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ARTICLE INFO ABSTRACT

Polybia-MP1 or simply MP1 (IDWKKLLDAAKQIL-NH,) is a peptide with broad-spectrum bactericidal activity
and a strong inhibitory effect against cancer cells. The aim of this work was to evaluate the effect of biophysical
properties such as membrane texture and film thickness on MP1 interaction with neutral and anionic lipid
membranes. For this purpose, we first explored the peptide’s surface behavior. MP1 showed high surface activity,
adsorbing onto bare air/aqueous interfaces up to higher surface pressures than the collapse pressure of MP1
Langmuir films. The MP1-lipid membrane interaction was studied using Langmuir phosphatidylcholine and
phosphatidylserine (PS) monolayers as model membrane systems. PS was chosen since this negatively charged
lipid was found predominantly on the outer leaflet of tumor cells, and it enhances MP1 activity for PS-containing
membranes to a greater extent than for other negatively charged lipids. MP1 incorporated into anionic PS
monolayers, which show a liquid-expanded (LE) phase or LE-liquid-condensed (LC) phase coexistence, up to
lipid-packing densities higher than those of cell membranes. The mixed lipid/MP1 films were explored by
Brewster angle microscopy and atomic force microscopy. MP1 partitioned preferentially into the LE phase state
of PS films, and were thus excluded from the coexisting LC phase. This interaction had strong electrostatic bases:
in pure water, the lipid-peptide interaction was strong enough to induce formation of reversible lipid-peptide 3D
structures associated with the interface. MP1 incorporation into the LE phase was accompanied by a shift of the
phase transition pressure to higher values and a thinning of the lipid film. These results showed a clear corre-
lation between peptide penetration capacity and the presence or induction of the thin LE phase. This capacity to
regulate membrane physical properties may be of relevance in the binding, incorporation and membrane se-
lectivity of this promising antitumor peptide.
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1. Introduction

Antimicrobial peptides form a large family of short sequence (< 50
amino acids) peptides, which usually display a cationic nature at phy-
siological pH and exhibit amphiphilic helical structures when inter-
acting with membranes. They interact directly with the lipid matrix of
cell membranes and are highly selective for the anionic membrane
surface, often disrupting lipid-packing and resulting in cell lysis
(Bechinger, 2015). The amphipathic cationic peptide Polybia MP-1
(IDWKKLLDAAKQIL-NH,), or simply MP1, is one example of these
peptides. Extracted from the venom of the Brazilian wasp Polybia pau-
lista, the peptide exhibits a broad-spectrum bactericidal activity without
being hemolytic or cytotoxic (Souza et al., 2005). Recent studies have
shown that this peptide also displayed an inhibitory effect on the pro-
liferation of prostate and bladder cancer cells (Wang et al., 2008) and
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multidrug-resistant leukemic cells (Wang et al., 2009). Furthermore, it
was observed that MP1 selectively recognized leukemic T-lymphocytes
and not healthy ones (Dos Santos Cabrera et al., 2012).

Since this peptide acts only on the lipid matrix of the membrane
without requiring membrane receptors, we expected that the mem-
brane properties regulated by lipid composition, such as surface elec-
trostatic and phase state, could be involved in this selective recognition.
In healthy human cells, lipids are asymmetrically distributed in the
outer and inner leaflets, and the aminophospholipid phosphatidylserine
(PS) is most probably located in the inner leaflet of the plasma mem-
brane (Devaux, 1992). In cancer cells, PS is externalized to the outer
leaflet, resulting in an anionic membrane surface that could be a source
for selective recognition by amphipathic cationic peptides (Bechinger,
2015; Fadok et al., 1998, 1992; Riedl et al., 2011; Utsugi et al., 1991).

The effect of PS on the lytic activity of MP1 was explored in giant
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and large unilamellar vesicles. These studies provided valuable evi-
dence that PS acts synergistically with phosphatidylethanolamine (PE)
lipids (Bueno Leite et al., 2015) and liquid-ordered domains (composed
of sphingomyelin and cholesterol) (Alvares et al., 2017) regulating the
lytic efficiency of MP1. PS was shown to have important properties that
contribute to the efficiency of MP1 in disturbing lipid-packing, leading
to membrane destabilization, since replacing PS by other anionic lipids,
such as phosphatidylglycerol and cardiolipin, did not result in enhanced
lytic activity (Alvares et al., 2017; Dos Santos Cabrera et al., 2012).
These findings show that PS may provide lipid membranes with fea-
tures other than just a net negative surface charge, including the ability
to regulate MP1 binding and action.

The phospholipid monolayer has been used for four decades as a
model lipid membrane to study the capacity of proteins/peptides to
approach and penetrate the lipid membrane, an essential step in the
action of bioactive peptides (Boisselier et al., 2017; Brockman, 1999;
Fidelio et al., 1986; Maget-Dana, 1999). This model system allows close
control of the biophysical properties of the lipid film such as surface
pressure, phase state and surface topography, keeping a planar to-
pology for any membrane composition (Wilke, 2014). It also allows
direct visualization of heterogeneous membranes and their evolution
with a change of surface molecular density and/or membrane compo-
sition (Fanani et al., 2010).

The incorporation of amphiphilic peptides induces lateral com-
pression of the membrane components, increasing the surface mole-
cular density and thus its surface pressure (Maget-Dana, 1999). The
membrane phase state has also been observed to influence peptide/
protein incorporation into lipid membranes, as well as the incorpora-
tion of smaller amphiphilic molecules (Zulueta Diaz et al., 2016;
Zulueta Diaz and Fanani, 2017). However, a clear pattern cannot be
pictured; e.g., Retinitis pigmentosa 2 shows evidence of a stronger in-
teraction with PC membranes in the liquid-condensed (LC) or solid state
than with more fluid liquid-expanded (LE) membranes (Boisselier et al.,
2012). On the other hand, several phospholipases (De Tullio et al.,
2008; Gudmand et al., 2010), as well as the pore-forming toxin Sti-
cholysin I (Pedrera et al., 2014) and several antimicrobial peptides
(Dyck et al., 2006; Polozov et al., 1997), penetrate largely into LE
membranes, and are sensitive to a diminishing of membrane fluidity.

Recently, we explored the interfacial properties of MP1 at air-water
and air-saline solution interfaces by using Langmuir monolayers and
their interaction with the zwitterionic phospholipid, dipalmitoylpho-
sphatidylcholine (DPPC) (Alvares et al., 2016). A more favorable in-
teraction was evidenced with the phospholipid membrane in the LE
state than in the LC phase. Furthermore, the concomitant presence of
acidic and basic residues in the MP1 sequence resulted in peptide—-
peptide and peptide-lipid interactions finely tuned by aqueous ionic
strength and pH.

The present work explores MP1 interaction with negatively charged
PS monolayers in comparison to those formed by the zwitterionic lipid,
phosphatidylcholine (PC). PC is the most abundant phospholipid in cell
membranes. Within this lipid family, the PC that contains two saturated
acyl chains of 14C (dimyristoylphosphatidylcholine, DMPC) is widely
used for forming model lipid bilayers (liposomes) because it exhibits a
liquid-disordered phase at 37 °C, the lipid phase that best represents
average cell membrane behavior (Heimburg, 2007). DMPC is also able
to form an LE phase in monolayers over the whole surface pressure
range at room temperature (Vega Mercado et al., 2011). We studied the
insertion of MP1 into DMPC monolayers to assess its interaction with a
neutral LE lipid film, and comparatively, MP1 behavior against DPPC
monolayers, which show LE-LC phase coexistence. The interaction of
MP1 with negatively charged films was explored by using PS mono-
layers exhibiting different phase states: dioleoylphosphatidylserine
(DOPS) exhibits only LE phase, dimyristoylphosphatidylserine (DMPS)
shows LE-LC phase coexistence, whilst dipalmitoylphosphatidylserine
(DPPS) shows only an LC-like phase.

MP1’s capacity to penetrate lipid films correlated with changes in
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phase state and domain texture of the lipid monolayers as observed by
Langmuir compression isotherms and Brewster angle microscopy
(BAM). The electrostatic properties of the peptide-anionic lipid mixed
films were explored, analyzing the effect of the ionic strength in all
experiments. Our results showed a strong capacity of MP1 to regulate
phospholipid phase transitions, which in turn influence its incorpora-
tion into the membrane.

2. Materials and method
2.1. Chemicals and reagents

The lipids, 1,2-dioleoyl-sn-glycero-3-phosphoserine (DOPS), 1,2 di-
myristoyl-sn-3-glycerophosphoserine (DMPS), 1,2-dimyristoyl-sn-3-
glycerophosphocoline ~ (DMPC),  1,2-dipalmitoyl-sn-3-glyceropho-
sphoserine (DPPS) and 1,2-dipalmitoyl-sn-3-glycerophosphocoline
(DPPC), were purchased from Avanti Polar Lipids (Alabaster — AL,
USA). The lipids were used without any further purification. The pep-
tide, Polybia MP-1 (MP1), was from BioSynthesis (Lewisville- TX- USA)
with RP-HPLC purity level > 98%. Chloroform and methanol, HPLC
grade, were obtained from Merck (Darmstadt, Germany). Sodium
chloride and sodium hydroxide were from Sigma-Aldrich. Ultrapure
water used for the preparation of the subphases was previously deio-
nized in ion exchange resin and then filtered in a Millipore Milli-Q
system (Direct-Q UV, Merck Millipore, Darmstadt, Germany). The
specific resistance was ~18 MQ2 cm. All experiments were performed in
ultrapure water or saline solution (150 mM NaCl, pH 7.4) at 20 °C.

2.2. Adsorption and insertion experiments

The adsorption of the peptide to the air-water interface, as well as
its insertion into preformed lipid monolayers, were assessed in experi-
ments at constant area using a home-made circular trough (surface
area = 7 cm?, volume = 4.5 ml). Adsorption experiments were per-
formed by injecting increasing volumes of MP1 diluted in water (or
saline solution) into the aqueous subphase under continuous stirring.
The change in surface pressure (Ap) was registered as a function of
time.

The surface activity curves (Ax vs peptide concentration (c)) were
fitted via non-linear least-squares regression analysis as described in the
Supplementary material. The peptide adsorption curves allow the cal-
culation of the peptides’ surface excess concentration (I') by applying
the Gibbs adsorption equation:

I' = (1/RT)(An/Alnc) @

where R is the gas constant and T is the temperature. Using the peptide
maximum surface excess concentration, the molecular area can be
calculated as A = 1/NI',ax, Where N is Avogadro’s constant.

Peptide insertion into phospholipid monolayers was determined by
spreading the phospholipid from a solution in chloroform:methanol
(2:1 v:v) onto the air-water (or air-150 mM NaCl) interface until
reaching the desired initial surface pressure (st;). Then, the peptide was
injected into the subphase under continuous stirring at a final con-
centration of 1.25 pM. The insertion of the peptide into the monolayers
was followed by the increase in surface pressure as a function of time.
All experiments were performed at 20 °C.

2.3. Compression isotherms

Compression isotherms of lipids or lipid/peptide mixture were
carried out in a Teflon trough (volume 180 ml, surface area 243 cm?)
containing water or saline solution (150 mM NaCl, pH 7.4). The surface
pressure (it) was determined with a Pt plate by the Wilhelmy method,
and the total film area was continuously registered using a KSV
Minitrough apparatus (KSV, Helsinki, Finland) enclosed in an acrylic
box. For lipid or lipid-peptide mixed monolayers, phospholipids were
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dissolved in chloroform/methanol (2:1 v:v) to a final concentration of
2.5 mM and peptides were dissolved in methanol. Small drops of lipid
or lipid-peptide premixed at a desired ratio were directly spread onto
the aqueous surface. Monolayers were compressed at a velocity of
2.5 A% molecule ™" min~'. The organic solvents were allowed to eva-
porate for 10 min before compression. All measurements were per-
formed at 20 °C. The mean molecular areas determined were highly
reproducible, with standard deviations lower than 3%, obtained from at
least three compression isotherms for each condition.

2.4. Brewster angle microscopy (BAM)

To monitor the surface morphology of the monolayer, the Langmuir
films were prepared as described above, in a trough previously
mounted on the stage of a Nanofilm EP3 Imaging Ellipsometer
(Accurion, Goettingen, Germany), working in the Brewster angle mi-
croscopy mode. Minimum reflection was set with a polarized laser
(A = 532 nm) incident on the bare aqueous surface at the experimen-
tally calibrated Brewster angle (~53.1°). After monolayer formation
and during compression, the reflected light was collected through a
20 x objective. Further image analysis was performed using the NIH
free software Image J. For better visualization of the images, the gray
level range was reduced from an original range of 0-255 to 0-80. The
reflectivity (R) is the ratio of the reflected intensity (Ir) after interacting
with the surface, over the incident (I,) (R = Iz/I,), and the R of each
phase of the film was calculated from the gray level average values of
each phase of the BAM images by the following relation:

R= (graylevel—13.6)-f, (@3]

where f,, the calibration factor (~1077), is the slope of the plot that
relates the reflectivity with the average gray level of the images cap-
tured after a laser beam (p-polarized) is reflected by a bare air/water
(or saline subphase) interface, which was checked for each experiment,
and 13.6 is the average dark signal (background gray level in the ab-
sence of the monolayer). The reflectivity at the Brewster angle increases
with the film thickness (I) and the refraction index of the film (n¢) and
the subphase (ng). The values of R, n and ng enabled the film thickness
of each phase and the film of pure peptide to be estimated. Since it is
not trivial to determine n, we chose 1.45 for the peptide, as was used in
other studies for the Annexin A5 peptide (Fezoua-Boubegtiten et al.,
2010), whilst 1.45 was used for DMPC, DOPS and DMPS and 1.48 for
DPPS films (Fezoua-Boubegtiten et al., 2010; Kienle et al., 2014). R is
related to the square of [ as reported in Pusterla et al. (2017).

2.5. Atomic force microscopy (AFM)

The transferred monolayers were prepared as detailed in
Mangiarotti et al. (Mangiarotti et al., 2014). Briefly, the hydrophilic
substrates (glass coverslips) were treated with piranha solution
(H2SO4:H,0, 3:1v/v) at 90 °C for 60 min and rinsed with Milli-Q
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water. Then, a solution of lipid and MP1 (7.2 mol% of MP1) was spread
onto the water surface and compressed up to 15 mN/m. The monolayer
was allowed to stabilize (~100s), and was then transferred by the
Langmuir-Blodgett (LB) technique to the previously submerged sub-
strate (oriented perpendicular to the trough) at a rate of 5 mm/min,
while maintaining the surface pressure constant. The supported
monolayers remained exposed to air during the experiments. A transfer
ratio in the range of 1.1 ( = 0.1) was obtained. An AFM Innova atomic
force microscope (Bruker, Billerica, Massachusetts) was used to obtain
AFM images in the tapping mode, using a silicon probe with a nominal
spring constant of 40 N/m and a resonance frequency of 300 kHz at
room temperature (~ 20 °C).

2.6. Ionization state of DMPS and DPPS at different ionic strengths

Anionic lipid monolayers induce the formation of an ionic double
layer, thus attracting protons to the surface, and inducing a decrease in
the surface pH (pHgs). Therefore, the surface pH differs from the bulk
PH (pHyp) by

pHy = pHy + Fipy/(2.3RT) 3

where F is the Faraday constant, y is the double layer potential at the
surface and RT is the thermal energy (Gaines, 1966). The double layer
potential depends on the ionic strength of the subphase and on the
degree of ionization (a) of the lipid molecules, and therefore the surface
charge density (o) is related to o, with a mutual regulation being es-
tablished (Wilke, 2014). Since there is no analytical solution, a nu-
merical approach was used as described by Vega Mercado (Vega
Mercado et al., 2011) to obtain the pHy and a for water or saline
subphase.

3. Results
3.1. Surface activity of MP1 and its insertion into phospholipid monolayers

The surface activity of MP1 was examined at the air-water and air-
NacCl solution interfaces, monitoring the increase in surface pressure as
a function of time (Fig. 1A and B, respectively). The adsorption kinetics
of the peptide onto a clean interface show that MP1 adsorbed in a very
short time onto the air-NaCl solution interface (< 50s). However, MP1
took more than 500 s after its injection into pure water to induce a
significant change in the surface pressure, a phenomenon previously
reported for Retinitis pigmentosa 2 or RP2 (Boisselier et al., 2012). MP1
has two aspartic acids concomitantly with three lysines and the ami-
dated C-terminus, conferring a positive net charge (+ 2e) at physiolo-
gical pH values. Thus, an enhanced electrostatic repulsion occurring in
pure water between the newly-formed charged film and the soluble
peptides near the surface may be responsible for a hindered penetration
kinetic in such conditions. Interestingly, in saline solution, the surface
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Fig. 1. (A and B) Adsorption kinetics of peptide (in different concentrations 1 from bottom to top 0.5, 1.0 and 1.25 pM) into air-water and air-NaCl solution interfaces, respectively. (C)
The maximum change of surface pressure as a function of peptide concentration injected on pure water (open symbols) and ionic solution (closed symbols). The data represent the

+

average
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the standard error of at least three independent measurements. The continuous lines represent the non-linear least-squares regression analysis.
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Table 1
Physicochemical properties of MP1 films.
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Subphase Teol” Tomax. Tmax A? A°

(mN/m) (mN/m) (x10~°mol/m?) (nm?/molecule) (nm?/molecule)
Pure water 17 £ 1 25.1 = 0.4 0.85 = 0.08 2.0 £ 0.2 1.6 = 0.2
150 mM NaCl 19 £ 1 28.1 = 0.8 0.96 + 0.06 1.7 = 0.2 22 *+ 0.2

2 Collapse pressure of MP1 films obtained from compression isotherm. Extracted from Alvares et al. (2016).
> Maximum surface pressure obtained via non-linear least-squares regression analysis of curve approaching a rectangular hyperbola (Fig. 1C).

¢ The peptide surface excess concentration calculated by applying Eq. (1).

4 Molecular area at maximum adsorption, calculated using the peptide maximum surface excess concentration.
€ Molecular area obtained from the compression isotherms, extracted from Alvares et al. (2016) at maximal compaction in each case (17 and 19 mN/m, without and with NaCl

respectively).

pressure showed a maximum value, after which it decreased and re-
mained constant. This behavior has been related with film rearrange-
ments as the amphiphile forms a Gibbs monolayer (Maget-Dana, 1999;
Vollhardt and Fainerman, 2010). The rearrangements may be due to
surface electrostatic changes caused by the peptide adsorption, as
previously reported for other ionizable amphiphiles (Mottola et al.,
2013). However, this rearrangement occurs only in the presence of salt,
where electrostatic interactions are screened. In this condition, the
amount of peptide at the interface is higher, probably reaching the
conditions for the suggested rearrangement.

Fig. 1C shows the maximum change of surface pressure as a function
of peptide concentration injected into pure water and ionic solution. It
can be seen that the maximal surface pressure increased with the in-
crease of peptide concentration and the maximum value was reached at
1.5-2.0 uM MP1 in both subphases. The values of Ay, and Ty,
shown in Table 1, were calculated applying Egs. S1 and 1, respectively.
From the values of I'y,.x, We calculated the mean area per adsorbed
molecule, a parameter that is compared (in the Discussion section) with
the molecular area measured from Langmuir film compression experi-
ments (7o) (see Table 1).

We further explored the interaction of MP1 with phospholipid
monolayers by monitoring the time course for equilibration of MP1
injected into the subphase of a pre-formed lipid film (see Fig. S1 in
Supplementary material). The affinity of MP1 to lipid monolayers was
investigated, measuring its ability to insert into a lipid film differing in
the acyl chain length and unsaturation, and as a consequence, the film
phase state and density. Fig. 2 shows the maximum change of surface
pressure (Am,.y) induced by MP1 as a function of the initial surface
pressure (it;) of the anionic DOPS, DMPS, and DPPS or neutral DMPC
and DPPC monolayers formed onto pure water or 150 mM NaCl, pH
7.4. For these experiments, we used the peptide bulk concentration in
which ~90% of saturation was reached and the peptide acquired a
significant surface activity (1.25 uM, see Fig. 1C).

As can be observed in Fig. 2 for MP1, and as is general behavior for
amphiphile insertion into lipid films (Boisselier et al., 2017; Brockman,
1999; Maget-Dana and Ptak, 1995), the surface pressure increases due
to peptide insertion and decreases with an increment of the initial
surface pressure of the lipid film. This results in linear A,y Vs. 7; plots
with negative slopes. By extrapolating the linear regression to
ATtpax = 0 mN/m, the exclusion pressures, s (Bougis et al., 1981;
Maget-Dana and Ptak, 1995), were determined for the experiments
shown in Fig. 2 (Table 2). The value of 5. indicates the pressure above
which no more peptide molecules penetrate the lipid monolayer. Since
it has been proposed that bilayers and monolayers are comparable for
lateral pressure values in the range of 30-35 mN/m (Marsh, 1996), .
can be used to estimate the capacity of bioactive peptides to penetrate
target cell membranes (Brockman, 1999).

Our results indicated that s, varies in the range of 35-42 mN/m for
DOPS and DMPS on both water and saline solutions, values that exceed
the surface pressures comparable to lipid bilayers. MP1 can be in-
corporated into DPPS, DMPC, and DPPC up to lower surface pressures.

41

For DPPS and DMPS films, the high ionic strength hinders the elec-
trostatic attraction between the cationic peptide and the anionic lipid
monolayer, since the addition of NaCl decreases .. On the other hand,
NaCl had a similar effect on MP1 penetration into the neutral PC
monolayers as on its adsorption into a bare surface: a decrease of
electrostatic repulsion due to high ionic strength reduces the interaction
between the cationic peptide and the membrane, which becomes en-
riched in the adsorbed peptide, conferring a progressively higher ca-
tionic character along the adsorption time curve. In summary, the
presence of salt subtly regulates the peptide penetration around the
surface pressures of physiological relevance, inducing opposite effects
in the anionic DPPS and DMPS compared to the neutral DMPC and
DPPC.

3.2. Impact of MP1 on PS and PC monolayers in liquid-expanded phase

The penetration process of amphiphiles into the membrane involves
the increasing enrichment of the lipid film with these until reaching
thermodynamic equilibrium. In the present work, we were not able to
measure the final amount of MP1 inserted into the lipid films. However,
to investigate the properties of such binary systems, we studied mixed
lipid/MP1 Langmuir films at different molar ratios. These are me-
tastable two-dimensional films, which are not in equilibrium with the
subphase but behave as stable systems during the experimental time
(Gaines, 1966).

The compression isotherms of both pure DMPC and pure DOPS re-
veal a fluid-like state in water and in 150 mM NaCl (Fig. 3). The pre-
sence of 7.2 mol% of MP1 at the interface induced an increase in the
area corresponding to the isotherm lift-off for all cases (note that the x-
axis values correspond to the area per lipid molecule, without con-
sidering the number of peptide molecules). The presence of the peptide
induced an area expansion of ~14% for DMPC in both subphases at
15 mN/m, and for DOPS, of 16% in water and of 23% in the saline
subphase at the same surface pressure. Assuming ideal mixing behavior,
MP1 is expected to occupy 12-15% of the lipid monolayer area at
15 mN/m (see Alvares et al., 2016), and accordingly a moderate ex-
pansion of the film was found for DOPS/MP1 mixtures in saline solu-
tion.

For films containing DMPC, a plateau is present in the 22-30 mN/m
pressure range. Above this pressure, the isotherm becomes similar to
that of the pure lipid, strongly suggesting the exclusion of peptide
molecules from the interface (Alvares et al., 2016; Birdi, 2006; Maget-
Dana, 1999). This phenomenon occurs at a surface pressure 5 mN/m
lower in water than in NaCl solution (Table 2), indicating that an in-
plane electrostatic repulsion between the cationic peptides is one of the
factors that promote its desorption from the interface. Notably, for
DOPS films a plateau that would evidence expulsion of the peptide was
not observed, indicating that the favorable PS—-MP1 interaction (prob-
ably of electrostatic nature) may be responsible for their being able to
withstand the lateral pressure and reach the collapse process of the film
as a binary mixture (Fig. 3). It should be noted that this collapse
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Fig. 2. Peptide insertion into lipid monolayers: the maximum change of surface pressure (Am,q,) after injection in the subphase of peptide (1.25 uM) measured as a function of initial
pressure (7t;) of DOPS (A), DMPS (B), DPPS (C), DMPC (D) and DPPC (E). The subphase was pure water (open symbols) or 150 mM NaCl (closed symbols). The data represent the

average *

occurred at a surface pressure ~26 mN/m higher than that for the pure
peptide film (Table 1), suggesting a strong molecular interaction be-
tween the peptide and the anionic lipid in the LE phase state.

3.3. Impact of MP1 on PS monolayer with LE-LC coexistence phase

Fig. 4A shows that the compression isotherm for DMPS films at the
air-water interface depicted a characteristic plateau, at ~1.4 mN/m
indicating the coexistence of LE and LC phases at 20 °C, in good
agreement with the results obtained by Dyck and Losche (Dyck et al.,
2006).

For mixtures containing peptide, the area per lipid molecule at
surface pressures below ~30 mN/m was displaced to larger values. For
2.4 mol% of MP1, this represents ~ 11% of area increase at 15 mN/m,
which is expected to occupy only 8.2% of the monolayer area assuming
ideal mixing behavior. The positive deviation was observed in all lipid/
peptide ratios, indicating a non-ideal mixing behavior, also evidenced
by an increase in the LE-LC transition surface pressure (from 1.4 to

Table 2

the standard error of at least three independent measurements. The continuous lines represent the linear regressions.

3.0 mN/m) induced by MP1. The collapse of the peptide-enriched phase
occurred at ~15 mN/m higher than the collapse of the pure peptide
film. Surprisingly, above 7.2 mol% of peptide, the area per lipid mo-
lecule at surface pressures above 35 mN/m shifted to values lower than
those observed for the pure lipid, suggesting that part of the film (lipid
and peptide) was lost from the interface. This may be a consequence of
a very strong DMPS-peptide attractive interaction.
Compression-expansion cycles of DMPS/MP1 monolayers were
performed to explore the reversibility of the transitions observed (see
Fig. S2 in Supplementary material). Lipid films containing 6 mol% of
peptides were compressed up to 15mN/m, expanded and re-
compressed. The area per lipid molecule remained unchanged after this
treatment, evidencing a negligible loss of material from the interface.
However, when the monolayer was compressed up to a surface pressure
above the second plateau (60 mN/m), the film showed a partially re-
versible behavior, evidencing a relatively larger loss of material from
the interface at low, but not at high, surface pressures. This effect was
more evident for isotherms with 7.2 mol% of MP1 (compare Fig. S2A

Comparison of the exclusion pressure and the collapse pressure for MP1 in PS and PC monolayers.

Subphase Composition Lipid film phase state * Lipid/MP1 film phase state *" Tl (MN/m) Tteol’ (MN/m) 7" (mN/m)

Pure water DOPS/MP1 LE LE 43 + 2 - 38 £1
DMPS/MP1 LE-LC (2-12) LE-LC (5-36) 32 1 37 = 39 £ 1
DPPS/MP1 Gas — LC (< 3) LE-LC (< 23) 23 =1 32 * 32 = 2
DMPC/MP1 LE LE 17 23 24 £ 2
DPPC/MP1 ¢ LE-LC (4-15) LE-LC (6) 18 =1 23 * 26 £ 2

150 mM NaCl DOPS/MP1 LE LE 41 = 2 - 42 = 1
DMPS/MP1 LE-LC (16-33) LE-LC (19-39) 27 = 2 41 =+ 35 =1
DPPS/MP1 Gas — LC (< 6) LE-LC (< 29) 21 £ 1 29 + 28 + 1
DMPC/MP1 LE LE 25 30 31 = 2
DPPC/MP1 ¢ LE-LC (4-11) LE-LC (4-24) 21 £ 2 29 + 29 £ 2

T initial and { final surface pressure for the collapse of the MP1-enriched phase process, obtained from compression isotherm shown in Figs. 4-7.
2 The phase coexistence surface pressure range is indicated between brackets, expressed as average = 1 mN/m, obtained from BAM images.
" The data corresponds to an MP1 content of 7.2 mol%.
¢ The exclusion pressure was obtained from insertion experiments (Fig. 2).
4 Extracted from (Alvares et al., 2016).
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Fig. 3. Surface interaction of MP1/DMPC and MP1/DOPS monolayers in the LE phase state. (A-B) Surface pressure-area compression isotherms for pure DMPC (black lines) or co-spread
with MP1 7.2 mol% (colored line). (C-D) Surface pressure-area compression isotherms for pure DOPS (black lines) or co-spread with MP1 7.2 mol% (colored line). The subphases used
were water (A—C) or NaCl 150 mM, pH 7.4 (B-D) surface. The monolayers were compressed at 5 cm2/min, T = 20 °C. The curves are representative experiments, varying less than 2 mN/

m from their corresponding replicates.

and B). This result indicates that the process involved in the second
plateau correlates with a partially reversible collapse at the compres-
sion rates employed.

Brewster angle microscopy enabled the formation and growth of
lipid domains and the changes of the optical properties of the interface,
such as refractive index and film thickness (Pusterla et al., 2017) to be
investigated in the presence of the peptide. Thus, films in the LE phase
state are usually thin because the lipid chains are partially stretched
laterally, occupying a large area and have a low refractive index, ap-
pearing as dark gray regions. On the other hand, films in the LC phase
state are thicker, due to the upright position of the acyl chain and a
more compact lipid configuration, resulting in a higher refractive index
and are observed as brighter gray areas (Daear et al., 2017). Re-
presentative BAM micrographs of the pure DMPS films at the air-water
interface are shown in Fig. 4B. The images show the presence of large
LC domains with dendritic-shapes. Domains appear at 1.5 mN/m,
matching the starting point of the plateau corresponding to the phase
transition in Fig. 4A. The LC domains grew upon further compression so
that, at 15 mN/m, all the regions corresponding to the LE phase almost
completely disappeared (less than 1% of LE phase remained).

4.8 mol% of MP1 (co-spread with DMPS) (Fig. 4C) induced a slight
increase in the LE-LC transition surface pressure (~2 mN/m) compared
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to pure lipid films, strongly suggesting a more favorable DMPS/MP1
surface mixing in the LE phase state. In the presence of MP1, the do-
mains appeared smaller and in larger numbers, and the LE phase co-
existed with the LC phase up to surface pressures of ~37 mN/m. Fur-
thermore, at 15 mN/m, the percentage of area occupied by the LE phase
reached 41 + 2%, much larger than the ~16% expected to be occu-
pied by the peptide alone. This, together with the fact that the LE-LC
coexistence region shifted to higher surface pressure, suggests that MP1
was preferentially located in the LE phase, which was probably com-
posed of peptides and lipids molecules. White dots can be observed in
BAM images (Fig. 4 and 5), which correspond to out-of-plane (three-
dimensional) lipid or lipid/peptide structures that protrude from the
film to an extent exceeding the resolution of the technique (> 10 nm).
The presence of such white dots may reflect a tendency of the mem-
brane to form highly curved structures.

Further addition of MP1 to the DMPS films (7.2 mol%, Fig. 2D)
induced even smaller condensed domains, suggesting that the presence
of the peptide favors the nucleation process against domain growth,
acting as seeds, lowering the line tension and/or decreasing the diffu-
sion of the molecules to the growing domain (Rosetti et al., 2017). The
image inserted in Fig. 4D shows an AFM image of this film transferred
onto glass at 15 mN/m, where the domains can be observed at a better

7

= 24.0mN/m

m=5.0mN/m

't =10;0 mN/m 7= 31.0mN/m

y

Fig. 4. DMPS/MP1 surface interaction (pure water): (A) surface pressure-area compression isotherms for DMPS co-spread with increasing amounts of MP1 onto the water surface. The
monolayers were compressed at 5 cm?/min, T = 20 °C. (B-D) Representative BAM images for monolayers of pure lipid (B), and for mixtures of DMPS and 4.8 and 7.2 mol% of MP1, (C-D)
respectively, spread onto pure water and registered during compression at the indicated surface pressures. The arrows indicate the area occupied by LE (white) or LC (yellow) phases.
Image size: 200 x 200 um?>. The inset image represents the AFM image with image size 100 x 100 um? (E) Monolayer thickness of dark region (close symbols) and light region (open
symbols) calculated from BAM images of pure lipid (red) and lipid/peptide for 7.2 mol% of MP1 (black) films. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 5. DMPS/MP1 surface interaction (NaCl): (A) surface pressure-area compression isotherms for DMPS co-spread with increasing amounts of MP1 onto the saline solution. The
monolayers were compressed at 5 cm?/min, T = 20 °C. (B and C) Representative BAM images for monolayers of pure lipid (B) and a mixture of DMPS and 7.2 mol% of MP1 (C) spread on
the saline solution and registered during compression and at the indicated surface pressures. The arrows indicate the area occupied by LE (white) or LC (yellow) phases. Image size:
200 x 200 um?. (D) Monolayer thickness of dark region (close symbols) and light region (open symbols) calculated from BAM images of pure lipid (red) and lipid/peptide for 7.2 mol% of
MP1 (black) films. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

resolution.

A further increase of the surface pressure led to a second nucleation
of domains (see Fig. 4D at 30 mN/m) and at higher surface pressure, the
borders of the condensed domains became brighter. This increased its
reflectivity compared with pure lipid films, indicating an increase in the
thickness of the films (Fig. 4E), surpassing that of a single monolayer.
This effect may correspond to 3D structures formed by lipids and
peptides reversibly associated with the interface (as suggested by the
compression/decompression experiments shown in Fig. S1), which
would explain the decrease in the mean molecular area at high pres-
sures depicted in the compression isotherms (Fig. 4A).

To check whether this lipid-peptide 3D aggregation was promoted
by electrostatic lipid-peptide interactions, similar experiments were
performed on saline solutions. On a subphase containing 150 mM NacCl,
the compression isotherm of the pure lipid was displaced to higher
molecular areas and the coexistence phase plateau appeared at surface
pressure ~16 mN/m (Fig. 5A), at which the formation of smaller and
rounder LC domains occurred (Fig. 5B). PS has an ionizable headgroup
with a pKa of 3.6 (Tsui et al., 1986). When the molecules self-organize
in an ionized monolayer, a charged plane is generated with the corre-
sponding formation of an ionic double layer. As previously described,
this leads to a decrease in the surface pH, to an extent that depends on
the ionic strength of the solution (Gaines, 1966). Thus, the higher the
ionic strength, the lower is the change in surface pH, compared with
that in bulk (Wilke, 2014). Therefore, in the presence of salt, the surface
pH of pure DMPS monolayers is expected to be close to that in the
solution (i.e. 7.4), whilst in the absence of salt, it is expected to be
lower.

The values of the surface pH were estimated for DMPS monolayers
at high film compaction, as described in Vega Mercado et al. (Vega
Mercado et al., 2011), using the Gouy-Chapman model for a bulk pH of
7.4 and assuming a pKa value of 3.6 (Tsui et al., 1986). We found a
surface pH of ~2 on water and ~5.5 on 150 mM NaCl, which corre-
sponds to dissociation degrees of 2% and 99% of the headgroups, re-
spectively; i.e. on water the PS moieties were mostly neutral and on
NaCl, mostly charged. This promoted a higher intermolecular repulsion
in the presence of salt. It is known that changes in the ionization state of
lipid molecules lead to changes in lipid packing (Tocanne and Teissie,
1990), and therefore, the change in the isotherms of the pure lipids
induced by NaCl may be a consequence of the change in the ionization
state of the film.
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In the mixed films, the presence of the peptide decreased the charge
density of the monolayer, and thus the decrease in the surface pH would
not be so marked. The approach employed here for the calculation of
the surface pH assumes a homogeneous distribution of charges at the
surface, and thus it may be valid for the PS moieties located far away
from the peptide, but not for PS in the peptide proximity. Therefore, a
similar reasoning is not valid for PS molecules interacting with the
peptides, and we expect that the degree of ionized PS surrounding the
MP1 molecules was close to 100% in both water and NaCl solutions.

When the peptide was co-spread with the lipid, the LE-LC phase
transition was shifted to 19 mN/m and the plateau corresponding to the
peptide collapse took place at ~ 41 mN/m (Table 2), reflecting a fa-
vorable peptide-anionic membrane interaction. Superposition of the
isotherms was observed at surface pressures > 41 mN/m, indicating
that, after this plateau, almost all the peptide molecules were squeezed
out to the subphase.

On ionic solution, the peptide also preferred the LE phase, thereby
increasing the area extent of this phase (from 9 = 1 to 83 = 4% at
23 mN/m, compare Fig. 5B and C). The average size of the domains was
smaller than those for the pure lipid monolayer, whilst the thickness of
the film remained similar (Fig. 5D). This observation, together with the
behavior of the mixed isotherms, indicates the absence of lipid/peptide
3D aggregation. Therefore, we conclude that the interaction between PS
lipids and the peptide has an electrostatic component, which loses
importance in the presence of salt. To check whether the hydrocarbon
chain and lipid film thickness is also a modulator of the lipid-peptide
interaction, mixed monolayers of DPPS and the peptide were prepared
and studied.

3.4. Impact of MP1 on liquid-condensed PS films

In the compression isotherms of pure DPPS, only gas-LC phases
were evidenced at very low surface pressures, lacking the LE-LC phase
coexistence region in water and in 150 mN NaCl solution (Bouffioux
et al., 2007; Chen et al., 2010) (see Figs. 6A and 7A , respectively). On
water, the presence of MP1 induced similar changes to those observed
with the DMPS/MP1 mixture. But the near-superposition of isotherms
at surface pressure > 28 mN/m (~9 mN/m lower than that observed in
DMPS/MP1 films) indicated that the peptide molecules were squeezed
out to the subphase, dragging fewer lipid molecules, compared with
DMPS/MP1 films (compare Figs. 6A and 4A). However, it must be



D.S. Alvares et al.

—pure lipid (B)
+2.4 mol% MP1

45, +4.8 mol% MP1
E +7.2 mol% MP1
E +9.6 mol% MP1
% 30+ +12.0 mol% MP1
& 15
01— ; - >
30 60 90 120
Area per lipid molecule (A2
(D) 40 per lip (A%) (©)

20 30 40 50 60
7 (MN/m)

0 10

Chemistry and Physics of Lipids 207 (2017) 38-48

w=22mN/m T =26mN/m

Fig. 6. DPPS/MP1 surface interaction (pure water): (A) surface pressure-area compression isotherms for DPPS co-spread with increasing amounts of MP1 onto the water surface. The
monolayers were compressed at 5 cm?/min, T = 20 °C. (B and C) Representative BAM images for monolayers of pure lipid (B) and a mixture of DPPS and 7.2 mol% of MP1 (C), spread on
pure water and registered during compression and at the indicated surface pressures. The arrows indicate the area occupied by the gas (light blue), LE (white) or LC (yellow) phases.
Image size: 200 X 200 um>. The inset image represents the AFM image with image size 10 X 10 um?® (D) Average monolayer thickness calculated from BAM images of pure lipid (red
symbols) and lipid/peptide for 7.2 mol% of MP1 (black symbols) films. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

noted that the in-plane interaction between the lipid molecules in the
DMPS films is less strong than in DPPS films, and it is thus easier for the
DMPS molecules to escape from the monolayer. This accounts for the
easier squeezing out of lipids in DMPS than in DPPS monolayers.

The BAM images reported in Fig. 6B show that, under our experi-
mental conditions, gas-LC coexistence was observed at very low surface
pressure, which became a uniform LC phase at a surface pressure > 3
mN/m. In mixed films of DPPS with 7.2 mol% of MP1, BAM images
showed phase coexistence with small, blurred LC domains that were
visible at surface pressures below the peptide expulsion pressure, sur-
rounded by a dark gray area that corresponded to an LE phase (Fig. 6C).
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The latter remains present until reaching ~ 23 mN/m. The higher re-
solution of AFM enabled condensed domains to be seen, shown as an
insert in Fig. 6C.

Fig. 6D shows that, in the presence of MP1, the film thickness at
pressures below 20 mN/m was lower than for pure lipid films, whilst
above 25 mN/m it was higher, reflecting a thicker film. This suggests
that, at low surface pressures, where MP1 was incorporated into the
monolayer, the films were on average thinner than pure DPPS, with the
peptide molecules probably occupying the darkest gray (LE) regions in
Fig. 6C. A closer analysis of the isotherms shown in Fig. 6A indicates
that the area per lipid molecule increased by ~48% at 15 mN/m when

=23 mN/m T =28mN/m

T =23mN/m

m=28mN/m

Fig. 7. DPPS/MP1 surface interaction (NaCl): (A) surface pressure-area compression isotherms for DPPS co-spread with increasing amounts of MP1 onto the saline solution. The
monolayers were compressed at 5 cm?/min, T = 20 °C. (B and C) Representative BAM images for monolayers of pure lipid (B) and a mixture of DPPS and 7.2 mol% of MP1 (C) spread on
the saline solution and registered during compression and at the indicated surface pressures. The arrows indicate the area occupied by the gas (light blue), LE (white) or LC (yellow)
phases. Image size: 200 x 200 um?. (D) Average monolayer thickness calculated from BAM images of pure lipid (red) and lipid/peptide for 7.2 mol% of MP1 (black) films. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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7.2 mol% of the peptide was present, whilst the peptide alone is ex-
pected to occupy only 21% (assuming ideal mixing behavior and a
transmembrane conformation). The area expansion observed may be
explained by the peptide adopting a conformation parallel to the in-
terfacial plane or inducing a proportion of lipids to transition to the LE
phase (Fig. 6A and C), thus occupying a larger area. At high surface
pressures, once the peptides are expelled from the monolayer, they
remained associated to the lipid headgroups, forming a thicker interface
(Fig. 6D).

Next, we studied the effect of salt on the DPPS/MP1 system (Fig. 7).
On saline solution, the compression isotherms of mixed films showed
two plateaus, one at 21 mN/m that correlated to the collapse pressure
of pure peptide films and another at ~29 mN/m (Fig. 7A). Interest-
ingly, at this condition, the superposition of the isotherms at high
surface pressures was not observed, indicating that some peptide mo-
lecules remained in the monolayer up to the collapse pressure of the
mixed film.

The BAM images obtained for pure DPPS (Fig. 7B) show that the
brighter phase (LC) is anisotropic in the monolayer plane, as is evi-
denced by subtle differences in its gray level. This behavior has been
associated with a crystalline-like inner structure of the lipid molecules
when the axis of the molecules is tilted to the membrane normal
(Mottola et al., 2015). For DPPS with 7.2 mol% of MP1, the images
were analogous to those on pure water (compare Figs. 6C and 7C).
However, above 30 mN/m, the reflectivity of the DPPS/MP1 films have
the same value of pure lipid monolayers (Fig. 7D), not showing a sig-
nificant thickening of the film. At low pressures, MP1 induced the oc-
currence of thinner monolayers than DPPS in the LC state, while upon
compression some peptide molecules were expelled to the subphase,
and the remaining (mixed) monolayer behaved like pure DPPS films in
the LC phase.

4. Discussion

In this work, we explored MP1-membrane interaction using lipid
monolayers as a model system. This well-controlled system provided
information about the first steps for the incorporation of this anti-
microbial peptide into the membrane, i.e. approach to the surface,
adsorption at the interface and finally integration into the membrane.
MP1 displayed higher surface activity at the air-NaCl interface than in
pure water. For the latter case, considering the ionizable nature of the
peptides, after the adsorption of a few molecules, a charged film will be
established inducing electrostatic repulsion, which may disfavor a
highly dense peptide film. Again, these results match what was found
for other cationic peptides (Boisselier et al., 2017; Nobre et al., 2015).
Notably, the maximal adsorption pressure occurred at 8 mN/m (water
subphase) or 9 mN/m (NaCl subphase) above the collapse pressure of
pure peptide Langmuir films (Table 1). This may be explained by the
different nature of both systems. For Langmuir films, the peptide was
absent from the subphase, and thus collapse occurred with a destabi-
lization of the monolayer structure and a loss of molecules to the sub-
phase. For adsorption experiments, the subphase was a source of pep-
tides, thus allowing equilibration between the films and the monomer
in the subphase. Molecular adsorption here is always counteracting
peptide desorption and equilibrium is reached, while the collapse in
Langmuir monolayers corresponds to an out-of-equilibrium process.

Different values of mean molecular area were found from the iso-
therms compared to the adsorption curves at the same subphase, but
always in the range of 1.6-2.2 nm?/molecule. This can be explained
considering that the area calculation in both approaches assumes that
the peptides form a monolayer at the interface. While this is likely to be
the case in the compression experiments for surface pressures lower
than the collapse, this may not be the case in the adsorption experi-
ments, where the peptides may adsorb in a different manner when the
interface is free of amphiphiles than when the surface is already po-
pulated by other peptide molecules and can also form multilayers. In
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addition, it should be recalled that the areas obtained from the Gibbs
isotherm correspond to higher surface pressure than those from the
compression isotherms.

A negative charge and the overall surface electrostatic condition is
not the only factor that affects MP1 insertion into lipid monolayers,
particularly at the physiologically relevant ionic strength tested (NaCl
150 mM) (see Table 2). The ., value was higher when the monolayer
was in the LE fluid phase and decreased with the increase of lipid chain
length and saturation, which favors the formation of LC phases. For the
insertion of the first peptide molecules, what matters is the phase state
and fluidity of the pure lipid monolayer. However, as the peptide mo-
lecules insert into the monolayer, they may affect the film properties,
generating a lipid-peptide interface with different properties that fur-
ther modulate the peptide insertion.

Even though insertion experiments and Langmuir lipid/peptide
mixed films are physically different, it has been shown for several cases
that the films formed by both methods are closely comparable (Mottola
et al., 2015; Vollhardt and Fainerman, 2010). Table 2 shows that the
exclusion pressure for insertion experiments (w.) roughly correlates
with the collapse of the peptide-enriched phase (i.,) for MP1/lipid
mixed films. Furthermore, the higher =, and =, values (the higher
peptide capacity of incorporating into membranes) occurred with the
combined presence of an anionic film in the LE phase, evidencing a
hindered insertion of films in an LC phase.

MP1 mixed preferentially with the lipids in the LE fluid phase in
Langmuir films for all the studied systems. The physico-chemical bases
of this behavior must be found in the concepts related to (three-di-
mensional) solutions. A solvent (in our case the lipids) allows the in-
corporation of a solute (peptide) with the thermodynamic benefit of
increasing the solution entropy. However, when the solvent-solvent
interaction is much stronger than the solvent-solute interaction, the
solution becomes thermodynamically unfavorable. Then, lipid-lipid
interaction becomes an important regulation point for peptide in-
corporation. This interaction is stronger in the LC phase (due mainly to
a closer packing of the lipids and an enhanced van der Walls attraction)
than in the LE phase, when the lipid molecules are further apart, oc-
cupying a larger area and behaving as a better solvent for the peptide.

DOPS supported the presence of MP1 up to the film collapse pres-
sure. However, an LE character was not sufficient for MP1 to remain in
the film at high surface pressures. DMPC films retained the peptide only
up to 24-31 mN/m (depending on salt conditions), indicating that an
increment in the lateral pressure and in-plane electrostatic repulsion of
the cationic peptides destabilized the mixed film and induced expulsion
of the peptide. A negatively charged lipid film is, thus, necessary to
overcome the in-plane peptide repulsion and stabilizes the film.

The correlation observed between the final pressure of the collapse
process and the s, confirms that the high-pressure plateau observed in
mixed monolayers corresponds to a peptide-enriched phase exclusion
process since, above this pressure, no peptide can be further in-
corporated as a monomer into the lipid film. The insertion experiments
show slightly higher values of . for almost all the MP1/lipid system
studied compared with the pressure corresponding to the final peptide
collapse. This is probably related to the formation of thicker peptide
layers, as in the case of the adsorption to clean interfaces.

MP1 induced an increase in the surface pressure for the phase
transition of DMPS and DPPC (Alvares et al., 2016) films and an en-
largement of the area occupied by the LE phase, and induced the pre-
sence of this phase in the DPPS films. Similarly to what was found for
DPPC/MP1, the thinner regions in the DMPS/MP1 mixture corre-
sponded to the MP1-enriched phase in the LE phase, whilst the thicker
regions were nearly pure lipids in the LC phase state. However, the
exclusion of the peptide-enriched phase took place at much lower
pressure than for the anionic monolayer (Table 2), evidencing an im-
portant role of the surface electrostatic stabilization of peptide at the
interface.

To unravel the interesting effect of the lipid phases on the lipid-
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peptide interaction, we determined the film thickness of the pure MP1,
DMPS and DPPS films and DMPS/MP1 and DPPS/MP1 mixed films
from reflectivity measures by BAM images. The monolayer of pure
peptide was calculated to have a thickness of ~15 + 3 A. For pure
lipid films, the thickness of the LE phase of DMPS was ~11 + 3 A,
while the condensed phases of DMPS and DPPS were 20 *+ 2 and
22 + 2A, respectively. For DMPS/MP1 and DPPS/MP1 films, the
thinner regions have a thickness similar to that of DMPS in the LE state.
All these observations suggest that the thickness of MP1 in a trans-
membrane conformation matches the thickness of both PS in the LE
phase, and this is one possible factor for the observed enrichment of
MP1 in these regions.

The difference between the coexisting phases was also determined
from the AFM images of DMPS/MP1 and DPPS/MP1 films, which is
shown in Table S1 and illustrated in Fig. S3 (in Supplementary mate-
rial). The difference between the LE and LC phases (~ 0.6 A to DMPS/
MP1 and ~0.8 A to DPPS/MP1) was similar to that obtained from BAM
images. In addition, the difference between the LC phase of DMPS/MP1
and DPPS/MP1 is consistent with a difference in height of 2 A, calcu-
lated for these phases by the semi-empirical approach of Tanford
(Tanford, 1972) and from BAM images.

5. Conclusion

Several independent techniques were used for assessing the influ-
ence of film thickness and phase state on negatively charged mono-
layers in the peptide/lipid interaction. All the techniques were con-
sistent in showing a clear correlation between the peptide integration
into the film and the occurrence of an anionic surface plus an LE phase.
Using independent methods, we show a clear correlation of the surface
pressure of expulsion of peptide (or lipid/peptide complex) in Langmuir
films with the exclusion pressure obtained from penetration experi-
ments, evidencing a robust behavior of the membrane. Additionally, a
strong electrostatic attraction between MP1/PS film appears as an im-
portant membrane remodeling factor, inducing phase equilibrium dis-
placement and thinning of the membrane. As was proposed by
Bechinger (Bechinger, 2015), the disruption of the lipid packing and
thinning of the membrane are important features for the mode of action
of bioactive peptides.

The preferential adsorption of MP1 into PS films in the LE state
induced the shift of the LE-LC transition pressure to higher values and
also induced the presence of an LE phase, even when not occurring in
the pure condensed lipid films (in the case of DPPS). In the last two
decades, there has been considerable discussion of the importance of
the presence of lipid domains in cell membranes either formed by
sterol-enriched phases (Edidin, 2003) or LC phases (Grassmé et al.,
2007) in coexistence with a disordered phase and its relation with cell
functions (Rosetti et al., 2017). Ishii and collaborators (Ishii et al.,
2005) show that the presence and integrity of these domains are ne-
cessary to maintain PS exposure in some type of cancer cells. The
previous work of Alvares and collaborators (Alvares et al., 2017)
gathered strong evidence about the synergies between PS and LC do-
mains that enhance MP1 lytic activity in model bilayer systems. In this
regard, the preferential partition of MP1 into the LE rather than the LC
phase and the shifting of phase coexistence regions may be correlated
with a greater insertion of MP1 into the LC domain boundary, which
has been shown to be less organized (Kuzmin et al., 2005). In summary,
the present work highlights the strong tendency of MP1 to be in-
corporated into PS membranes, which then regulates the membrane’s
physical properties. This interplay may be related with key regulation
points in the binding and integration of this active peptide into mem-
branes.
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