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Abstract

Lytic peptides are rich in cationic and hydrophobic residues that form amphipathic a-helix when in contact with lipid bilay-
ers. Evidence showed that they act on the lipidic phase of the cell membranes, inserting into the lipid core and disturbing the
lipid-packing. The insertion creates unbalanced elastic stresses in the outer and inner membrane leaflets that would be relieved
by the opening of pores and/or defects and the consequent loss of the cell content. Here we compile results obtained in the
investigations of the effects of three peptides on the lipid organization in model membranes whose compositions mimic the
target plasma membrane of bacteria and cancer cells to which these peptides demonstrated lytic activity. These peptides have
in their sequence the presence of both acidic and basic residues distributed such that they are third and fourth neighbors. We
compiled results obtained from previous investigations with these peptides, using two main experimental techniques: lipid
monolayers at the constant area and compression isotherms and differential scanning calorimetry. Here, we showed that the
peptide-induced lipid packing perturbation was dependent on the structure of the polar head group and on the acyl chain.
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1 Introduction

Lytic peptides with antimicrobial properties are short amino
acid sequences of up 40 residues. These peptides belong to
the innate immune system of almost all living species and
act as the first line of defense [1, 2]. These sequences are
rich in hydrophobic and basic residues, distributed along the
sequence forming an amphipathic structure, mostly a-helix or
p structure when in contact with lipid membranes. Their cati-
onic nature provides the selectivity for anionic membranes,
the main characteristic of the outer leaflet of the bacteria
plasma membrane. Experiments evidenced that their antimi-
crobial activity did not require specific membrane receptors
[3, 4]. Molecular dynamic simulations, coarse-grained [5, 6]
or all atoms [7, 8], and experimental results [9—11] evidenced
that they only act on the lipid phase of the cell membrane.
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Their mode of action remains elusive, despite several mod-
els proposed in the last decades reviewed in [10, 12, 13].
These peptides adsorb on the membrane—solvent interface,
insert the non-polar face into the membrane core perturbing
the lipid membrane organization. As a consequence, they
induce unbalanced elastic stresses between the outer and
inner membrane leaflets. Opening pores and defects relieve
these induced stresses giving rise to the lytic process, the loss
of the cell content [14]. From all the proposed models for
the lytic activity of the peptide adsorption to the membrane
solvent interface, the insertion of its hydrophobic face into
the membrane hydrophobic core and the consequent pertur-
bation of the lipid-packing are the most significant events that
determine the peptide lytic efficiency.

In the present work, we compiled experimental results
obtained in the investigation of the perturbation of lipid-
packing and lipid phase equilibrium induced in model mem-
branes by three antimicrobial peptides (AMP) Polybia-MP1
(MP1), L1A, and its acetylated analog, acL1A. The main
characteristic of these peptides is the simultaneous presence
of acidic and basic residues that are third and fourth neigh-
bors in the sequence. The simultaneous presence of acidic
and basic residues occurs among AMP with low frequency,
and the low net charge at physiological pH confers very low
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cytotoxicity to MP1. MP1 (IDWKKLLDAAKQIL-NH,),
isolated from a native wasp [15], displays potent antimi-
crobial [15, 16], antifungal [17, 18], and antitumor [19,
20] activities and discriminate leukemic from healthy lym-
phocytes [21]. L1A (IDGLKAIWKKVADLLKNT-NH,)
is a synthetic peptide with selective bactericidal activity
to Gram-negative bacteria without being hemolytic [22,
23]. We compiled results obtained from the association of
three main experimental approaches: lipid monolayers at
both variable and constant area and differential scanning
calorimetry (DSC). The model membrane lipid composition
mimics the target plasma membrane of bacteria and cancer
cells to which these peptides demonstrated lytic activity; for
Gram-positive bacteria, anionic phospholipid phosphatidyl-
glycerol (PG), and for Gram-negative bacteria, zwitterionic
mixed with anionic phospholipids: PC/PG and PE/PG. PC is
phosphatidylcholine, and PE is phosphatidylethanolamine.
For cancer cells, PC/PS once cancer cell membrane loses
the asymmetric lipid distribution of the healthy cells and
exposes PS (phosphatidylserine) in its outer leaflet [24].

2 Peptide Insertion Into Lipid Monolayers

Lipid monolayer is an important and simplified model for
the membrane solvent interface [25-29]. Experiment at a
constant area peptide injected into a subphase beneath a lipid
film provides valuable information about the peptide adsorp-
tion and the induced effects on the monolayer. Peptides with
interfacial activity insert into the lipid film leading to an
increase in the film surface pressure.

Experimental evidences suggest that the peptides MP1
[30], L1A, and acL.1A [31] display significant surface activ-
ity as also observed for other antimicrobial peptide [25, 32].
The similarity of the peptides studied here is the concomi-
tant presence of both acidic and basic residues distributed
such that they are third and fourth neighbors (Fig. 1). The
synthetic sequence, L1A, is four residues longer and has an
extra lysine providing higher net charge. The relative posi-
tioning of acidic and basic residues is maintained the same
to that of MP1 (see Fig. 1). The neutralization of the positive
charge of the N-terminus by acetylation (acL1A) signifi-
cantly enhanced its lytic activity in mixed anionic vesicles
[23]. In this section we compiled results showing the effect
of lipid charge and packing on peptide ability to insert into
lipid film.

For lipid films with different initial surface pressure (z;),
the injection of the same peptide concentration provides dif-
ferent changes of the maximal surface pressures (Ax,,,.). A
Ar,,.. vs ; plotis in general linear as shown in the Fig. 2A.
The negative slope in this plot indicates that as the lipid film
becomes more densely packed (higher surface pressure) is
more difficult for peptides to insert into the film.
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Sequence Q Ng <H>
MP1: IDWKKLLDAAKQIL-NH, +2 14 -0.11
L1A: IDGLKAIWKKVADLLKNT-NH, +3 18 -0.11

acL1A:

ac-IDGLKAIWKKVADLLKNT-NH, +2 18 -0.10

Fig. 1 Structural features of the peptides and helical wheel plot of
amphiphatic helix: amino acid sequences of the peptides, the net
charge at physiological conditions (Q), number of residues (Ng), and
the hydrophobicity (<H>) [23, 33]. The helical wheel representa-
tion was created from the webserver Netwheels (http://Ibgp.unb.br/
NetWheels/) [34]: green represents positively charged; red, negatively
charged; blue, polar uncharged and yellow, hydrophobic residues

The extrapolated z; value to zero change in the surface
pressure (Ax — 0) defines the film maximum insertion pres-
sure (MIP) above which insertion is no more observed. MIP
quantifies the peptide capability to adsorb and insert into a
real plasma membrane whose lateral pressure ranges from
30 to 35 mN/m [35]. As MIP exceeds these values, the pep-
tide probably will insert into the lipid membrane [28]. The
plots in Fig. 2A shows that acL.1A was able to insert into
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE), 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol
(DOPG), and 3POPE/1DOPG lipid films. This mixture con-
tains the main phospholipids of the Gram-negative bacteria
plasma membrane. MIP was similar for both peptides and
higher in the presence of anionic lipids indicating that pep-
tide incorporation was favored by negatively charged surfaces
[36]. Molecular dynamics simulation [23] and experimental
[22, 31] results evidenced that this peptide adsorbs to the
lipid membrane by inserting its N-terminus. Electrostatic
plays a central role in the peptide insertion into a lipid film.
L1A, acL1A, and MP1 discriminate the zwitterionic from
the anionic lipid monolayers, reflecting the low affinity and
low lytic activity of these peptides in neutral membrane [22,
31]. These peptides also discriminate the type of polar head
group. Although PG and PS have the same net charges (—1),
these polar head groups have different structures. PG has one
discrete charge (phosphate). PS has two negative charges
(phosphate and carboxyl) and one positive charge (amino
group) and forms two electrical dipoles. The affinity and
lytic activity of MP1 is significantly higher for PS-containing
membranes [37, 38]. The peptide capability in inserting into
a lipid film is also dependent on the acyl chain. The insertion


http://lbqp.unb.br/NetWheels/
http://lbqp.unb.br/NetWheels/

Brazilian Journal of Physics (2022) 52: 50

Page3of8 50

304(A I
ey — T "
25 - DOPG
O 3POPE/1DOPG 2
i £
£ 201 = £
2 s Z
[S = €
£ 154 s L35 =
E = B
< 10 S <
5.
SR S < 0-pars L, . —L30
10 15 20 25 30 35 40 45 0 500 1000 1500
m,/ mN/m Time /s

Fig.2 Adsorption of peptide onto lipid—water interface: (A) Rep-
resentative plots for the maximum change of surface pressure (Ax)
upon injection of acL1A beneath the monolayers, measured as a func-
tion of initial surface pressure (x;) of pure POPE (circle), pure DOPG
(triangle) and 3POPE/1DOPG mixture (square) at 20 °C. Continu-
ous lines represent linear regressions. (B) Representative adsorption
kinetics of acL1A (black line) and change in the dark area (light gray
circles connected) upon injection of the peptide (indicated by arrow)

into a lipid film of unsaturated acyl chains 1,2-dioleoyl-sn-
glycero-3-phospho-L-serine (DOPS)) and the same polar
head group has significantly higher MIP in comparison with
lipid films with saturated chain (1,2-dipalmitoyl-sn-glycero-
3-phospho-L-serine (DPPS)) two carbons shorter than oleoyl
chain [30].

In this regard, Hadicke and Blume investigated the effect
of polar head group charge, acyl chain length, and satura-
tion on the cationic peptide (KL)4K penetration [39]. They
showed that peptide binds to the interface of negatively
charged lipid monolayers due to electrostatic interaction in
a way that depends on the lipid head group structure, size,
and acyl chain length.

The insertion of peptides into a lipid film disturbs the
liquid expanded-liquid condensed equilibrium that can also
be investigated using a small home-made circular trough
equipped with an optical window and observed under an
optical microscope. Depending on surface pressure, the
monolayers of phospholipids with saturated chains can pre-
sent two distinct phases: liquid and condensed. Fluorescence
microscopy is a means to visualize the microscopic con-
densed domains and the effect of peptides in disturbing these
two phases. Figure 2B shows the kinetics of surface pressure
change of 3POPE/1DOPG film at z; = 30mN/m. The arrow
indicates acL1A injection into the subphase. This figure also
shows that the total dark area in the image, corresponding to
the condensed domains area, increases due to the penetra-
tion of peptides. Figure 2C shows fluorescence images of
the lipid film in the absence of peptide and 1000 s after the
peptide injection. At this surface pressure, the acetylated
analog induced the formation of solid domains, the dark
spots, that will only be visualized at above 30 mN/m (see
next section). The gel-to-liquid crystalline phase transition

into a 3POPE/1IDOPG monolayer, spread at Az = 30 mN/m. The
dark area percentage was determined by a sigmoidal function (black
dashed line). (C) Representative fluorescence microscopy images
at 1000s before (left) and after (right) acL1A injection into the sub-
phase. In these experiments, the lipid film contained a small fraction
of fluorescently labeled lipid (Texas-Red 1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine (TR-DHPE)). The scale bar represents
50 um. Adapted from [36] with permission

temperature of POPE is 25 °C while DOPG is below zero
and that of the 3POPE/IDOPG mixture is around 15 °C.
The temperature of experiments of Fig. 2B and C was 20 °C.
The condensed phase is hardly observed at this temperature
even at higher surface pressure. The dark spots induced by
the peptides indicate that the peptide induces lipid segrega-
tion most likely sequestering the DOPG lipids resulting in
a peptide/DOPG-rich liquid phase, POPE-rich liquid phase,
and a pure POPE-rich condensed phase.

3 Peptide Effect on the LC-LE Equilibrium
in Lipid Films

Liquid-condensed/liquid-expanded phase equilibrium
characterizes the lipid-packing in monolayers as a model
membrane. In lipid monolayers, especially those with satu-
rated acyl chains phospholipids, the hydrophobic chains get
more regularly ordered under compression, characterizing
a transition from a liquid-expanded phase (LE) to a liquid-
condensed (LC) one [40, 41]. Compression of lipid films is a
powerful tool to investigate how the peptide affects the mem-
brane lipid-packing. Here, we choose 1,2-dimyristoyl-sn-
glycero-3-phospho-L-serine (DMPS) and 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) lipids that displays
the LE-LC coexistence plateau and explored the effect of
MP1 on the phase behavior. PS was found in the outer leaf-
let of cancer cells and PC is a neutral lipid characteristic of
healthy cells.

Figure 3A shows compression isotherms, surface pressure
vs mean molecular area (x vs A) for films of pure DMPS
and in mixtures with different molar fractions of MP1. For
larger molecular area and near-zero surface pressure, the
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Fig. 3 Peptide-lipid co-spread onto the interface: (A) surface pressure-
area compression isotherms for DMPS co-spread with increasing
amounts of MP1 onto the water surface at T = 20 °C. (B and C) Rep-
resentative BAM images for monolayers of pure lipid (above), and for

lipid film is in a highly disordered phase (gas phase) up to
molecular areas around 90 A%molecule. Increases in surface
pressure accompany the compression up to approximately
3.0 mN/m and characterize a liquid-expanded (LE) phase.
Increasing compression, the pressure is leveled at this value
while the molecular area decreases from 80 to 60 A%mol-
ecule. This plateau, which resembles a first-order phase tran-
sition, corresponds to the coexistence of LE and LC phases.
The surface area increases quickly for further compression.
Lipid film becomes less compressible that characterizes a
condensed (solid-like) phase. Peptides co-spread with lipids
stabilizes the disordered phase, and the extent of the coex-
istence plateau decreases. At pressures around 32 mN/m, a
peptide-enriched-phase gives rise to a second plateau that is
15 mN/m higher than the collapse of the pure peptide film.
Above this second plateau, the molecular areas are smaller
than the pure lipid film area, indicating that the monolayer
loses part of lipid and peptides. Visualization of film com-
pression assessed by Brewster angle microscopy (BAM)
revealed large leaf-like or dendrite-like condensed domains
whose sizes increase in proportion to the surface pressure.
MP1 significantly affected the size and shape of condensed
domains, probably inducing a decrease in the molecular dif-
fusion to the domain growth and/or lowering the line ten-
sion [42]. These results indicated that electrostatic attraction
between MP1/PS film appears as a membrane remodeling
factor, inducing phase equilibrium displacement and thin-
ning of the membrane as estimated from BAM images [30].
Additionally, MP1 partitions preferentially into the liquid
expanded (LE) phase.

MP1 showed diverse effects in DPPC films. For these
monolayers, the coexistence plateau occurs at 5 mN/m, and
the peptide displaced the compression isotherms for larger
molecular areas as those observed for DMPS. Figure 3C
shows BAM images at surface pressures around that of the
LE-LC plateau. BAM images showed triskelion-shaped
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mixtures of DMPS/MP1 (B) or DPPC/MP1 (C) (bottom) spread onto
pure water and registered during compression at the indicated surface
pressures. Image size in (B): 200 x 200um?. The scale bar represents
50 um in (C). Adapted from [30] and [43] with permission

condensed domains for water and salt subphases (up to
150 mM NaCl). MP1 affected the shape and size of these
domains dependent on both subphase conditions salt and pH.
In pure water and 0.1 mM NaCl, MP1-induced smaller long
thin branches in the triskelion-shaped domains.

The shape of domains is determined by the competi-
tion between the line tension and dipole moment difference
between LE and the domain phase [44]. In the case of elon-
gated and curved domains formed in chiral molecules, Krii
ger and Losche introduced a term in the domain free energy
indicating that these shapes occur due to preferential orienta-
tion of molecules inside the domain. In these subphases, we
hypothesized that the peptide co-crystallizes with lipids. The
polar face of a peptide makes electrostatic interaction with a
neighbor peptide, and the acidic and basic residues establish
saline bridges while their non-polar faces are in contact with
the lipid acyl chains [43].

The effect of the synthetic peptides, L1A and its acety-
lated analog, was also explored in lipid films composed with
neutral and/or anionic lipids with different head groups (PC,
PE and PG) and acyl chain (DPPG and POPG).

L1A and acL.1A induced a similar impact in DPPC films
as evidenced by MP1 [31]. In the presence of the anionic
lipid, 1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
(DPPG), both peptides disrupted the anionic lipid monolayer
to a greater extent when compared to DPPC. Visualization
of DPPG/peptide mixed films by fluorescence microscopy
revealed that, in pure water subphase, DPPG is in a con-
densed state. Both peptides were able to drag lipid molecules
to a more expanded phase, increasing lipid disorder. This
effect is more pronounced for the acetylated analog. In saline
condition (150 mM NaCl), DPPG-pure monolayers display
LE-LC phase transition due to change in the ionization state
of the PG groups. Both peptides induced an increase in the
LE-LC pressure transition indicating stabilization of the LE
phase. These experiments revealed that the configuration
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adopted by the peptide in which salt bridges between the
acidic and basic residues occur plays a role in the effect pro-
moted by the peptide inside the membrane. When peptide/
peptide interaction is favored, peptide molecules coexist with
lipids in a more dense phase. Ionic strength disfavors the salt
bridges, and the peptide molecules stay in a more fluid phase.
Results obtained from peptide/PC/PG isotherms showed that
incorporating both peptides into the monolayers induced an
increased lipid disorder and prevented the formation of stiff
films.

L1A and acL1A also affected POPE, DOPG, and
3POPE/1DOPG mixed lipid monolayers [36]. Compression
isotherm of pure POPE display LE-LC phase at 35 mN/m
(pH 7.4, 150 mM NaCl, 20 °C). The dense regions induced
by L1A and acL.1A remained at the interface up to the pep-
tide squeeze from the interface. The area occupied by these
dense regions was similar to the theoretical area occupied
by acL1A, while L1A showed the lowest values. This result
suggests that acL1A demixes from POPE while L1A could
be partially mixed. Interestingly, this effect remained at a
higher temperature (30 °C), in which the POPE monolayer
displays only the LE phase. The analysis of the mixture
compression isotherm revealed that both peptides interacted
strongly with DOPG and remained at the interface up to film
collapse pressure. These isotherms showed only a liquid-
expanded phase consistent with the liquid-crystalline state
at this temperature (see next section). The absence of dense
regions in the PE/PG/peptide system suggests that both pep-
tides could mix with lipids and stabilize at the interface, pro-
voking film collapse at lower surface pressure. Considering
the system with LE-LC phase transition (at 10 °C), both pep-
tides induced a reduction in the surface pressure of LE-LC
phase transition at a pressure above the peptide exclusion to
subphase. We hypothesized that film compression squeezed
DOPG and peptide molecules from the interface remain-
ing attached to the water/lipid head group interface. The

exclusion of PG molecules from the interface would lead to
an increase in the amount of PE and then provoke a decrease
in the surface pressure of the LE-LC phase transition. L1A
and acL1A were soluble in DOPG while they did not mix
with POPE promoting lipid segregation by recruiting PG
away from PE.

4 Effect of Peptides on the Gel-liquid
Crystalline Phase Transition

Differential scanning calorimetry (DSC) is a sensitive tech-
nique that reveals information about the effect of small mol-
ecules on the lipid phase transition [45, 46]. We explored the
effect of MP1 in the thermotropic behavior of the mixture
POPC/DPPS that mimics the outer leaflet of cancer cells.
The phospholipids POPC and DPPS have very different
gel-to-liquid crystalline phase transition T,, = —10 and 52.5
°C for POPC and DPPS, respectively. The thermogram of
the mixture 7POPC/3DPPS showed a single broad peak
centered at 35°C. The broad peak observed for the mixture
indicates stabilization of the fluid phase. MP1 induced the
displacement of the main transition to 20 °C and two shoul-
ders centered at 22 and 24 °C, as shown in Fig. 4A. The
POPC/DPPS/MP1 thermogram indicated peptide-induced
lipid segregation. The preferential binding of MP1 to DPPS
induced a rich DPPS+MP1 phase and a POPC-rich phase,
reducing, consequently, the main transition temperature. The
decrease in the phase transition temperature also indicates
destabilization of the lipid membrane due to the insertion of
the peptide into the hydrophobic region of the membrane,
disturbing the lipid packing. MP1 also impacted the phase
equilibrium in DPPS vesicles. Pure DPPS thermogram
shows a narrow peak at 52.5 °C and AH,, = 38.2 kJ/mol . In
the presence of MP1 at [L]/[P] = 15 ratio, the thermogram
shows two peaks: one at 50.6 and the other around 39.0
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Fig.4 Change in the lipid thermotropic behavior in anionic vesicles
induced by the peptides. DSC heating thermograms of MLVs com-
posed of 7POPC/3DPPS (A), pure DPPS (B), and 7POPE/3DOPG
in the absence (dashed line) and presence (continuous line) of indi-
cated peptide at [L]/[P] = 15 acquired at 0.5 °C/min. The MLVs were

obtained by hydrating the lipid film with a buffer (20 mM Hepes,
1 mM EDTA, 140 mM NaCl, pH = 7.4) (details of preparation see
[36]) (C) was extracted from [36] with permission. The data showed
in (A) and (B) were not published
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°C shown in Fig. 4B with enthalpies 6.7 and 14.2 kJ/mol,
respectively. This result suggests that MP1 binds to DPPS
and induces two phases in the bilayer. One of pure DPPS
with higher transition temperature and another of MP1 and
DPPS stabilizing the fluid phase. This result is in line with
that observed in compression isotherms under the same con-
ditions in which the monolayer compressibility module was
less than 100 mN/m for pressures of 30 mN/m [30].

The preferential interaction for anionic lipid was also evi-
denced by other peptides such as magainin 2 [47], buforin II
[48], gramicidin S [49], and LL-37 [50].

We also explored the effect induced by L1A and acL1A
on monolayers DPPC, which mimic the lipid composition
of mammalian membranes, and PC/PG or pure PG, which
mimic the plasma bacterial membrane of Gram-negative
bacteria in order to investigate the effect of the anionic
charge.

The peptide acL.1A also impacted the thermotropic
phase behavior ( the phase transition) of pure DPPG and
8DPPC/2DPPG mixture. The reduction of N-terminal charge
by acetylation influenced the peptide effect on the lipid
organization [31]. AcL1A induced a decrease in the enthalpy
of the gel-to-liquid crystalline transition of DPPG, AH,, ~
19 kJ/mol at T,, 1.7 °C higher than for pure lipid. AcL1A
significantly reduced in 13 kJ/mol the enthalpy of the
8DPPC/2DPPG mixture transition. The most charged pep-
tide L1A affected only marginally the enthalpy and the tem-
perature of both pure DPPG and the mixture. These results
indicate that the acetylated analog was more efficient in
disturbing the lipid-packing of DPPG and 8DPPC/2DPPG,
inserting more deeply into the hydrophobic core [51-53].
This result agrees with the evidence from the compression
isotherms that the analog drags PG molecules to the LE
phase and stabilizes this phase. Furthermore, this result is
consistent with both a deeper insertion observed in unilamel-
lar vesicles and the effect on the mechanical properties of
giant vesicles [31].

L1A and acL1A also affected the phase equilibrium of
the 3POPE/1DOPG mixture, the main component lipids
of Gram-negative bacteria plasma membrane , such as E.
coli. As evidenced in Fig. 4C, AcL1A induced the gel-to-
liquid crystalline transition peak to split into two. One at low
temperature and another at high-temperature correspond-
ing to liquid phase rich in DOPG/peptide and another of
pure POPE. AcL1A induced symmetric phase separation
with lower enthalpy in comparison to L1A, indicating that
the acetylated analog induced segregation of the anionic
lipid more efficiently than L1A. Again this result agrees
with monolayer experiments, showing that acL1A mixed
with DOPG and demixing from POPE. It is worth noting
that lipid segregation is, in general, observed for highly
charged peptides [54]. Interestingly the less charged pep-
tide was more efficient in inducing lipid segregation. Using
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this model system a similar behavior was also observed for
LL-37 [50], HNP-2 [55] and PGLa [56] peptides.

Similarly to PE/PG/acL1A system, the addition of the
antimicrobial peptide cWFW also induced a reduction on
membrane fluidity followed by the domain formation in vivo
and in vitro assays [11]. The same authors evidenced the
cWFW peptide can segregate PE from PG model membrane
[57, 58].

5 Concluding Remarks

In this work, we gathered experimental evidence of the effect
of lytic peptides on lipid-packing in model membranes.
These peptides present intense antimicrobial activity. One
showed a selective affinity to cancer cells displaying intense
inhibitory activity in the proliferation of leukemic lympho-
cytes and did not harm the healthy ones. Despite their low
net charges, the experiments in lipid monolayers and dif-
ferential scanning calorimetry evidence that they induced
lipid segregation a liquid phase enriched by the peptide and
another gel or solid-like pure lipid. Lipid segregation was
dependent on the structure of the lipid polar head and the
length of the acyl chain. The perturbation induced in the
lipid-packing correlates with the lytic efficiency of these
peptides.

Acknowledgements The authors acknowledge financial support from
Sao Paulo Research Foundation (FAPESP) (J.R.N: Grant #2015/25619-
9; D.S.A: Grant #2015/25620-7), UNESP and the Brazilian Counsil
for Scientific and Technological Development (CNPq). J.R.N is a
researcher for CNPq.

Author Contributions D.S.A. and J.R.N contributed to conceptualiza-
tion, methodology, investigation, writing—original draft preparation,
and writing-review and editing.

Declarations

Ethics Approval Not applicable.

Consent to Participate Informed consent was obtained from all indi-
vidual participants included in the study.

Conflicts of Interest The authors declare that they have no conflict of
interest.

References

1. H.Jenssen, P. Hamill, R.E. Hancock, Peptide antimicrobial agents.
Clin. Microbiol. Rev. 19(3), 491-511 (2006). https://doi.org/10.
1128/CMR.00056-05

2. T.C.G. Bosch, M. Zasloff, Antimicrobial peptides-or how our
ancestors learned to control the microbiome. mBio pp. 1-4
(2021). https://doi.org/10.1128/mbio.01847-21


https://doi.org/10.1128/CMR.00056-05
https://doi.org/10.1128/CMR.00056-05
https://doi.org/10.1128/mbio.01847-21

Brazilian Journal of Physics (2022) 52: 50

Page70f8 50

3.

10.

11.

12.

13.

15.

16.

17.

D. Wade, A. Boman, B. Wahlin, C.M. Drain, D. Andreu, H.G.
Boman, R.B. Merrifield, All-D amino acid-containing channel-
forming antibiotic peptides. Natl. Acad. Sci. U.S.A. 87(12),
4761-5 (1990). https://doi.org/10.1073/pnas.87.12.4761

Y. Chen, C.T. Mant, S.W. Farmer, R.E.W. Hancock, M.L. Vasil,
R.S. Hodges, Rational Design of a-Helical Antimicrobial Peptides
with Enhanced Activities and Specificity/Therapeutic Index. J.
Biol. Chem. 280(13), 12316-12329 (2005). https://doi.org/10.
1074/jbc.M413406200

H. Leontiadou, A.E. Mark, S.J. Marrink, Antimicrobial Peptides
in Action. J. Am. Chem. Soc. 9, 12156-12161 (2006). https://doi.
org/10.1021/ja062927qCCC

D. Sengupta, H. Leontiadou, A.E. Mark, S.J. Marrink, Toroidal
pores formed by antimicrobial peptides show significant disor-
der. Biochim. Biophys. Acta - Biomembr. 1778(10), 2308-2317
(2008). https://doi.org/10.1016/j.bbamem.2008.06.007

B. Orioni, G. Bocchinfuso, J.Y. Kim, A. Palleschi, G. Grande,
S. Bobone, Y. Park, J.I. Kim, K.S. Hahm, L. Stella, Membrane per-
turbation by the antimicrobial peptide PMAP-23: a fluorescence and
molecular dynamics study. Biochim. Biophys. Acta 1788(7), 1523—
33 (2009). https://doi.org/10.1016/j.bbamem.2009.04.013. http://
www.sciencedirect.com/science/article/pii/S000527360900131X

M. Pachler, 1. Kabelka, M.S. Appavou, K. Lohner, R. Vacha,
G. Pabst, Magainin 2 and PGLa in Bacterial Membrane Mim-
ics I: Peptide-Peptide and Lipid-Peptide Interactions. Biophys. J.
117(10), 1858-1869 (2019). https://doi.org/10.1016/j.bpj.2019.
10.022

E. Sevcsik, G. Pabst, a. Jilek, K. Lohner, How lipids influence the
mode of action of membrane-active peptides. Biochim. Biophys.
Acta - Biomembr. 1768(10), 2586-2595 (2007). https://doi.org/
10.1016/j.bbamem.2007.06.015

B. Bechinger, Insights into the mechanisms of action of host
defence peptides from biophysical and structural investigations. J.
Pept. Sci. 17(5), 306-314 (2011). https://doi.org/10.1002/psc.1343
K. Scheinpflug, M. Wenzel, O. Krylova, J.E. Bandow, M. Dathe,
H. Strahl, Antimicrobial peptide cWFW kills by combining lipid
phase separation with autolysis. Sci. Rep. 7, 1-15 (2017). https://
doi.org/10.1038/srep44332

L.T. Nguyen, E.F. Haney, H.J. Vogel, The expanding scope of anti-
microbial peptide structures and their modes of action. Trends Bio-
technol. 29(9), 464-472 (2011). https://doi.org/10.1016/j.tibtech.
2011.05.001

M.A. Sani, F. Separovic, How Membrane-Active Peptides Get into
Lipid Membranes. Acc. Chem. Res. 49(6), 1130-1138 (2016).
https://doi.org/10.1021/acs.accounts.6b00074

M.Z. Islam, J.M. Alam, Y. Tamba, M.A.S. Karal, M. Yamazaki,
The single GUV method for revealing the functions of antimicro-
bial, pore-forming toxin, and cell-penetrating peptides or proteins.
Phys. Chem. Chem. Phys. 16(30), 15752-15767 (2014). https://
doi.org/10.1039/C4CP00717D

B.M. Souza, M.A. Mendes, L.D. Santos, M.R. Marques, L.M.M.
César, R.N.A. Almeida, F.C. Pagnocca, K. Konno, M.S. Palma,
Structural and functional characterization of two novel peptide
toxins isolated from the venom of the social wasp Polybia paulista.
Peptides 26(11), 2157-2164 (2005). https://doi.org/10.1016/;.
peptides.2005.04.026

H.X. Luong, D.H. Kim, B.J. Lee, Y.W. Kim, Antimicrobial
activity and stability of stapled helices of Polybia-MP1. Arch.
Pharm. Res. 40(12), 1414-1419 (2017). https://doi.org/10.1007/
$12272-017-0963-5

K. Wang, J. Yan, W. Dang, J. Xie, B. Yan, W. Yan, M. Sun,
B. Zhang, M. Ma, Y. Zhao, F. Jia, R. Zhu, W. Chen, R. Wang,
Peptides Dual antifungal properties of cationic antimicrobial
peptides polybia-MPI : Membrane integrity disruption and inhi-
bition of biofilm formation. Peptides 56, 22-29 (2014). https://
doi.org/10.1016/j.peptides.2014.03.005

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Y. Zhao, M. Zhang, S. Qiu, J. Wang, J. Peng, P. Zhao, R. Zhu, H.
Wang, Y. Li, K. Wang, W. Yan, R. Wang, Antimicrobial activ-
ity and stability of the d - amino acid substituted derivatives
of antimicrobial peptide polybia - MPI. AMB Express 6(122),
1-11 (2016). https://doi.org/10.1186/s13568-016-0295-8

K.R. Wang, B.Z. Zhang, W. Zhang, J.X. Yan, J. Li, R. Wang,
Antitumor effects, cell selectivity and structure-activity rela-
tionship of a novel antimicrobial peptide polybia-MPI. Peptides
29(6), 963-968 (2008). https://doi.org/10.1016/j.peptides.2008.
01.015

K.R. Wang, J.X. Yan, B.Z. Zhang, J.J. Song, P.F. Jia, R. Wang,
Novel mode of action of Polybia-MPI, a novel antimicrobial pep-
tide, in multi-drug resistant leukemic cells. Cancer Lett. 278(1),
65-72 (2009). https://doi.org/10.1016/j.canlet.2008.12.027

M.P. Dos Santos Cabrera, M. Arcisio-Miranda, R. Gorjao, N.B.
Leite, B.M. De Souza, R. Curi, J. Procopio, J. Ruggiero Neto,
M.S. Palma, Influence of the bilayer composition on the binding
and membrane disrupting effect of polybia-MP1, an antimicrobial
mastoparan peptide with leukemic T-lymphocyte cell selectivity.
Biochemistry 51(24), 4898-4908 (2012). https://doi.org/10.1021/
bi201608d

L.M.P. Zanin, D.S. Alvares, M. A. Juliano, W.M. Pazin, A.S. Ito,
J. Ruggiero Neto, Interaction of a synthetic antimicrobial pep-
tide with model membrane by fluorescence spectroscopy. Eur.
Biophys. J. 42(11-12), 819-831 (2013). https://doi.org/10.1007/
500249-013-0930-0

L.P.M. Zanin, A.S. de Araujo, M.A. Juliano, T. Casella, M.C.L.
Nogueira, J. Ruggiero Neto, Effects of N-terminus modifications
on the conformation and permeation activities of the synthetic
peptide L1A. Amino Acids 48(6), 1433-1444 (2016). https://doi.
org/10.1007/s00726-016-2196-1

R.F.A. Zwaal, P. Comfurius, E.M. Bevers, Surface exposure of
phosphatidylserine in pathological cells. Cell. Mol. Life Sci. 62(9),
971-988 (2005). https://doi.org/10.1007/s00018-005-4527-3

R. Maget-Dana, The monolayer technique: A potent tool for study-
ing the interfacial properties of antimicrobial and membrane-lytic
peptides and their interactions with lipid membranes. Biochim.
Biophys. Acta - Biomembr. 1462(1-2), 109-140 (1999). https://
doi.org/10.1016/S0005-2736(99)00203-5

S.R. Dennison, F. Harris, D.A. Phoenix, in Advances in Planar
Lipid Bilayers and Liposomes, vol. 20 (Elsevier Ltd., Oxford, UK,
2014), pp. 83-110. https://doi.org/10.1016/B978-0-12-418698-9.
00003-4

N. Wilke, in Adv. Planar Lipid Bilayers and Liposomes,
vol. 20, 1st edn. chap. 2 (Elsevier Inc., Oxford, UK, 2014), pp.
51-81. https://doi.org/10.1016/B978-0-12-418698-9.00002-2
H.L. Brockman, Lipid monolayers: why use half a membrane to
characterize protein-membrane interactions? Curr. Opin. Struct.
Biol. 9(4), 438-443 (1999). https://doi.org/10.1016/S0959-
440X(99)80061-X

G.L. Gaines, Insoluble monolayers at liquid-gas interfaces, vol.
22 (Interscience Publishers, New York, 1966), p. 309

D. Alvares, N. Wilke, J. Ruggiero Neto, M. Fanani, The insertion
of Polybia-MP1 peptide into phospholipid monolayers is regulated
by its anionic nature and phase state. Chem. Phys. Lipids 207,
38-48 (2017). https://doi.org/10.1016/j.chemphyslip.2017.08.001
D. Alvares, N. Wilke, J. Ruggiero Neto, Effect of N-terminal acet-
ylation on lytic activity and lipid-packing perturbation induced in
model membranes by a mastoparan-like peptide. Biochim. Bio-
phys. Acta - Biomembr. 1860(3), 737-748 (2018). https://doi.org/
10.1016/j.bbamem.2017.12.018

S. Dennison, A. Phoenix, D. Phoenix, Effect of salt on the interac-
tion of hall8 with lipid membranes. Eur. Biophys. J. 41, 769-776
(2012). https://doi.org/10.1007/s00249-012-0840-6

N. Leite, L. Da Costa, D. Alvares, M. Dos Santos Cabrera,
B. De Souza, M. Palma, J. Ruggiero Neto, The effect of acidic

@ Springer


https://doi.org/10.1073/pnas.87.12.4761
https://doi.org/10.1074/jbc.M413406200
https://doi.org/10.1074/jbc.M413406200
https://doi.org/10.1021/ja062927qCCC
https://doi.org/10.1021/ja062927qCCC
https://doi.org/10.1016/j.bbamem.2008.06.007
https://doi.org/10.1016/j.bbamem.2009.04.013
http://www.sciencedirect.com/science/article/pii/S000527360900131X
http://www.sciencedirect.com/science/article/pii/S000527360900131X
https://doi.org/10.1016/j.bpj.2019.10.022
https://doi.org/10.1016/j.bpj.2019.10.022
https://doi.org/10.1016/j.bbamem.2007.06.015
https://doi.org/10.1016/j.bbamem.2007.06.015
https://doi.org/10.1002/psc.1343
https://doi.org/10.1038/srep44332
https://doi.org/10.1038/srep44332
https://doi.org/10.1016/j.tibtech.2011.05.001
https://doi.org/10.1016/j.tibtech.2011.05.001
https://doi.org/10.1021/acs.accounts.6b00074
https://doi.org/10.1039/C4CP00717D
https://doi.org/10.1039/C4CP00717D
https://doi.org/10.1016/j.peptides.2005.04.026
https://doi.org/10.1016/j.peptides.2005.04.026
https://doi.org/10.1007/s12272-017-0963-5
https://doi.org/10.1007/s12272-017-0963-5
https://doi.org/10.1016/j.peptides.2014.03.005
https://doi.org/10.1016/j.peptides.2014.03.005
https://doi.org/10.1186/s13568-016-0295-8
https://doi.org/10.1016/j.peptides.2008.01.015
https://doi.org/10.1016/j.peptides.2008.01.015
https://doi.org/10.1016/j.canlet.2008.12.027
https://doi.org/10.1021/bi201608d
https://doi.org/10.1021/bi201608d
https://doi.org/10.1007/s00249-013-0930-0
https://doi.org/10.1007/s00249-013-0930-0
https://doi.org/10.1007/s00726-016-2196-1
https://doi.org/10.1007/s00726-016-2196-1
https://doi.org/10.1007/s00018-005-4527-3
https://doi.org/10.1016/S0005-2736(99)00203-5
https://doi.org/10.1016/S0005-2736(99)00203-5
https://doi.org/10.1016/B978-0-12-418698-9.00003-4
https://doi.org/10.1016/B978-0-12-418698-9.00003-4
https://doi.org/10.1016/B978-0-12-418698-9.00002-2
https://doi.org/10.1016/S0959-440X(99)80061-X
https://doi.org/10.1016/S0959-440X(99)80061-X
https://doi.org/10.1016/j.chemphyslip.2017.08.001
https://doi.org/10.1016/j.bbamem.2017.12.018
https://doi.org/10.1016/j.bbamem.2017.12.018
https://doi.org/10.1007/s00249-012-0840-6

50

Page 8 of 8

Brazilian Journal of Physics (2022) 52: 50

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

residues and amphipathicity on the lytic activities of mas-
toparan peptides studied by fluorescence and cd spectroscopy.
Amino Acids 40, 91-100 (2010). https://doi.org/10.1007/
s00726-010-0511-9

A. Mo¢l, M. Castro, W. Fontes, Netwheels: A web application
to create high quality peptide helical wheel and net projections
(2018). https://doi.org/10.1101/416347

D. Marsh, Lateral pressure in membranes. Biochim. Biophys. Acta
- Biomembr. 1286(3), 183-223 (1996). https://doi.org/10.1016/
$0304-4157(96)00009-3

K.M. Miasaki, N. Wilke, J.R. Neto, D.S. Alvares, N-terminal
acetylation of a mastoparan-like peptide enhances PE/PG seg-
regation in model membranes. Chem. Phys. Lipids 232, 104,975
(2020). https://doi.org/10.1016/j.chemphyslip.2020.104975

D.S. Alvares, J. Ruggiero Neto, E.E. Ambroggio, Phosphatidyl-
serine lipids and membrane order precisely regulate the activity
of Polybia-MP1 peptide. Biochim. Biophys. Acta - Biomembr.
1859(6), 1067-1074 (2017). https://doi.org/10.1016/j.bbamem.
2017.03.002

N. Bueno Leite, A. Aufderhorst-Roberts, M.S.S. Palma, S.D.D.
Connell, J. Ruggiero Neto, P.A. Beales, PE and PS lipids synergis-
tically enhance membrane poration by a peptide with anticancer
properties. Biophys. J. 109, 936-947 (2015). https://doi.org/10.
1016/1.bpj.2015.07.033

A. Hadicke, Blume, binding of the Cationic Peptide (KL)4K to
lipid monolayers at the air-water interface: effect of lipid head-
group charge, acyl chain length, and acyl chain saturation. J. Phys.
Chem. B 120, 3880-3887 (2016). https://doi.org/10.1021/acs.
jpeb.6b01558

D. Vollhardt, V. Fainerman, Phase transition in Langmuir mon-
olayers. Colloids Surf. A Physicochem. Eng. Asp. (2001). https://
doi.org/10.1016/S0927-7757(00)00619-1

H.M. McConnell, Harmonic shape transitions in lipid monolayer
domains. J. Phys. Chem 94(3), 4728-4731 (1990). https://doi.org/
10.1021/j100374a065

C.M. Rosetti, A. Mangiarotti, N. Wilke, Sizes of lipid domains:
What do we know from artificial lipid membranes? What are the
possible shared features with membrane rafts in cells? Biochim.
Biophys. Acta - Biomembr. 1859(5), 789-802 (2017). https://doi.
org/10.1016/j.bbamem.2017.01.030

D.S. Alvares, M.L. Fanani, J. Ruggiero Neto, N. Wilke, The
interfacial properties of the peptide Polybia-MP1 and its inter-
action with DPPC are modulated by lateral electrostatic attrac-
tions. Biochim. Biophys. Acta - Biomembr. 1858(2), 393-402
(2016). https://doi.org/10.1016/j.bbamem.2015.12.010

DJ. Keller, H.M. McConnell, V.T. Moy, Theory of superstruc-
tures in lipid monolayer phase transitions. J. Phys. Chem. 90(11),
2311-2315 (1986). https://doi.org/10.1021/7100402a012

R.N. McElhaney, The use of differential scanning calorimetry and
differential thermal analysis in studies of model and biological
membranes. Chem. Phys. Lipids 30(2-3), 229-259 (1982). https://
doi.org/10.1016/0009-3084(82)90053-6

R.N. McElhaney, Differential scanning calorimetric studies of
lipid-protein interactions in model membrane systems. Biochim.
Biophys. Acta 864(3—4), 361421 (1986). https://doi.org/10.1016/
0304-4157(86)90004-3

K. Matsuzaki, K.I. Sugishita, K. Miyajima, Interactions of an anti-
microbial peptide, magainin 2, with lipopolysaccharide-containing
liposomes as a model for outer membranes of Gram-negative

@ Springer

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

bacteria. FEBS Letters 449(2-3), 221-224 (1999). https://doi.
org/10.1016/S0014-5793(99)00443-3

S. Kobayashi, K. Takeshima, C.B. Park, S.C. Kim, K. Matsuzaki,
Interactions of the novel anfimicrobial peptide buforin 2 with lipid
bilayers: Proline as a translocation promoting factor. Biochemistry
39(29), 8648-8654 (2000). https://doi.org/10.1021/bi0004549
E.J. Prenner, R.N. Lewis, L.H. Kondejewski, R.S. Hodges, R.N.
McElhaney, Differential scanning calorimetric study of the effect
of the antimicrobial peptide gramicidin S on the thermotropic
phase behavior of phosphatidylcholine, phosphatidylethanolamine
and phosphatidylglycerol lipid bilayer membranes. Biochim. Bio-
phys. Acta - Biomembr. 1417(2), 211-223 (1999). https://doi.org/
10.1016/S0005-2736(99)00004-8

E. Sevcsik, G. Pabst, W. Richter, S. Danner, H. Amenitsch, K.
Lohner, Interaction of LL-37 with model membrane systems of
different complexity: influence of the lipid matrix. Biophys. J.
94(12), 4688-4699 (2008). https://doi.org/10.1529/biophysj.107.
123620

D. Papahadjopoulos, M. Moscarello, E.H. Eylar, T. Isac, Effects of
proteins on thermotropic phase transitions of phospholipid mme-
branes. Biochim. Biophys. Acta 401, 317-335 (1975). https://doi.
org/10.1016/0005-2736(75)90233-3

M.1. Jobin, L. Alves, in The Contribution of Differential Scanning
Calorimetry for the Study of Peptide/Lipid Interactions. (2019),
pp. 3—15. https://doi.org/10.1007/978-1-4939-9179-2_1

P. Joanne, C. Galanth, N. Goasdoué, P. Nicolas, S. Sagan,
S. Lavielle, G. Chassaing, C. El Amri, I.D. Alves, Lipid reor-
ganization induced by membrane-active peptides probed using
differential scanning calorimetry. Biochim. Biophys. Acta -
Biomembr. 1788(9), 1772-1781 (2009). https://doi.org/10.1016/].
bbamem.2009.05.001. https://www.sciencedirect.com/science/
article/pii/S000527360900145X

R.F. Epand, L. Maloy, A. Ramamoorthy, R.M. Epand, Amphip-
athic helical cationic antimicrobial peptides promote rapid for-
mation of crystalline states in the presence of phosphatidylglyc-
erol: Lipid clustering in anionic membranes. Biophys. J. 98(11),
2564-2573 (2010). https://doi.org/10.1016/j.bpj.2010.03.002

K. Lohner, A. Latal, R.I. Lehrer, T. Ganz, Differential scanning
microcalorimetry indicates that human defensin, HNP-2, interacts
specifically with biomembrane mimetic systems. Biochemistry
36(6), 1525-1531 (1997). https://doi.org/10.1021/bi961300p

K. Lohner, E.J. Prenner, Differential scanning calorimetry and
X-ray diffraction studies of the specificity of the interaction of
antimicrobial peptides with membrane-mimetic systems. Bio-
chim. Biophys. Acta 1462(1-2), 141-156 (1999). https://doi.org/
10.1016/s0005-2736(99)00204-7

A. Arouri, M. Dathe, A. Blume, Peptide induced demixing in PG/
PE lipid mixtures: A mechanism for the specificity of antimicro-
bial peptides towards bacterial membranes? Biochim. Biophys.
Acta - Biomembr. 1788(3), 650-659 (2009). https://doi.org/10.
1016/j.bbamem.2008.11.022

S. Finger, A. Kerth, M. Dathe, A. Blume, The efficacy of tri-
valent cyclic hexapeptides to induce lipid clustering in PG/PE
membranes correlates with their antimicrobial activity. Biochim.
Biophys. Acta - Biomembr. 1848(11), 2998-3006 (2015). https://
doi.org/10.1016/j.bbamem.2015.09.012

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s00726-010-0511-9
https://doi.org/10.1007/s00726-010-0511-9
https://doi.org/10.1101/416347
https://doi.org/10.1016/s0304-4157(96)00009-3
https://doi.org/10.1016/s0304-4157(96)00009-3
https://doi.org/10.1016/j.chemphyslip.2020.104975
https://doi.org/10.1016/j.bbamem.2017.03.002
https://doi.org/10.1016/j.bbamem.2017.03.002
https://doi.org/10.1016/j.bpj.2015.07.033
https://doi.org/10.1016/j.bpj.2015.07.033
https://doi.org/10.1021/acs.jpcb.6b01558
https://doi.org/10.1021/acs.jpcb.6b01558
https://doi.org/10.1016/S0927-7757(00)00619-1
https://doi.org/10.1016/S0927-7757(00)00619-1
https://doi.org/10.1021/j100374a065
https://doi.org/10.1021/j100374a065
https://doi.org/10.1016/j.bbamem.2017.01.030
https://doi.org/10.1016/j.bbamem.2017.01.030
https://doi.org/10.1016/j.bbamem.2015.12.010
https://doi.org/10.1021/j100402a012
https://doi.org/10.1016/0009-3084(82)90053-6
https://doi.org/10.1016/0009-3084(82)90053-6
https://doi.org/10.1016/0304-4157(86)90004-3
https://doi.org/10.1016/0304-4157(86)90004-3
https://doi.org/10.1016/S0014-5793(99)00443-3
https://doi.org/10.1016/S0014-5793(99)00443-3
https://doi.org/10.1021/bi0004549
https://doi.org/10.1016/S0005-2736(99)00004-8
https://doi.org/10.1016/S0005-2736(99)00004-8
https://doi.org/10.1529/biophysj.107.123620
https://doi.org/10.1529/biophysj.107.123620
https://doi.org/10.1016/0005-2736(75)90233-3
https://doi.org/10.1016/0005-2736(75)90233-3
https://doi.org/10.1007/978-1-4939-9179-2_1
https://www.sciencedirect.com/science/article/pii/S000527360900145X
https://www.sciencedirect.com/science/article/pii/S000527360900145X
https://doi.org/10.1016/j.bpj.2010.03.002
https://doi.org/10.1021/bi961300p
https://doi.org/10.1016/s0005-2736(99)00204-7
https://doi.org/10.1016/s0005-2736(99)00204-7
https://doi.org/10.1016/j.bbamem.2008.11.022
https://doi.org/10.1016/j.bbamem.2008.11.022
https://doi.org/10.1016/j.bbamem.2015.09.012
https://doi.org/10.1016/j.bbamem.2015.09.012

	Disturbing Lipid Phase Equilibrium in Model Membrane Induced by Lytic Peptides
	Abstract
	1 Introduction
	2 Peptide Insertion Into Lipid Monolayers
	3 Peptide Effect on the LC-LE Equilibrium in Lipid Films
	4 Effect of Peptides on the Gel-liquid Crystalline Phase Transition
	5 Concluding Remarks
	Acknowledgements 
	References


