
on ionic strength, pH, temperature and peptide concentration
(Seelig 1990; Maget-Dana 1999; Dennison et al. 2010). The
influence of both the peptide concentration and pH are shown
in Fig. 3d for the peptide L1A. As can be clearly seen,
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0.25 μM of peptide is necessary to achieve the highest surface
pressure change at basic pH while, at pH 4.0, the concentration
was higher, ~1.0 μM. The peptide displayed higher surface
activity at pH 10 than pH 4 (30 and 20 mN/m, respectively).
In the latter condition, the aspartic acids are partially neutralized
and, when peptide molecules adsorb, a more repulsive peptide–
peptide interaction profile prevails, destabilizing the film and
impairing the integration of new molecules. At pH 10, near
the isoelectric point, the integration of new molecules into the
film was not hindered (Maget-Dana 1999). Interestingly, the
surface pressure achieved from peptide adsorption was higher
than the collapse pressure of pure peptide Langmuir films (see
Fig. 3a, d). Regarding the differences between these films, the
maximal surface pressure reached in adsorption experiments
might not be similar to the collapse pressure obtained from
compression isotherms, but the behavior of the peptide can be
compared. The peptide monolayer that is formed from adsorp-
tion is in equilibrium with molecules present in the subphase, in
opposition, when the film is formed spreading the molecules

directly at the air–aqueous interface corresponds to an out-of-
equilibrium process (Maget-Dana 1999).

The surface pressure is sensitive to the perturbation in-
duced by peptide in the lipid packing and can be carried out
by monitoring the peptide insertion into lipid monolayer. An
experiment can be performed by keeping the film pressure
constant and monitoring the increase in area of the lipid film
(1) or by keeping the area constant and measuring the change
in the surface pressure (2).

These experiments make it possible to compare the ability
of peptide to interact with lipid monolayer with different
charges and packing (Hädicke and Blume 2016). In brief,
the lipid monolayer is formed at a desired surface pressure,
by spreading a small drop of lipid solution in chloroform (or
chloroform/methanol mixture) at the air–aqueous interface,
and the peptide solution is then injected into the subphase
under constant stirring. The insertion of the peptide into the
monolayer is accompanied by an increase in the area of lipid
molecule (ΔA) or by an increase in the surface pressure (Δπ)

Fig. 3 pH effect on the perturbation of lipid packing induced by
L1A in lipid monolayer. a–c Pressure-area isotherm experiments:
a collapse pressure (πcol) and b limiting molecular area (ALim) of
pure L1A in saline solution as a function of the subphase pH. c
Representative FM images of pure DPPC and DPPC/L1A for
XL1A = 0.048 monolayers, spread onto a saline solution at pH 4
and 10, obtained at a surface pressure of 7 mN/m. The monolayer
contained 0.5 mol% of fluorescent lipid NBD-PC. Scale bar
50 μm. d–f Constant area assay: d the maximum change of sur-
face pressure (Δπmax) as a function of peptide concentration
injected on a saline solution at pH 4 (open circles) and pH 10
(closed circles). The continuous lines represent the non-linear

least-squares regression analysis: Δπ ¼ cΔπmax
cþK , where c is the

peptide concentration, πmax is the maximum surface pressure
achieved and K is a peptide concentration that reaches half
πmax. e, f Peptide insertion into lipid monolayers with depth-
dependence polar head group, lipid packing and pH: Δπmax after
injection in the subphase of 1.25 μM L1A measured (e) as a
function of initial pressure (πi) of DPPC (circles) and DPPG
(squares) monolayers at pH 4 (open symbols) and pH 10 (closed
symbols) and (f) as a function of subphase pH of POPC (open
triangles) and 8POPC:2POPG (closed triangles) at πi of 30 mN/
m. Continuous lines in (e) represent the linear regressions. All
experiments were performed in 150 mM NaCl solution at a con-
stant temperature, 20 °C
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as a function of time. For both experiments, the surface pres-
sure chosen is, normally, 30 mN/m, which is the value of
lateral pressure at which bilayers and monolayers can be com-
pared (Marsh 1996).

Arouri et al. (2011) performed experiments at a constant
pressure in order to study the insertion of the antimicrobial
synthetic peptide KLA1 into lipid monolayers, investigating
the effect of the surface charge density and the phase state.
These results showed that the peptide induced change in ΔA
only in anionic lipid monolayer (POPG and DPPG). With re-
gard to the lipid phase state, KLA1 penetrated faster into the
liquid-expanded POPGmonolayer compared to the more com-
pact DPPG monolayer, inducing greater change in the ΔA.

In constant area experiments, the pressure at which equi-
librium is reached was observed to be linearly dependent on
the initial pressure (π0). Extrapolating the plot Δπ versus π0

to Δπ = 0 mN/m, the saturation pressure, πs, is determined
(Maget-Dana 1999; Boisselier et al. 2017). This pressure is the
maximal pressure at which the peptide is able to penetrate into
the monolayer and can be used to estimate the capacity of
peptides to penetrate target cell membranes (Brockman
1999). Travkova and Brezesinski (2013) have studied the pen-
etration of C/S-Ar-1, a cationic antimicrobial peptide, into
zwitterionic (POPC, DPPC) and anionic (POPG, DPPG) lipid
monolayers with different lipid packing. The values of πs

indicated that the extent of the insertion of the peptide varies
in the order: POPG > DPPG ≅ DPPC > POPC. As expected,
the cationic C/S-Ar-1 interacted preferentially with anionic
lipid compared to zwitterionic lipids. The packing of the lipid
is thus also reflected in the perturbation induced by peptide. In
the subphase containing high ionic strength (150 mN NaCl)
and neutral pH, POPG displays a liquid expanded phase in the
range of initial pressure, while DPPG presents a LC phase at a
pressure higher than 10mN/m. In the LC phase, the acyl chain
can be more closely packed, impairing the peptide insertion.
Dennison et al. ((2007) investigated the impact of anionic lipid
on the ability of Aurein 1.2 peptide to insert itself into the lipid
monolayer formed by DMPC/DMPS and DMPC/DMPGwith
a different molar ratio. The results showed that the presence of
anionic lipid was necessary for peptide to induce larger
change in the surface pressure, and that the structure of the
head group of anionic lipids did not affect this effect. At con-
stant pressure, using the same lipid monolayer compositions,
aurein 1.2 induced an increase in the area per lipid molecule
only in the presence of negatively charged lipid. The results
indicated that aurein 1.2/membrane interaction is promoted by
the presence of anionic lipid.

In addition to the effects of surface charge and lipid pack-
ing, the perturbation induced by the peptide on the lipid mono-
layer is also dependent on the subphase pH. The insertion of
L1A into DPPC and DPPG monolayers were investigated at
pH 4 and 10. As seen in Fig. 3e, the values of πs induced by
L1A were similar to the maximal surface pressure achieved

when the peptide was adsorbed into a clean surface at both
pHs, indicating that the peptide might accumulate close to the
head groups without being incorporated into the monolayers.
At an initial surface pressure of 30mN/m, L1A induced higher
change in the surface pressure at pH 10 compared to pH 4 in
both the POPC and 8POPC:2POPG monolayers, indicating
the greater ability of peptide to penetrate into liquid-
expanded phase and to induce perturbation in the lipid pack-
ing at basic pH.

Concluding remarks

Lytic peptides with bactericidal activity are highly active in
the lipid matrix of the cell membrane being selective to the
anionic membrane. In addition to the electrostatic interaction
driving the association of these peptides to the surface of the
anionic lipid bilayers, their efficiency in disturbing the lipid
packing is directly related to their ability to promote the lytic
process and cell lysis. Evidence gathered in the present review
shows that the perturbations induced by the peptides in lipid
vesicles are modulated by the lipid composition and peptide
sequence. Electrostatic and hydrophobic interactions were
shown to play an important role in the adsorption of pH-
responsive peptides whose net charge can be modulated by
the pH of the solution. The concomitant presence of acidic and
basic residues in these peptides and their ionization states are
strongly related to their capability to disturb the lipid packing
of bilayers and monolayers. The association of the experimen-
tal techniques focused in the present work led to an under-
standing of some aspects of the initial steps related to the lytic
process of these peptides.
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