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ABSTRACT

L1A (IDGLKAIWKKVADLLKNT-NHZ2) is a peptide that displays a selective antibacterial activity to Gram-negative
bacteria without being hemolytic. Its lytic activity in anionic lipid vesicles was strongly enhanced when its N-
terminus was acetylated (ac-L1A). This modification seems to favor the perturbation of the lipid core of the
bilayer by the peptide, resulting in higher membrane lysis. In the present study, we used lipid monolayers and
bilayers as membrane model systems to explore the impact of acetylation on the L1A lytic activity and its
correlation with lipid-packing perturbation. The lytic activity investigated in giant unilamellar vesicles (GUVs)
revealed that the acetylated peptide permeated the membrane at higher rates compared with L1A, and modified
the membrane's mechanical properties, promoting shape changes. The peptide secondary structure and the
changes in the environment of the tryptophan upon adsorption to large unilamellar vesicles (LUVs) were
monitored by circular dichroism (CD) and red-edge excitation shift experiments (REES), respectively. These
experiments showed that the N-terminus acetylation has an important effect on both, peptide secondary
structure and peptide insertion into the bilayer. This was also confirmed by experiments of insertion into lipid
monolayers. Compression isotherms for peptide/lipid mixed films revealed that ac-L1A dragged lipid molecules
to the more disordered phase, generating a more favorable environment and preventing the lipid molecules from
forming stiff films. Enthalpy changes in the main phase transition of the lipid membrane upon peptide insertion
suggested that the acetylated peptide induced higher impact than the non-acetylated one on the thermotropic
behavior of anionic vesicles.

1. Introduction

a correlation has been observed between net charge, affinity and lytic
activity in anionic lipid vesicles [6-8].

Lytic peptides with bactericidal activity have been extensively in-
vestigated over the past few decades due to the emergence of resistant
bacteria [1,2]. The action mechanisms of these peptides have been
extensively reviewed [3,4] but are not completely understood. In all the
proposed mechanisms, the peptide first adsorbs onto the membrane
surface. The large number of their cationic and hydrophobic residues
favors their folding to amphipathic helical or beta structures when they
are in contact with lipid membranes [1,5]. This coupled partition and
folding process is mainly driven by electrostatic and hydrophobic en-
ergetic contributions. In the case of helical peptide, the hydrophilic face
is in contact with the lipid polar head groups, while the hydrophobic
face is in contact with the lipidic phase of the bilayer [6]. The stiffness
of the peptide imposes deformations in the flexible acyl chains, creating
elastic stress in the bilayer that is relieved by the onset of lytic activity.
In the electrostatic-hydrophobic balance involved in these initial steps,
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Although the peptide net charge modulates its affinity for lipid ve-
sicles through electrostatic interactions, this factor does not alway en-
sure lytic efficiency. Evidence has shown that the peptide capability of
insertion into the hydrophobic region of the lipid membrane can lead to
more productive lytic activity. The insertion of some peptides into lipid
membranes is hampered by the dipole distribution of the lipid bilayer
when the insertion is made by their N-terminus [9]. Experimental
evidence of the interaction of somatostatin with POPC bilayers [10]
(also confirmed by molecular dynamics simulations [11]) revealed that
the positive charge on the N-terminal is the first energy barrier to
peptide insertion into the bilayer, and thus, the reduction of the N-
terminus charge leads to a lower energy barrier to its insertion. As a
result, the deprotonation of the N-terminus allows the peptide to be
inserted more deeply into the bilayer core, and, consequently, induces
higher perturbation in the lipid-packing. This seems to be the case of
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the synthetic peptide L1A (IDGLKAIWKKVADLLKNT-NH,). This peptide
has a selective bactericidal activity against Gram-negative bacteria and
is non-hemolytic, displaying a strong and quick lytic activity in anionic
lipid vesicles [12]. The neutralization of the N-terminus positive charge
by acetylation (ac-L1A) significantly enhanced its lytic activity in mixed
anionic vesicles [13]. Acetylation was observed to increase its helical
content and the tryptophan blue-shift and, when in vesicles, this residue
was more screened from its quencher acrylamide, suggesting that this
simple modification resulted in a deeper insertion of the peptide into
the hydrophobic region of the bilayer. In addition, this modification did
not influence its affinity for anionic vesicles as determined by the
partition constants [13], despite the lower net charge. These observa-
tions suggest that the perturbation induced in the bilayer was more
productive in increasing its lytic action. These results also suggest that
the initial steps involving peptide adsorption onto the membrane sur-
face and its folding and insertion into the lipid bilayer modulate its lytic
activity. The comprehension of these initial steps is therefore of para-
mount importance.

To obtain an insight into how L1A and its acetylated analog disturb
lipid-packing we used monolayers and bilayers of phosphatidylcholine
(PC), which mimic the lipid composition of mammalian membranes
(outer leaflet essentially zwitterionic, with predominance of PC), and
PC with phosphatidylglycerol (PG), which mimic the plasma bacterial
membrane of Gram-negative bacteria (containing ~20% of anionic
lipid, mostly PG in the outer membrane [14]). The lytic activity of these
peptides was assessed in giant unilamellar vesicles (GUVs) and in large
unilamellar vesicles (LUVs), while their conformation was investigated
in LUVs using circular dichroism (CD). The insertion of the peptide into
lipid monolayers was assessed with Gibbs adsorption isotherms at a
constant area, and the microenvironment around the tryptophan re-
sidue of the peptides adsorbed onto lipid vesicles was monitored by red-
edge excitation shift (REES). The effect of the peptides on lipid packing
was investigated by compression isotherms of lipid/peptide pre-mixed
films, in which the impact of the peptide on the phase equilibrium was
monitored by visualization of the Langmuir films by fluorescence mi-
croscopy. In addition, lipid bilayer phase behavior and thermotropic
changes induced by these peptides were accessed by DSC. The asso-
ciation of all these techniques provided evidence that the N-terminus
acetylation of this peptide allows deeper penetration into the mem-
brane, disturbing the lipid-packing more efficiently and resulting in
higher lytic activity.

2. Materials and methods
2.1. Chemicals and reagents

Lipids: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol ~ (POPG), 1,2-di-
palmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-
glycero-3-phosphoglycerol (DPPG) were obtained from Avanti Polar
Lipids (Alabaster-Al-USA). 1-palmitoyl-2-{12-[7-nitro-2-1,3-benzox-
adiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-phosphocoline (NBD-PC)
was from Avanti Polar Lipids (Alabaster-Al-USA). All peptides were
from Genscript (Piscataway-NJ-USA) with RP-HPLC purity level >
98.5%. Chloroform and methanol, HPLC grade, were obtained from
Merck (Darmstadt, Germany). Sodium chloride, sodium hydroxide,
sucrose, glucose, and acrylamide were from Sigma. Ultrapure water
used to prepare solutions was previously deionized in an ion exchange
resin and filtered in a Millipore Milli-Q system (~18 MQ2x cm).

2.2. Preparation of giant unilamellar vesicles (GUVs)

POPC and POPC:POPG (8:2 molar ratio) GUVs were prepared by the
electroformation technique as described by Angelova and Dimitrov
[15]. Briefly, 20 ul of a 2 mg/ml lipid chloroform/methanol solution
was spread on the conductive sides of two glasses coated with indium
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tin oxide (ITO) and were left under vacuum for at least 3 h to remove all
traces of the organic solvent. The conductive sides of two slides covered
with the phospholipid film were placed facing each other and separated
by a Teflon frame 2 mm thick, forming a chamber. The lipid films were
hydrated by filling this chamber with 0.2 M sucrose solution. The glass
slides were connected to a function generator (Minipa, MFG-4202)
applying a sinusoidal tension of ~1 V amplitude and 10 Hz frequency
for 2-3 h.

2.3. Observation of GUVs

Before observation, the vesicle solution was diluted with an iso-
osmolar glucose solution (0.2 M). Due to differences in density, the
vesicles were stabilized on the bottom by gravity, and due to the dif-
ferences in refractive indices between sucrose (inside) and glucose
(outside), they provided an adequate contrast for the observation with
phase contrast microscopy. GUVs were observed with an inverted mi-
croscope (Olympus IX-71, Tokyo, Japan) equipped with a CCD camera
and an LUCPlanFLN 40x Ph2 objective. To avoid osmotic pressure ef-
fects, the osmolarities of sucrose and glucose solutions were checked
with an osmometer (Osmette A 5002, Precision Systems, Inc., USA) and
carefully matched. Peptide solutions prepared in glucose (0.2 M) were
added to the observation chamber with a microsyringe Hamilton (Reno,
NV, USA) to yield the final desired peptide concentration, 2.5, 5.0 or
10.0 uM. The quantification of GUV's shape was performed using the
NIH free ImageJ software.

2.4. Preparation of multilamellar and large unilamellar vesicles (MLVs and
LUVs, respectively)

MLVs of pure DPPC, pure DPPG and DPPC:DPPG (8:2 molar ratio)
mixture for differential scanning calorimetry (DSC) experiments were
obtained from lipids dissolved in chloroform/methanol (2:1) in round-
bottom flasks, where the solvent was first dried under a stream of ni-
trogen, and then, stored under vacuum overnight to totally remove the
organic solvent. Afterward, the lipid films were hydrated, at ~10 °C
above the liquid-crystalline phase transition temperature, with HEPES
buffer (HEPES 20 mM, 150 mM NaCl, pH 7.4) with or without an ap-
propriate amount of peptide stock solution and submitted to an intense
vortexing. LUVs of pure POPC and POPC:POPG (8:2 molar ratio) mix-
ture for CD and REES experiments were prepared by extrusion of MLVs,
6 and 11 times through a polycarbonate membrane of 0.4 and 0.1 um
pore size, respectively, as described by Leite and co-authors [16]. LUVs
were prepared with HEPES 5mM, 150 mM NaF, pH 7.4 or HEPES
20 mM, 150 mM NacCl, pH 7.4 for CD and REES experiments, respec-
tively. The size distribution was confirmed by Dynamic Light Scattering
(DLS) with a Nano Zetasizer ZS90 (Malvern Instruments, Worcester-
shire, U.K.). The average diameter of the liposomes was 140 + 4 nm.
Only fresh vesicles were used in each experiment.

2.5. Circular dichroism (CD)

CD spectra were collected over the range 190-260 nm, using a
Jasco-815 spectropolarimeter (JASCO International Co. Ltd., Tokyo,
Japan) with a Peltier system to control the temperature. Spectra were
obtained at 25 °C using a 0.1 cm path length cell, and averaged over 10
to 30 scans, each one at a scan speed of 50 nm/min, with at bandwidth
of 1.0 nm, 0.5 s response and 0.1 nm resolution. CD spectra for 20 uM
peptide concentration bound to pure POPC and POPC:POPG (8:2 molar
ratio) LUVs were obtained for 0.7, 1.3 and 5.0 mM lipid concentrations.
Following baseline correction, the observed ellipticity, 6 (mdeg), was
converted to mean residue ellipticity [@] (deg cm?/dmol), using the
relationship [0] = 1006/(lcN,), where [ is the path length in cen-
timeters, c is the millimolar peptide concentration, and N, is the number
of residues in the peptide sequence. The observed mean residue ellip-
ticity in 222 nm (O,,s) was converted to fractional helicity (fy) by [17]:
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where O¢ (= 1500 deg cm?/dmol) and Oy are the molar ellipticity of
random coil and completely helical peptide, respectively [17], and:

On = (—44000 + 250T)(1 — x/N;) @

where, N, = 18 is peptide length, x = 3 is the number of non-H-bonded
CO groups in a carboxylated peptide and T = 25 °C.

2.6. Steady-state fluorescence spectroscopy

Tryptophan emission fluorescence spectra were collected with ISS
PC1 spectrofluorometer (Champaign, IL, USA), using a quartz cell with
1 cm path length, thermostated at 25 °C. The emission spectra were
recorded after 1 h of sample preparation. Excitation and emission slits
of 2.0nm and bandpass filter were used for all measurements.
Correction for scattering was carried out by using Glan-Thomson po-
larizers (excitation polarized at 90° and emission at 0°) as described by
Ladokhin et al. [18], and by subtracting spectra obtained at each vesicle
concentration as blank. The standard deviation for the spectral shift was
1 nm.

2.7. Penetration into monolayers

Gibbs isotherms of the peptides were constructed by registering the
surface pressure change of a clean NaCl 150 mM-air interface after in-
creasing amounts of peptide were injected in the subphase. The pene-
tration of peptides into lipid films composed of POPC, POPC:POPG (8:2
molar ratio), DPPC and DPPG were assessed in experiments at constant
area using a home-made circular trough (volume 4.5 ml, surface area
7 cm?). In these experiments, peptide solution (final concentration of
1.25 uM) was injected below the lipid-150 mM NaCl interface at an
initial surface pressure (51;) of 30 mN/m under continuous stirring. The
peptide penetration into the monolayer was followed by the increase in
surface pressure (Arn) as a function of time. All experiments were per-
formed at 25 °C. The standard deviations were obtained from at least
three measurements.

2.8. Compression isotherms

Compression isotherms of the peptides, the lipids or lipid/peptide
mixtures were carried out in a Teflon trough (volume 180 mL, surface
area 243 cm?) on pure water or saline (150 mM NaCl) solution. Surface
pressure (1) was measured using 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. Pure peptide monolayers were prepared by spreading a peptide
solution in methanol onto the surface of water or saline subphase by
using a microsyringe Hamilton (Reno, NV, USA). For lipid or lipid-
peptide mixed monolayers, phospholipids were dissolved in chloro-
form/methanol (2:1 (v:v)) to a final concentration of 2.5 mM. Small
drops of solutions of lipid or lipid-peptide premixed at a desired ratio
were directly spread on the surface. After 10 min to allow organic
solvent evaporation, the monolayers were compressed at 7 mm/min.
All measurements were performed at 20°C. The determined mean mo-
lecular areas were highly reproducible, with standard deviations lower
than 3% as obtained from at least three compression isotherms for each
condition.

The mixing behavior of lipids and peptides can be analyzed by
comparing the mean molecular area of the mixture with that of an ideal

mixture calculated as [19]:
Aex = Ap-(AX) + AyX) 3)

where X; and X, are the molar fractions of component 1 (lipid) and
component 2 (peptide), respectively, and A; and A, are the
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corresponding mean molecular areas at a given surface pressure.

2.9. Fluorescence Microscopy (FM) of surface films

The lateral organization of the lipid/peptide monolayers was mon-
itored by fluorescence microscopy during compression of the films. For
these experiments, the lipid/peptide mixture was doped with 0.5 mol%
of NBD-PC and spread in a Teflon trough (with a glass window)
mounted on the stage of an Olympus XI inverted microscope (Olympus
IX71, Tokyo, Japan) equipped with fluorescent filters and connected to
a CCD camera. A mercury lamp housing was used to excite the fluor-
escent probe, and excitation and emission wavelengths were selected by
a specific beam splitter/filter.

2.10. Differential Scanning Calorimetry (DSC)

DSC measurements were carried out using an N-DSC III (TA
Instruments, USA) at a scan rate of 0.5 °C/min. Solutions were degassed
for 20 min under vacuum before being loaded into the sample cell. Data
analysis was done using Laugh Nano Analyze software: the buffer-
buffer scan was subtracted from the raw data, and then, the curves were
normalized by the lipid concentration. Several up and down scans were
performed for each sample to prove the reproducibility. The calori-
metric enthalpy (AH) was calculated by integrating the area under the
peak of the heat capacity of the transition (AC,) using the Eq. (4):

T
AH = [ C,dT

T

4

where T; and T, are the temperature of beginning and end of the phase
transition, respectively.

3. Results and discussion
3.1. Lytic activity of L1A and ac-L1A peptides

The lytic activity of L1A and ac-L1A was investigated through the
observation of GUVs by phase-contrast microscopy. Fig. 1 shows phase
contrast snapshots of POPC and 8POPC:2POPG GUVs before and after
peptide injection near the GUVs (5 uM final concentration). In every
experiment, peptide action was followed by decreased contrast of the
GUV under observation due to the reduction in concentration gradient
of glucose and sucrose, as a consequence of their permeation. The time
necessary to achieve complete phase-contrast loss is dependent on the
peptide nature and concentration (Fig. 1A-D and Supplementary ma-
terial SM-1 and SM-2), and on the vesicles compositions.

For POPC GUVs exposed to L1A, the permeation occurred after
lengthy periods (300 to 1000 s depending on the peptide concentra-
tion). When 20% of POPC was changed by POPG, forming
8POPC:2POPG GUVs, the loss of contrast occurred after shorter periods
(Fig. 1E), suggesting an electrostatic influence on peptide/membrane
interaction. In spite of this, less charged acetylated analog induced a
complete loss of the phase contrast after slightly shorter periods than
L1A for both lipid compositions (Fig. 1E), which indicates an additional
presence of non-electrostatic factors in the peptide/lipid interaction.
Similar observations were reported for the effect of the peptide MP1
and its D2N analog [20].

The images also revealed that peptide-induced membrane perme-
ability to sucrose and glucose occasionally induced rupture of the ve-
sicles. In POPC GUVs, vesicle rupture occurs from 10 uM for both
peptides (2% of the analyzed GUVs), while, for 8POPC:2POPG GUVs,
vesicle rupture occurred at all studied peptide concentrations (5%-8%
of the GUVs, depending on peptide concentration). Thus, the loss of
phase contrast is most likely a result of the peptide-induced defect or
pore in the membrane that, occasionally, leads to vesicle breakdown.

Interestingly, both peptides induced changes in vesicle shape only in
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Fig. 1. The lytic activity of antimicrobial peptides investigated by experiments with GUVs. Phase contrast images of POPC (A and C) and 8POPC:2POPG (B and D) vesicles after addition
of 5uM of L1A (A-B) and ac-L1A (C-D). The first image of each sequence represents the time when the peptide was injected. The scale bars represent 20 um. This overall trend was
observed for at least 35 GUVs at each condition. (E) Average time ( + standard deviation) for the GUV permeation as a function of the peptide concentration, determined in at least 35
individual GUVs. The peptides correspond to L1A (closed symbol) and ac-L1A (open symbol) in contact with vesicles composed of POPC (squares) or 8POPC:2POPG (circles). (F) Percent
of GUVs with an aspect ratio higher than 1 when they are in contact with L1A (black bars) and ac-L1A (white bars) at a concentration of peptide of 5 uM.

8POPC:2POPG GUVs (Fig. 1F). In this situation, two shapes were ob-
served, prolate and oblate (see SM-3A). The aspect ratio (AR), i.e., the
ratio between the longest and the shortest radius of each single GUV
(see sketch shown in SM-3B), was measured for at least 35 individual
vesicles. The results showed an increase of AR induced by ac-L1A for
100% of analyzed GUVs at 5 uM of peptide. On the other hand, for the
same peptide concentration, this effect was less pronounced for L1A, in
which ~23% of the analyzed GUVs had a non-spherical shape. This
overall trend was observed for all three peptide concentrations studied.

The shape of the vesicles depends on mechanical properties of
membranes [21], such as curvature, bending rigidity and membrane
tension. Peptide-induced changes in vesicle shape from sphere-to-pro-
late/oblate therefore suggest that peptides affect these parameters [22].
This effect is not observed in POPC membranes, which may be due to
the different initial mechanical properties of the anionic vesicles when
compared to the zwitterionic vesicles, and also to a different effect of
the peptides in each membrane composition, which may be related to
the known different partition [13] and/or depth penetration of the
peptides in each membrane. Regarding the mechanical properties of the
POPC and the 8POPC:2POPG vesicles in the absence of peptides, fewer
membrane undulations are expected in the anionic membranes [23],
highlighting the changes promoted by the peptides in the 8POPC:2-
POPG GUVs. Shape deformations were observed for 8POPC:2POPG
membranes in the presence of both peptides, but the effect was more
marked in ac-L1A than in L1A, ie. for the peptide that induced mem-
brane permeability faster. Thus, a higher disruption of the membrane is
induced by the acetylated peptide.

In GUV experiments, the peptide-to-lipid ratio cannot be exactly
determined, and specific information, for instance about the lytic ac-
tivity of peptide, is obtained for a single vesicle. Therefore, we also
investigated the lytic activity of both peptides in large unilamellar ve-
sicles (LUVs) in which the leakage of an entrapped dye is obtained from
a collection of vesicles. As previously reported [24], the two methods
are complementary. The leakage experiments performed with the same

740

peptides in LUVs pointed to similar results. The leakage of anionic ve-
sicles was found to occur at smaller peptide concentrations than the
zwitterionic ones for both peptides. The peptide-to-lipid concentration
ratios necessary to achieve 50% leakage (ECsp) after 1 min of peptide
addition, were 3.5-times larger for L1A than for ac-L1A in 8POPC:2-
POPG vesicles (SM-4).

Despite the high lytic activity of both peptides in POPC vesicles,
they lack hemolytic activity in human blood cells [12]. In addition to
phosphatidylcholine lipid, mammalian cell membranes are rich in
cholesterol and sphingomyelin, which may be responsible for the red
cell membrane stabilization.

3.2. Conformational analysis of the peptides in lipid bilayers

The partition of the peptides into the vesicles was monitored by
their change in folding once they were exposed to the vesicle interfaces,
using circular dichroism (CD) experiments. The CD spectra were char-
acterized by double minima at 222 and 208 nm for the two lipid
compositions, as illustrated in Fig. 2A, at 1.3 mM of 8POPC:2POPG
LUVs. The intensities of these bands increased with total lipid con-
centration up to 5.0 mM, when the maximum spectral change was ob-
served. These spectra showed that the 208 nm band is more intense
than the 222 nm one, suggesting that, up to this lipid-to-peptide molar
concentration ratio ([L]/[P] = 250), the peptides are in monomeric
form in the vesicles [25]. The helical fractions (fy), calculated from the
CD spectra (using Eq. (1)), are plotted in Fig. 2B.

In anionic 8POPC:2POPG LUVs, both peptides showed a higher
helical content, which reached a maximum value at [L]/[P] = 65. The
maximum helical content of the acetylated analog, with a net charge
Q = + 2, was, however, almost 30% larger than that observed for L1A,
with a net charge Q = + 3. At [L]/[P] = 250, L1A showed a value of
41 and 52% of the helix in zwitterionic and anionic vesicles, respec-
tively, which means that 7 and 9 residues are in a helical conformation,
while ac-L1A presented 12 residues in a helical conformation for both
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Fig. 2. (A) Circular dichroism spectra of L1A (gray line) and its acetylated analog, ac-L1A, (black line) in the presence of 1.3 mM of LUVs of 8POPC:2POPG. (B) Percent of an alpha helix
in the peptides as a function of the Lipid to Peptide molar ratio for solutions with 20 uM L1A (closed symbol) and ac-L1A (open symbol) in contact with vesicles composed of POPC
(circles) or 8POPC2POPG (Squares). (C) Influence of excitation wavelength (Aey) on the wavelength of maximum emission ((Aex max) of L1A (closed symbol) and ac-L1A (open symbol) in

LUVs of POPC (circle) and 8POPC:2POPG (square). Lipid to peptide ratio was 100.

vesicle compositions. L1A showed larger content in anionic than zwit-
terionic vesicles, indicating the importance of the electrostatic con-
tribution in peptide folding, similar to the leakage results in GUVs and
in LUVs. However, a reduction of the N-terminus charge favored the
helical conformation and, at higher [L]/[P] ratio (i.e. 250), no differ-
ence in the helical content was observed, again indicating that non-
electrostatic factors also drive ac-L1A/lipid interaction. Molecular dy-
namics simulations of the L1A and ac-L1A in an aqueous solution of
30% trifluoroethanol (TFE) showed that the charged N-terminus in L1A
was preferentially surrounded by water molecules while the acetylated
N-terminus was surrounded by TFE molecules [12]. TFE is an alcohol
that induces almost the same amount of helix in the peptide as a
membrane, although the mechanism of helix formation is different in
both environments [17]. The in silico experiments indicate that the
acetylated amino group prefers an environment of lower dielectric
constant, a behavior similar to hydrophobic side chains. The water-
solvated N-terminus prevented intra-chain CO-NH backbone H-bonds,
while acetylation increased by five the NH-CO backbone H-bonds
compared to the non-acetylated N-terminus [12]. These extra bonds are
a consequence of the reduction of water molecules surrounding the N-
terminus. In addition, the acetylated group on the N-terminus has an
ability in acting as a helix cap greatly enhancing the helix stability [26].
The higher alpha-helix fraction for ac-L1A compared to L1A shown in
Fig. 2 may, therefore, be related to its higher intrinsic ability for alpha-
helix formation.

3.3. Changes in the environment of tryptophan upon binding to membranes

Red-edge excitation shift (REES) experiments were performed to
assess the environment around tryptophan (Trp) residue. The maximum
shift of Trp residue of L1A and ac-L1A in POPC and 8POPC:2POPG
LUVs as a function of the excitation wavelength is shown in Fig. 2C, and
the values of REES are summarized in Table 1. REES values of 13 and
4 nm were observed in POPC vesicles, for L1A and ac-L1A, respectively,
while the corresponding values in the anionic vesicles were 7 and 2 nm.

REES is observed when the fluorophore relaxation time is equal to
or higher than its lifetime [27]. In the interfacial region of the mem-
brane, solvent relaxation occurs at lower rates, i.e., the environment
applies resistance in the reorientation of solvent dipoles, giving rise to
red-edge effects [28]. Furthermore, in the interfacial polar region of the
membrane, the hydrogen bond between polar head groups (except for
PC headgroup) [29] and intermolecular charge interactions [30] con-
tribute to a slowdown in solvent reorientation time. On the other hand,
when the fluorophore is in an apolar environment, the maximum
emission wavelength is blue-shifted with an increase in intensity. Thus,
in both lipid compositions, the values of REES obtained for L1A indicate
that Trp residue is localized in a restricted mobility environment,
consistent with the interfacial localization of Trp residue of melittin
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Table 1
Tryptophan emission shift upon peptide binding and parameters from the peptide Gibbs
isotherms.

Peptide POPC 8POPC:2POPG Gibbs isotherms
“REES (nm) °SV “REES (nm) SV “Cg (M) Il “I'max
(mN/m) (molec/
A?)
L1A 13 £ 2 15 7=x1 36 09 =01 33 3 0.035
Ac-LlA 4 =1 32 2=+1 6.7 07 =01 27 =1 0.020

? Red-edge excitation shift. The values were carried out beyond 305 nm due to artifacts
of solvent Raman peak and due to low signal-to-noise ratio.

" The ratios between Stern-Volmer constant values in buffer and vesicle solution: ex-
tracted from [13].

¢ Minimal bulk concentration of the peptide necessary for reaching the maximal final
surface pressure upon its adsorption.

4 Final surface pressure reached by the adsorption of each peptide to a clean NaCl
150 mM-air interface at saturating bulk concentration.

¢ Higher surface excess reached by the peptides at a NaCl 150 mM-air interface,

peptide in the membrane [31].

On the other hand, the values of REES around 4-2 nm observed for
the analog ac-L1A suggest that Trp residue is in a less restrictive, less
polar and more flexible environment (more dynamic) [32]. Due to the
preference of acetylated N-terminus for a lower dielectric constant
environment than the non-acetylated one [12] the acetylated peptide
penetrates into deeper regions of the membrane than L1A, which may
play a role in affecting membrane curvature and general mechanical
properties, thus inducing the vesicle shape deformations shown in SM-
3.

The N-terminal positive charge may promote the association of the
peptide with the head-group region of lipid bilayers, hampering its
penetration into the hydrophobic core. These observations were re-
inforced by both the blue-shift emission maxima and the fluorescence
quenching of Trp by acrylamide. As a consequence of a red-shifted
emission, the tryptophan presents lower blue shift and is more exposed
to the solute quencher. ac-L1A displays a blue-shift emission maximum
5 and 8 nm higher than L1A, in POPC and 8POPC:2POPG, respectively,
suggesting that the environment around the Trp residue of ac-L1A is
more hydrophobic [13]. Fluorescence quenching of the single trypto-
phan of these peptides by acrylamide, when the peptide was adsorbed
onto an 8POPC:2POPG bilayer, showed that the acrylamide was less
accessible to this residue in ac-L1A compared to L1A [13]. The smaller
accessibility of the acrylamide to tryptophan indicates that the peptide,
and consequently this fluorophore, is more deeply buried in the hy-
drophobic phase of the bilayer, thus disrupting the membrane structure
to a higher extent, as observed in the GUV experiments.
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3.4. Incorporation of the peptides into lipid monolayers

Lipid monolayer formed at the air-water interface is a model system
that may mimic the outer or inner leaflet of the bilayer, and it has been
used extensively to investigate the impact of antimicrobial peptides on
lipid packing [33,34]. The first contact of the peptide with the mem-
brane can be studied by insertion experiments of the peptide into lipid
monolayers, while the effect of the incorporated peptide on the mem-
brane structure can be assessed by compression isotherms of peptide-
lipid monolayers.

In order to analyze the capability of the peptides to self-form Gibbs
monolayers, we first studied the adsorption of both peptides onto a
clean NaCl 150 mM-air interface. Both peptides increased the surface
pressure of the clean interface, thus behaving as a surfactant. The plots
of the final surface pressure versus peptide concentration are shown in
SM-5, whilst Table 1 summarizes the main results. At bulk-saturating
concentration, high surface pressures were reached for both peptides,
with a value of 33 mN/m for L1A, and 27 mN/m for ac-L1A. These
values are in the range (or close to it for ac-L1A) of that proposed to be
comparable to lipid bilayers (30-35 mN/m, [35,36]). In this regard, it is
important to remark that thermal fluctuations may lead to variations in
the lateral pressure [37], and thus a sharply defined limit for this
parameter cannot be assigned.

The adsorption process for L1A and for its acetylated analog reached
saturation at similar bulk concentrations (slightly higher for L1A, see
Table 1). From the data below these concentrations, the highest surface
excess was calculated (I'yax) (see Table 1 for details). If a monolayer of
molecules was formed at the interface, the inverse of I'y,,x would cor-
respond to the mean molecular area of the adsorbed molecule. From the
data in Table 1 we obtain mean molecular areas of 30 and 50 A2, for
L1A and ac-L1A, respectively. These values are far lower than expected,
since the minimal mean molecular area, which corresponds to a peptide
with an alpha-helix secondary structure orientated perpendicularly to
the interface, would be approximately 180 A2 [38]. Also, 30 and 50 A®
is lower than those values obtained from compression isotherms (see
next section). We therefore conclude that the Gibbs monolayers formed
by the peptides consist of more than one layer of accumulated mole-
cules.

In order to investigate the effect of the presence of lipids at the
interface on peptide insertion, the surface pressure of lipid monolayers
was registered after injecting L1A and its acetylated analog in the
subphase at a final peptide concentration of 1.25 uM (i.e., larger than
the saturating bulk concentration). We studied the incorporation into
monolayers of pure POPC and 8POPC:2POPG mixture, both films at an
initial surface pressure of 30 mN/m. Additionally, since the lipid
packing in the membrane is strongly dependent on the characteristics of
the lipid acyl chains, the insertion of both peptides was also monitored
in DPPC and DPPG monolayers at the same initial surface pressure
(30 mN/m). Saturated chains form stiffer monolayers, more ordered
and closely packed, and less fluid than those containing unsaturations
[39]. Representative time courses of surface pressure changes for all
systems are shown in SM-6.

The change in surface pressure induced by the peptides depends on
both the amount of incorporated peptide and the stiffness of the lipid
monolayer. Therefore, in order to compare the effect of the peptides on
monolayers of very different stiffness, we calculated the area change
supported by the lipid monolayer when the peptide is inserted into the
film. In order to do this, we assumed ideal mixing, and the areas at the
initial and final pressures of the insertion experiments were taken from
the compression isotherms of the pure lipids or mixtures of lipids. The
peptide/lipid monolayers may not behave ideally but, at low peptide
concentrations, this is an acceptable assumption, since we are analyzing
the compression of the regions of pure lipid caused by the insertion of
the peptide. Under this approximation, we considered that the area
change promoted by the peptide in the lipid monolayer corresponds to
the area occupied by the peptide as it penetrates into the film plus
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Table 2
Change in the surface pressure and lipid area upon peptide penetration. The data cor-
respond to the average ( + standard deviation) of three independent experiments.

Am (mN/m) AA (A?) A (mN/m) AA (A?)
L1A ac-L1A
POPC 1.0 = 1.0 0.6 + 0.5 4.0 + 1.0 2.7 + 0.5
8POPC:2POPG 50 = 1.0 3.6 = 0.5 8.0 = 1.0 5.8 * 0.5
DPPC 0.4 = 1.0 0.0 = 0.5 2.0 = 1.0 0.8 = 0.5
DPPG 3.4 + 1.0 1.8 + 0.5 6.0 + 1.0 3.0 + 0.5

@ Area per lipid molecule occupied by the peptides.

possible disruptions of the lipid film.

Table 2 summarizes the results found in the insertion experiments.
The incorporation of L1A into both PC monolayers was negligible. This
indicates that the presence of these lipids at the interface did not favor
L1A insertion into the interface compared to its insertion into clean
surfaces. For DPPG films, the surface pressure increase and the area
change were not negligible but the final pressure was similar to those
reached by the peptide in a bare interface, indicating that the presence
of the lipid film does not improve the peptide incorporation at the in-
terface compared to a clean air-water interface. This peptide might,
however, accumulate close to the polar headgroups without inducing
surface pressure changes.

Conversely, ac-L1A penetrated both PC monolayers (DPPC and
POPC) and PG monolayers and, like L1A, also penetrated
8POPC:2POPG monolayers. In all these experiments, the surface pres-
sures reached larger values compared to those for peptides at clean
interfaces. Comparison of the area change obtained with DPPG and
with 8POPC:2POPG indicates that the changes induced by the in-
corporation of both peptides is ~2-times larger in the less packed
monolayers (POPC:POPGQ), in spite of the smaller surface charge density
of 8POPC:2POPG compared to DPPG. This can be explained considering
that the favorable electrostatic factors derived from the charged inter-
face are counterbalanced by steric factors, which impede the in-
corporation of molecules into stiff membranes such as those of DPPG.

3.5. Perturbation of the structure of lipid monolayers induced by the
peptides

Next, we explored the properties of Langmuir monolayers of lipids
premixed with the peptides. In these experiments, the peptides were
spread together with the lipids and were therefore forced to be at the
interface forming a monolayer, unlike the penetration experiments
shown previously. Compression isotherms of lipid films present dif-
ferent compression behavior depending on the lipid packing. We took
advantage of this to explore the peptide-lipid interactions in different
films, using DPPC and DPPG. By choosing these lipids, we selected li-
pids with a phase transition from liquid-expanded (LE) to liquid-con-
densed (LC) at room temperature, and we were thus able to analyze the
effect of the peptides in both lipid-phase states as well as during phase
transition. Additionally, compression isotherms were studied in pure
water and in NaCl 150 mM solutions in order to analyze the effect of the
ionic strength on the peptide/lipid monolayer behavior.

In Fig. 3A, the compression isotherms of pure L1A and ac-L1A
monolayers at the air-water interface indicated that both peptides
formed stable films up to a surface pressure of ~19 and 20 mN/m,
respectively, with molecular areas of ~140 A2 at close packing. When
the peptides were spread on saline solutions, the isotherms shifted to
higher mean molecular areas (215 A2) and the collapse pressure in-
creased to 21 and 26 mN/m for L1A and ac-L1A, respectively. Similar
features have been observed for other peptides such as Polybia-MP1
[38] and Bombolitin III [40]. As already stated, a peptide with an
alpha-helix structure oriented perpendicularly to the interface would
occupy approximately 180 A [38]. On the other hand, the theoretical
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area occupied by an alpha-helix orientated parallel to the interface can
be estimated as 22.5 A2 times the number of residues [38]. Thus, for a
segment of 18 residues, the area would be about 400 A2, Therefore, the
compression isotherms suggested that in both subphases, L1A and ac-
L1A orient perpendicularly to the interface. In water, the peptides
formed closely-packed monolayers and the slightly lower value of mean
molecular area at collapse (140 A% instead of 180 A%) may be due to
pre-collapsed regions or to out-of-plane structures. In 150 mM NaCl
subphases, the higher values of the mean molecular area (about 1.55
times) suggest tilting of the peptide molecules with respect to the in-
terface.

A similar film expansion in the presence of salt was previously re-
ported for Polybia-MP1 (with a similar extent, 1.56 times) and was
explained considering that, in pure water, intermolecular salt bridges
form between acidic and basic residues, which are more prone to occur
at low ionic strength [38]. The similarity between L1A, ac-L1A, and
MP1 is the concomitant presence of acidic and basic residues as third or
fourth neighbors. We therefore propose that in both L1A and ac-L1A
films, counter-ions of the subphase interact with these acidic and basic
residues, competing with the intermolecular salt bridges. Therefore, at
high ionic strength the peptide-peptide attractive interaction is dis-
favored, and a structure where the acidic and basic residues interact
with the aqueous solution is favored. This emphasizes the importance of
lateral electrostatic interaction between the ionizable groups forming
salt bridges to define the structure of the peptides at the air-water in-
terface. As was observed previously for Polybia-MP1 peptide [38], the
collapse pressure of the film was lower when the peptides were oriented
more perpendicularly to the interface than when they were tilted, ie.
the peptide remained at the interface up to lower surface tensions,
suggesting a higher stability of the monolayer with the peptides in the
latter configuration.

In DPPC monolayers, the LE to LC phase transition is observed at
approximately 4 mN/m at 20 °C in both pure water and 150 mM NaCl
solution (continuous line in Fig. 3B and C, respectively). Fig. 3B shows

(D-1)
50.0 pm
(D-2)
16:).4 130 140
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Fig. 3. Influence of peptide on the organization
of DPPC monolayer. Compression isotherms of:
(A) pure L1A (closed symbol) and ac-L1A (open
symbol) in pure water (circle) and 150 mM NacCl,
pH 7.4 (square); (B) pure DPPC (continuous line)
and mixed DPPC/L1A (4.8 mol%) (dashed line)
and DPPC/ac-L1A (4.8 mol%) (dotted line)
monolayers on pure water and (C) saline solution.
(D) Representatives FM images obtained at
5mN/m (left) and at 7 mN/m (right) and at
20 °C. (D-1) pure DPPC in water, (D-2) DPPC/L1A
for Xp1a = 0.048 in water and (D-3) DPPC/L1A
for X;1a = 0.048 in 150 mM NaCl. The mono-
layer contained 0.5 mol% of NBD-PC fluorescent
probe. The scale bar represents 50 pm.

st vs A isotherms of films of pure DPPC and DPPC co-spread with
4.8 mol% of L1A or ac-L1A onto the air-water interface (note that the x-
axis corresponds to the area per lipid molecule, without considering the
peptide). In the presence of L1A or ac-L1A, the mean molecular area
was slightly larger than the ideal one (see Table 3), especially for ac-
L1A. This result, together with the increase in the LE/LC transition
pressure of DPPC (about 2 mN/m), indicates mixing of the peptides
with lipids preferentially in the LE state. A second change induced by
the peptides was the presence of a quasi-plateau at ~19 and 21 mN/m
for L1A and ac-L1A, respectively. These regions correspond to the
pressure at which the peptides were squeezed out from the interface.
Similar behavior was observed for the peptides Polybia-MP1 [38],
hNPY and Y20P-NPY [41] and Bombolitin III [40]. The FM images
obtained for DPPC/L1A and DPPC/ac-L1A monolayers (4.8 mol% of
peptide) showed that both peptides co-crystallize with the zwitterionic
lipid, inducing changes in the morphology of the solid domains from
triskelion to a branched shape (see Fig. 3D-2 for L1A and Supplemen-
tary material SM-7B for ac-L1A). Similar results were also obtained for

Table 3
Collapse pressure of the peptides and excess mean molecular area of the mixtures at
15 mN/m.

4(mN/m) and (A2)

Only peptide Mixed with DPPC Mixed with DPPG
Peptides Water Salt Water Salt Water salt
L1A 19° 21° 19° (+5)° 20° (+1)° 217 (+8)" 29" (—1.3)"
Ac-LIA 207 26° 217 (+8)° 25 (+2)° 27° (+11)° 31° (+6)°

@ Collapse pressure of L1A and ac-L1A1 films obtained from compression isotherms
showed in the Fig. 3A and peptide/lipid mixed films in the Figs. 3B, C, 4A, and 5A. The
standard error of 1 mN/m.

b Excess mean molecular area calculated from compression isotherms at 15 mN/m
showed in the Figs. 3, 4 and 5 using the Eq. (4). Standard error of 3.
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DPPC/MP1 monolayers [38], and this was correlated with the presence
of acidic and basic residues forming salt bridges that allow the peptides
to form compact films and coexist with the lipid in the LC phase. Given
the similitude of the peptides, we propose a similar explanation for the
results shown here.

On the other hand, in the 150 mM NacCl subphase, the excess mean
molecular area was negligible (see Table 2), and the quasi-plateau in
which the peptide molecules were squeezed out to the subphase was
similar to that in films of pure peptide (Fig. 3C). Furthermore, in this
condition, no changes in the phase transition pressure and domain
morphology were detected (see Fig. 3D-2 for L1A and Supplementary
material SM-7C for ac-L1A). All these observations suggest that, in the
150 mM NaCl subphase, the peptides did not mix with the lipids and
coexisted in the probe-enriched regions with DPPC in the LE state, thus
increasing the area occupied by the probe (compare SM-7A for pure
lipid with Figs. 3D-3 and SM-7C for L1A/DPPC and ac-L1A/DPPC, re-
spectively).

Mixed films of DPPG with L1A and ac-L1A (4.8 mol%) on pure
water showed a higher excess mean molecular area than in the mixtures
with DPPC (Table 3). Furthermore, the pressure at which the peptide
molecules were squeezed out from the interface increased by 2 mN/m
(for L1A) and 7 mN/m (for ac-L1A) compared to the collapse pressure
of the pure peptide (see Fig. 4A).

Since pure DPPG monolayers on water were in the LC state from lift-
off up to collapse (continuous line in Fig. 4A), the fluorescent probe did
not completely mix with the lipid and the FM images revealed fluor-
escent regions with irregular shapes, which corresponded to regions
with accumulated probe, almost segregated from the lipid (Fig. 4B).

In mixed films of DPPG/L1A (4.8 mol%), the FM images showed an
increase in the area occupied by the fluorescent probe from about 20%
to 44% (Fig. 4C). This difference is larger than that expected for an
increment caused only by the presence of the peptide in these regions
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(~10%), indicating that the peptide, located in the probe-enriched
regions, is dragging DPPG molecules to this more expanded phase, in-
creasing the amount of lipids in a disorder state. This correlates with
the positive excess area determined from the isotherm (Table 3) and
was more pronounced for acetylated peptide, as shown in Fig. 4D, in
agreement with the higher value for the excess area. The fluorescently
labeled regions were, for this peptide, three times larger than those in
the absence of the peptide. Such an increment reveals that ac-L1A drags
DPPG molecules to the LE phase state more efficiently than L1A, thus
generating a more favorable environment around the peptide and re-
maining at the interface up to larger surface pressures.

At the highest tested surface pressures (images at the right), the
three systems appeared similar, which correlates with the similarity in
the compression isotherms at high pressures, and indicates that, at these
pressures, only the lipid remained at the interface.

DPPG molecules have an ionizable head group with a pKa of 2.9
[42], and therefore DPPG monolayers are expected to be fully ionized at
the pH (7.4) utilized and high ionic strength. In contrast, in pure water,
the surface pH is expected to be lower than the bulk pH, and conse-
quently the DPPG monolayer is not expected to be fully ionized [43].
The change in the ionization state of the PG groups led to more ex-
panded films on 150 mM NaCl, and in this condition the DPPG-pure
monolayers display an LE-LC phase transition. The surface pressure for
the phase transition therefore depends on the subphase composition. In
pure water, DPPG films were in the LC state from lift-off, whilst in
150 mM NacCl, LE-LC phase coexistence occurs at 6 mN/m (continuous
line in Fig. 5A). It is important to emphasize that a decrease in surface
pH is expected in the case of a surface with evenly distributed charges is
considered. When a PG molecule is located near the peptide, the si-
tuation is much more complex, and simply considering a Gouy-
Chapman distribution of ions as in ref. [43] may not be valid. Fur-
thermore, the ionization state of the peptide is very probably sensitive

Fig. 4. Compression isotherms of pure DPPG
(continuous line) and mixed DPPG/L1A (4.8 mol%)
(dashed line) and DPPG/ac-L1A (4.8 mol%)
(dotted line) monolayers on pure water (A).
Influence of peptide on the organization of DPPG
monolayer in water. Representatives FM images of
monolayers composed of pure DPPG (B) and
DPPG/L1A (C) and DPPG/ac-L1A (D) for a
Xpeptide = 0.048 spread on pure water and regis-
tered at 20 °C and indicated surface pressures. The
monolayer contained 0.5 mol% of NBD-PC fluor-
escent probe. The scale bar represents 50 pm.

m = 48.0 mN/m

m=41.0 mN/m

m =420 mN/m
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to the environment, being thus different at the interface than in bulk,
giving further complexity to this issue.

In 150 mM NaCl subphases, the compression isotherms of mixed
films of DPPG/peptides (4.8 mol% of L1A or of ac-L1A) showed positive
excess areas only for ac-L1A (see Table 3). Regarding the film collapse,
the peptide was squeezed out of the interface at pressure values higher
than the collapse pressure of each pure peptide, indicating lipid-peptide
mixing and a stabilization of the peptides at the interface.

FM images of pure DPPG monolayers in saline solution are in
complete agreement with the compression isotherms, revealing small
and roughly circular domains in LE-LC phase coexistence (Fig. 5B). On
further compression, domain growth was observed, until they fuse at
high surface pressure when the phase transition was completed.

In mixed films of DPPG/L1A, domain nucleation was observed at a
slightly higher surface pressure (~8 mN/m) (Fig. 5C). This can also be
observed in the isotherm (Fig. 5A), but not so clearly since the transi-
tion is blurred. Further compression leads to the growth of domains
with a slightly larger size than in the pure lipid. The percentage of areas
occupied by the fluorescently labeled phase was similar both in the
absence and in the presence of the peptide, thus indicating that the
peptide is located in both regions or that some peptide molecules were
excluded from the interface and remained associated to the lipid
headgroups.

In the presence of ac-L1A, the formation of the solid domains was
observed at a higher surface pressure than those in pure lipid film. In
the isotherm of this mixture, a phase transition corresponding to the
appearance of the domains cannot be detected. The behavior of films
both with and without peptide was similar when comparing different
surface pressures (higher in DPPG/ac-L1A than in pure DPPG films, see
Fig. 5B and D, respectively). This can be explained considering that the
peptide mixes preferably with the DPPG lipid in the expanded phase,
and thus lipids remained in this phase state up to higher surface
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Fig. 5. Compression isotherms of pure DPPG
(continuous line) and mixed DPPG/L1A (4.8 mol%)
(dashed line) and DPPG/ac-L1A (4.8 mol%) (dotted
line) monolayers on saline solutions (A). Influence
of peptide on the organization of DPPG monolayer
in saline solution. Representatives FM images of
monolayers composed of pure DPPG (B) and
DPPG/L1A (C) and DPPG/ac-L1A (D) for a
Xpeptide = 0.048 spread on the saline solution and
registered at 20 °C and indicated surface pressures.
The monolayer contained 0.5 mol% of NBD-PC
fluorescent probe. The scale bar represents 50 um.

T = 40.0 mN/m

m = 47.0 mN/m

m = 45.0mN/m

pressures.

At surface pressures higher than 36 mN/m, the peptide was absent
at the interface and the bright film region could not be observed, as
occurred in the other systems, i.e., only the lipid remained at the in-
terface.

The configurations explored during the experiments compressing
the pure peptides are probably not populated during the peptide-
membrane interaction, since a pure peptide film is not expected to form
during the incorporation of peptide into membranes. Furthermore, as
stated above, in the premixed compression isotherm the peptides are
forced to be at the interface, and the whole range of possible mean
molecular areas is explored. However, these experiments advanced our
understanding of peptide-lipid behavior; for instance, from the com-
pression experiments performed in pure water and in 150 mM NaCl, we
were able to detect the formation of salt-bridges between the acidic and
basic residues of both peptides, which may also form and play a role
between the peptides inside the membrane.

When these intermolecular interactions between peptides occurred,
closely-packed films were able to form, and the peptides coexisted with
the lipids in the condensed state. In saline solutions, the salt-bridges
were disfavored and the peptides were localized in the probe-enriched
regions, ie., the more expanded regions of the monolayers. In DPPC
mixed films, peptides and lipids did not mix under these conditions. On
the contrary, in DPPG/peptide films the peptide and the lipid showed
mixing behavior in both saline and pure water subphases. The mixture
of ac-L1A and DPPG was almost unaffected by the addition of NacCl,
meaning that the DPPG-peptide properties were independent of the
presence of ions in the subphase. In the case of L1A, the positive charge
in the N-terminal probably favored its association with the head-group
region of the lipids, and peptide/lipid interactions were influenced by
the addition of salt.

The presence of salt in the subphase modified not only pure peptide
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behavior but also pure DPPG behavior. At high ionic strength, peptide-
peptide electrostatic interactions decrease, as described above, but, at
the same time, peptide-lipid interactions may increase due to an in-
crease in the degree of ionization of the lipids, leading to a very com-
plex panorama which cannot be completely explained at this stage.

It is important to remark that both peptides disrupted the anionic
lipid monolayer to a greater extent than the zwitterionic one. In addi-
tion, the effect promoted by the acetylated analog was more marked,
indicating that the peptide/lipid interaction is not only driven by
electrostatics. Positive deviations from ideality were found, suggesting
an increased lipid disorder when the peptide was incorporated into the
monolayer. We propose that the peptides generate a more favorable
environment inside the condensed monolayers, disordering the hydro-
carbon chains of the nearby lipid molecules and preventing them from
forming stiff films.

3.6. The effects of L1A and the acetylated analog on the thermotropic
properties of the lipid bilayer

Differential scanning calorimetry (DSC) experiments were per-
formed to investigate the impact of peptide penetration on the ther-
motropic properties of zwitterionic and anionic lipids, DPPC and DPPG,
respectively, and of 8DPPC:2DPPG mixture. Fig. 6 shows the DSC
curves of the second heating scan in the absence and in the presence of
L1A and ac-L1A. The thermodynamic parameters are summarized in
Table 4.

The effect of L1A on the zwitterionic DPPC vesicles was modest, as
the thermogram is similar to those of pure DPPC, consistent with a
weak L1A/DPPC interaction. Surprisingly, a splitting in the phase
transition peak was observed for the acetylated analog (see zoom in
Fig. 6A), probably due to the formation of peptide-enriched (attributed
to the low broad transition at 40.6 °C corresponding to the higher
perturbed lipid region) and peptide-poor (which resemble the pure lipid
transition at 41.3 °C and corresponding to unperturbed lipid molecules)
regions. In this condition, the pre-transition (which correspond to the
transition from the lamellar gel phase (Lg) to the rippled gel phase (Pg)
[44]) was abolished. The disappearance of this less energetic pre-
transition, which is very sensitive to the presence of impurities, and the
split in the main phase transition peak, indicate that the acetylated
peptide produces a modest destabilization of the condensed phase of
DPPC MLVs.

In the case of DPPG, the presence of both peptides abolished the pre-
transition peak and the main transition peak was slightly shifted to a
higher temperature. L1A led to a slight decrease in the enthalpy of the
main transition (AH,,), while its acetylated analog produced a strong
decrease in AH,, (Table 4). The interaction between cationic peptides
and anionic lipid surface was shown to induce a screening of the lipid
charge and, consequently, the charge-charge repulsion of the PG head-
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groups decreased, with a concomitant increase of the Ty, value due to
stabilization of the gel phase [45,46]. In addition, change in the en-
thalpy of the main transition can be related to the localization of the
peptide in the lipid bilayer. In this regard, as proposed by Papahadjo-
poulos and co-authors, [47] if an increase in the Ty, is accompanied by
an increase of the AH,,, the peptide/lipid interaction is expected to
occur on the vesicle surface. In contrast, if both Ty, and AH,, strongly
decrease, beside from the electrostatic contribution, the interaction has
a non-electrostatic component and the peptide is inserted into the hy-
drophobic core of the bilayer. The AT, observed here for the two
peptides (~ 1.0 °C) is very close to experimental error ( = 0.5 °C), while
the reduction in AH,, seems to be more reliable, indicating that the
peptides perturb the lipid packing. This is in concordance with the
compression isotherms, where a stabilization of the LE (disordered)
phase was detected and with the proposition that the peptide drags
lipids to this phase.

Regarding L1A/DPPG interaction, the slight reduction of enthalpy
suggests that the peptide strongly interacts with the lipid head-groups
with a slight penetration into the hydrophobic core. This was also ob-
served in monolayer experiments in similar salt conditions, in which
L1A molecules were unable to penetrate the DPPG monolayer at
30 mN/m (Table 2).

For the analog, ac-L1A, the enthalpy was reduced by ~50%, sug-
gesting disruption of the intra and intermolecular van der Waals in-
teractions, which indicates that the peptide penetrates deeply into the
hydrophobic core perturbing the lipid-packing, [46,48] suggesting the
importance of non-electrostatic contributions in the ac-L1A/DPPG in-
teraction. This effect was also observed in monolayer experiments
(Table 2), in which the acetylated analog induced higher change in the
surface pressure of DPPG films and more pronounced monolayer ex-
pansion (at the same ionic strength). Furthermore, this result is also
consistent with a deeper penetration of peptide into the lipid bilayer
observed from the lower red-edge shift (see Table 1), and with the
strong effect on the mechanical properties of GUVs. It was observed
previously with molecular dynamics simulations of these peptides in
aqueous TFE 30% solution that the acetylation of the N-terminus pro-
vided higher contact of the terminal region with TFE which is less polar
than water. Thus, the effect of acetylation is more likely to be due to
this preference of the N-terminus for a less polar environment. As a
consequence of this deeper penetration of the acetylated analog, the
stress induced in the bilayer leads to higher lytic efficiency.

In the 8DPPC/2DPPG mixture, both peptides induced a similar be-
havior to that observed in DPPG vesicles. L1A interacts mainly with the
head group region on the membrane, while its acetylated analog pe-
netrates deeper into the hydrophobic chain on the anionic bilayer.
Interestingly, with only 20% of anionic lipid, ac-L1A induced a reduc-
tion of 35% of the enthalpy.

(A) im 0 (B) (C)
200 N -
- +ac-L1A +ac-L1A |50+
‘7¥ : 50+ +L1A +ac-L1A
o g cscssassmsamee® SenivesmmmmscsiZedbies N
© i +L1A i
E100{ s s i

< 1 e XLIA
o!l

0 Pure DPPC 0 Pure DPPG 0 Pure 8DPPC:2DPPG
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T (°C)
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Fig. 6. Impact of peptide on the thermotropic phase behavior of zwitterionic and anionic MLVs: DSC heating thermograms of DPPC (A), DPPG (B) and 8DPPC:2DPPG (C) mixture in the
absence (black lines) and in the presence of L1A (dash-dot lines) and ac-L1A (gray lines) acquired at 0.5 °C/min. For DPPC, a zoom of the peak in the presence of ac-L1A is depicted as an

inset. The lipid-to-peptide ratio was 30:1 for all systems.
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Table 4

BBA - Biomembranes 1860 (2018) 737-748

Thermodynamic parameters of DPPC, DPPG and DPPC/DPPG MLVs in the presence of L1A and ac-L1A peptides obtained by DSC.

DPPC DPPG 8DPPC/2DPPG

pure +L1A +ac-L1A pure +L1A +ac-L1A pure +L1A +ac-L1A
T Q) 41.6 = 0.5 41.6 = 0.5 41.3 = 0.5 41.3 = 0.5 42.3 * 0.5 42.3 = 0.5 414 = 0.5 43.0 = 0.5 43.0 = 0.5
“AH,, (kJ/mol) 41.0 38.6 46.0 42.0 40.5 23.0 38.0 37.0 25.0

@ The values of T,,, and AH,, are in agreement with literature [45,49-51].

Lipid/L1A Lipid/ac-L1A

i, 2

Fig. 7. Positioning of peptides into the bilayer: right: ac-L1A, and left: L1A.

4. Conclusions

The positive charge of the antimicrobial peptide is believed to be a
key feature in its association with the target membranes. In line with
this, L1A and ac-L1A both showed a stronger affinity for anionic than
for zwitterionic vesicles. However, the present findings indicate that a
lower positive net charge in the peptide may not necessarily translate to
a less favorable membrane-peptide association.

The peptide-lipid interaction and consequent membrane perturba-
tion were studied with a variety of techniques and several model
membranes, and all the results agree that the effect promoted in a
membrane by L1A and its analog was higher for anionic membranes
and for the acetylated peptide. The evidence gathered here strongly
suggests that the peptide disturbs the membrane by inserting its N-
terminus into the lipid core of the bilayer. The acetylated peptide is able
to penetrate into deeper regions of the membrane; a scheme of this is
plotted in Fig. 7. In this way, the acetylated analog probably induces a
higher perturbation in the bilayer, leading to more efficient leakage.

The findings presented here may be helpful in understanding how
the N-terminal charge disfavors the deeper penetration of peptides into
vesicles, and highlight the importance of the concomitant presence of
acidic and basic residues in the peptide sequence as third or fourth
neighbors that stabilize the peptide in the hydrophobic core. Despite
the charge reduction at the N-terminus, acetylation has an important
effect on the peptide secondary structure, its insertion into the bilayer
and on lipid-packing perturbation.
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