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Coexistence of a Two-States Organization for a Cell-Penetrating Peptide
in Lipid Bilayer
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ABSTRACT Primary amphipathic cell-penetrating peptides transport cargoes across cell membranes with high efficiency
and low lytic activity. These primary amphipathic peptides were previously shown to form aggregates or supramolecular struc-
tures in mixed lipid-peptide monolayers, but their behavior in lipid bilayers remains to be characterized. Using atomic force
microscopy, we have examined the interactions of P,,, a primary amphipathic cell-penetrating peptide which remains «-helical
whatever the environment, with dipalmitoylphosphatidylcholine (DPPC) bilayers. Addition of P,y at concentrations up to 5 mol
% markedly modified the supported bilayers topography. Long and thin filaments lying flat at the membrane surface coexisted
with deeply embedded peptides which induced a local thinning of the bilayer. On the other hand, addition of P,y only exerted
very limited effects on the corresponding liposome’s bilayer physical state, as estimated from differential scanning calorimetry
and diphenylhexatriene fluorescence anisotropy experiments. The use of a gel-fluid phase separated supported bilayers made
of a dioleoylphosphatidylcholine/dipalmitoylphosphatidylcholine mixture confirmed both the existence of long filaments, which at
low peptide concentration were preferentially localized in the fluid phase domains and the membrane disorganizing effects of 5
mol % P(,. The simultaneous two-states organization of P,), at the membrane surface and deeply embedded in the bilayer,

may be involved in the transmembrane carrier function of this primary amphipathic peptide.

INTRODUCTION

Cell membrane carrier peptides, also called cell-penetrating
peptides (CPPs) are natural or synthetic water soluble peptides
that translocate cell membranes with high efficiency and low
Iytic activity. Because they have successfully been used for
the efficient intracellular delivery of large hydrophilic
molecules like oligonucleotides and proteins (1), CPPs have
emerged as promising tools in drug delivery (1-4). However
the mechanisms involved in the CPP-cargo translocation across
the cells plasma membrane remain a matter of debate. Thus,
whereas receptor-mediated process can be excluded, it is not
clear to what extent some of the CPPs require energy to enter the
cell (5-7). Interactions between CPPs and membrane lipids are
likely to play a major role in the translocation processes, even if
peptide-lipid interactions alone cannot explain the different
cellular uptake characteristics exhibited by these peptides (8).
So far, most peptide-lipid interaction studies have focused on
penetratin, the pAntp peptide, corresponding to residues 43—-58
of the homeodomain of Antennapedia. Different CPP-cargo
translocation mechanisms have been hypothesized: an inverted
micelle mechanism (2,3), more recently an electroporation-like
permeabilization mechanism (9), or both (10).

The family of primary amphipathic CPPs was designed
hypothesizing that the vector peptides must contain both a hy-
drophobic sequence for membrane binding and a hydro-
philic sequence bearing a signal targeting a subcellular
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compartment (11-13). Primary amphipathic CPPs bearing
the nuclear localization sequence (NLS) of SV40 large T
antigen (14,15) at their C-terminal and either the signal pep-
tide of the Ig (V) light chain of caiman crocodylus (SP-NLS)
(16) or a derivative of the fusion sequence of HIV1 gp41
protein (17) as the hydrophobic sequences (FP-NLS) were
shown to deliver oligonucleotides into mammalian cells inde-
pendently of the endosome pathway (18). Both SP-NLSs and
FP-NLSs are nonstructured in water, whereas their hydro-
phobic domain is a-helical in the presence of trifluoroethanol
or in sodium dodecycl sulfate micelles (16,19). Studies on
lipid-peptide interactions in monolayers using isotherms,
circular dichroism, and Fourier transform infrared analysis
showed that, as a function of the molar fraction and of the
phospholipid used, SP-NLS primary amphipathic CPPs can
undergo an «- to 3-conformational transition (20,21). Recently,
a primary amphipathic CPP derived from the FP-NLS peptide
with the sequence GALFLAFLAAALSLMGLWSQPKK-
KRKYV, called thereafter P(,), was synthesized. This peptide
remains a-helical whatever its environment (22). In Langmuir-
Blodgett (LB) monolayers, atomic force microscopy (AFM)
data in air demonstrated that P, distribution is not
homogeneous. It forms aggregates or supramolecular structures
of variable size and shape according to the peptide concentra-
tion and the lipid used (22,23), like the other members of the
primary amphipathic CPP family (16,17). In addition, these
mesoscopic structures often coexist with a liquid-expanded
phase composed of miscible peptide lipid (23).

To further characterize the primary amphipathic CPP
interactions with membranes, we have examined, by AFM
under aqueous conditions, the behavior of P, in bilayers.

doi: 10.1529/biophysj.105.061697
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AFM is a very powerful tool for investigating the
mesoscopic and molecular organization of membranes in
an aqueous environment (24-26). Supported bilayers were
made of either dipalmitoylphosphatidylcholine (DPPC),
a model system frequently used in peptide-lipid bilayer
studies (27-29), or a binary mixture of DPPC/
dioleoylphosphatidtylcholine (DOPC) under gel-fluid phase
separation (26,30,31). In addition to AFM, the interactions
between P, and liposomes were investigated by using
tryptophan (Trp) fluorescence

(32-34), fluorescence anisotropy of the membrane probe
1,6-diphenyl-1,3,5-hexatriene (DPH) (35-37), and differential
scanning calorimetry (DSC) (38—40).

MATERIALS AND METHODS
Materials

P(a), graciously provided by Dr. Frédéric Heitz (CRBM, Montpellier) and by
Dr. Thomas Billert from JenaBiosciences (Jena, Germany), was synthesized
by solid phase peptide synthesis using the Fmoc strategy with AEDI-
Expansin resin on a 9050 Pep synthesizer (Millipore, Watford, UK) as de-
scribed (22). It is acetylated at the N-terminus and bears a cysteamide group
at the C-terminus. The purity of the peptide, purified by semipreparative high
pressure liquid chromatography using a Nucleosyl 300, C8, 5 um column,
200 X 20, SFCC (Neuilly-Plaisance, France), was assessed by mass
spectrometry.

Dioleoylphosphatidylcholine (DOPC) and DPPC were purchased from
Avanti Polar Lipids (Alabaster, AL) and stored at —20°C under argon in
chloroform/methanol 2:1 (v/v) stock solutions at a concentration of 10 mM.

Model membranes
Liposomes

Multilamellar vesicles (MLVs) were prepared under argon, at 65°C, in
phosphate buffered saline (PBS, pH 7.4) from lipid stock solutions
(DPPC and DPPC/DOPC, 1:1, v/v) dried under nitrogen gas (26,41). For
mixed peptide-phospholipid MLVs, P, solubilized in dimethyl sulfoxide/
methanol/chloroform (1:9:30, v/v/v) was added to the phospholipid solu-
tions before drying. Corresponding large unilamellar vesicles (LUVs), with
and without peptide, were obtained at the same temperature after a 10 time
dilution of MLVs in the PBS buffer and extrusion through a 0.1 wm poly-
carbonate membrane (Avanti Polar Lipids).

Supported bilayers

Supported bilayers were prepared from LUVs as previously described
(24,42). Briefly, phospholipid or mixed peptide-phospholipid LUVs were
deposited on a freshly cleaved mica disk (1/2 inch diameter, Goodfellow
Ltd. Huntingdon, England) enclosed in a swinney holder (Millipore,
Bedford, MA) sheltered from air and allowed to fusion in a water bath for 2 h
at 65°C.

The samples, always maintained in their aqueous environment, were
slowly returned to room temperature, kept overnight, glued onto a steel
sample puck (Digital Instruments, Santa Barbara, CA), and carefully rinsed
with PBS.

Atomic force microscopy

AFM observation of the supported bilayers was performed as previously
described on a Nanoscope Illa atomic force microscope (Digital Instru-
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ments) equipped with a fluid cell, using a J scanner (24,31). All samples
were examined under PBS in contact mode. Silicon nitride cantilevers, with
a 0.01 or 0.03 N/m nominal spring constant (Park Scientific Instruments,
Sunnyvale, CA), were used in the experiments. The scanning force was
adjusted to below 0.3 nN and readjusted for drift during image acquisition.
The scan rate was adjusted between 1 and 3.5 Hz, according to the scan size.
Images were obtained from at least three different samples prepared on
different days with at least five macroscopically separated areas examined on
each sample.

Fluorescence studies
Fluorescence polarization

Anisotropy measurements, using DPH (Molecular Probes, Eugene, OR)
as a probe, were performed on an ISS Koala spectrofluorometer (ISS, Inc.,
Urbana, IL) equipped with a two-cell thermostatted compartment and a
magnetic stirrer as previously described (41,43). Sample temperature was
monitored with a thermolinear probe directly placed into the cell com-
partment. DPH (0.2 mM in tetrahydrofuran) was added to the chloroform/
methanol stock solution of DPPC, containing or not containing P, at
a molar ratio of 1 molecule of probe for 250 DPPC molecules before the
drying step under nitrogen. DPH steady-state fluorescence anisotropy r
was determined on LUVs according to ri = (I, + 1, G)/(I, + 21, G) where
I, and I, are the fluorescence intensities observed with the analyzing
polarizer parallel and perpendicular to the polarized excitation beam. G, the
g-factor, was used to correct for the unequal transmission of differently
polarized light. The probe was excited at 362 nm while the emission was
measured at 430 nm. Light scattering was reduced to very low levels (<1%)
by the use of cutoff filters. Under all experimental conditions, individual
values were the mean of at least four successive measurements which, by
themselves, were the average of 20 determinations.

Tryptophan fluorescence

Tryptophan fluorescence was measured on LUVs (1 mM) in a triangular
cuvette with excitation at 285 nm, using 2 nm excitation and emission slits.
The fluorescence of background samples without peptide was measured and
subtracted from reported data (32). A cross-oriented configuration of the
polarizers (Exp, = 90°, Emp,; = 0°) provided maximal suppression of the
scattering artifacts in spectra (34).

Differential scanning calorimetry

The calorimetry of MLVs was done as described (24,44) on a MicroCal
MC-2 calorimeter (MicroCal, Northampton, MA). For all samples a heating
scan rate of 10°C/h was used. Sample runs were repeated at least three times
to ensure reproducibility. The DPPC/ or DPPC/peptide MLV suspensions
were in PBS buffer at a lipid concentration of 2.5 mM. The samples were
degassed before use. Data analysis was done using Origin software
(MicroCal Inc.).

RESULTS

Existence of a two-states organization for P, in
DPPC-supported bilayers

Low magnification AFM images of the supported bilayers
under buffer showed the presence of small aggregates
(arrows) and cracks (arrowheads) decorating the bilayer
surface when adding 0.25 mol % P, to DPPC (Fig. 1 A). At
a higher magnification, aggregates appeared as elongated
structures, ~15-25 nm in diameter and 30-60 nm in length,
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FIGURE 1 AFM imaging of DPPC bilayers at low P, concentrations.

(A and C) Low-magnification height image of 0.25 (A) and 1 (C) mol %
P4 containing DPPC bilayers (fop view, bar: 500 nm; z color scale: 3.0 nm);
(B and D) 1 um scan of 0.25 (B) and 1 (D) mol % P ,,-containing DPPC
bilayers (3-D view, bar: 250 nm); (E) a virtual section of a pure DPPC
bilayer region pierced by a hole; and (F) a virtual section of a 1 mol % Pq,)-
containing DPPC bilayers 500 nm scan.

protruding up to 1 nm from the bilayer (Fig. 1 B, arrows).
These structures were not distributed at random but were
concentrated in particular regions, bordered by cracks whose
aspect and depth (0.4 = 0.1 nm) resemble those induced by
1% gramicidin A (27). Increasing the peptide concentration
to 1 mol % markedly modified the bilayer topography with
the presence of thin filamentous structures, up to several
micrometers in length and most often organized in bundles
(Fig. 1 C, arrows). The surface was also parceled out into
a multitude of small domains (20-300 nm in length)
separated both by cracks and larger membrane defects of
irregular shape. Decreasing the scan size (Fig. 1 D) showed
that bundles were constituted by a homogeneous population
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of long single filaments, sometime curvilinear, ~5 nm in
apparent diameter. The top of the filaments was between
0 and ~6 A above the bilayer surface, a variation most likely
reflecting the local mechanical properties of the bilayer
(25,28,45). The depth of most interdomains defects was ~6
A but attained ~1.1 nm for the larger defects (Fig. 1 F, green
arrowheads). On the other hand, AFM imaging of supported
bilayers made of pure DPPC and examined in PBS at room
temperature revealed, as expected (27,28), a smooth appear-
ance decorated with few defects (Fig. 1 E). The apparent
height of the bilayer, determined at the edge of defects, was
6.1 = 0.4 nm, a value which includes the thin layer of buffer
sandwiched between the mica and the model membrane
(26,46,47).

Bilayers prepared with 2.5 mol % P, appeared highly
heterogeneous at low magnification (Fig. 2 A) with large
domains of complex shapes occupying ~1/4—1/3 of the sur-
face according to the field examined. These large domains
were made of the same long and thin filaments found in 1
mol % P, samples, now tightly packed. Some single fila-
ments traveling several hundred nm away from the bundles
were also observed (Fig. 2, B and C, arrows). The remaining
part of the sample surface was occupied by small domains
surrounded by a darker matrix located 0.6 ~ 1 nm below the
sample surface. As compared to the 1% samples, the size of
small domains was further reduced, most of them being <50
nm in length. High resolution images suggested that the
isolated filaments, preferentially surrounded by the darker
matrix, could also run across both the matrix and the light
small domains (Fig. 2 D, arrow). The simultaneous presence
of small domains protruding from a darker matrix and of
filaments strongly suggested the coexistence of two states of
organization for P,y in DPPC samples: one inducing a local
thinning of the bilayer and the other associated with the for-
mation of supramolecular filamentous structures.

Difficulties in getting a satisfying fusion of vesicles
leading to clean supported bilayers was a first consequence
of increasing to 5 mol % the peptide concentration in LUV.
This resulted in poor AFM imaging conditions, especially
for large scans, with the presence of aggregated LUVs on the
sample surface (Fig. 3 A, large arrows), often accompanied
by AFM tip contamination (thin arrows), which explains
the choice of a deflection rather than a height image. The use
of smaller scans in zones between the aggregated vesicles
allowed us to show that a large majority of the accessible
surface of bilayers was covered by filaments (Fig. 3, B and
(). This prevented the estimate of the thinnest membrane
fraction. No fusion of LUVs occurred when P, concentra-
tion was raised to 10 mol % (Fig. 3 D).

Filaments preferentially localize in the fluid phase
of mixed DPPC/DOPC-supported bilayers

As previously reported (24,30), DPPC-enriched ordered
phase domains of heterogeneous shapes and size, from a few
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hundred nm up to ~20 wm, protruding by ~1 nm from the
DOPC-enriched fluid matrix, characterized the supported
bilayers made from DOPC/DPPC (1:1) LUVs (Fig. 4 A).
Keeping the low magnification range, a new category of
domains appeared at the membrane surface when adding 1
mol % P, to the DOPC/DPPC binary mixture (Fig. 4 B,
arrowheads). These domains were constituted of filaments
bundles. They were exclusively observed in the DOPC fluid

25nm

1.3 nm

4303

3.0 nm

1.5 nm

0.0 nm
FIGURE 2 AFM imaging of 2.5 mol % P,-
containing DPPC bilayers Low (A), intermediate
(B and C), and high (D) resolution imaging of
samples under PBS buffer. (4, B, and D) Top
view images. (C) A 3-D view of B. Bars: 1 um

p— (A), 500 nm (B), and 125 nm (D).

1.5nm

0.0 nm

phase. Single curvilinear filaments several um in length also
protruded from the fluid matrix (Fig. 4 B, arrows). Three-
dimensional (3-D) representation of another sample present-
ing defects in the bilayer allowed us to better visualize the
trajectories of single filaments at the membrane surface (Fig.
4 C, arrows) and to give access to the apparent bilayer
thickness of ~4.5 nm (Fig. 4 E). The virtual section through
the bilayer also showed a filament protruding from the

5.0 nm

2.5 nm
FIGURE 3 High peptide concentrations affect
bilayer formation. Topography of samples at 5

0.0 nm mol % (A, B, and C) and 10 mol % (D) P(,. (A)
Low magnification imaging of a 5 mol % P,-
containing DPPC bilayer sample showing the
presence of adsorbed vesicles (deflection image,
bar: 500 nm); (B) imaging between adsorbed
vesicles (height image, bar 250 nm); (C) high
magnification imaging of a 5 mol % P, sample

150.0nm  (height image, bar:100 nm); and (D) low mag-
nification imaging of a sample made with 10 mol
% P 4. Note the large z color scale: 150 nm; bar:

75.0 nm 25 um.

0.0 nm
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DOPC surface by ~6 A as compared with 1.1 nm for the
DPPC domains. This difference between filaments and
the DPPC domains in the emerging height from DOPC was
easily detected from higher resolution scans (Fig. 4 D).
Increasing the concentration to 5 mol % completely changed
the bilayer topography (Fig. 5 A). The numerous filaments’
bundle domains were surrounded by (Fig. 5 B) or rested on
(arrows in Fig. 5, C and D) a multitude of membrane do-
mains or fragments of undetermined phase state, giving
highly contrasted 3-D images (Fig. 5 C). The depth of de-
pressions and cracks between membrane domains or frag-
ments, determined from high resolution images (Fig. 5 D),
varied from ~1.2 to 3.5 nm, whereas isolated filaments
emerged from the membrane surface by ~2 to 5 A.

Fluorescence studies on LUV
P, has a limited effect on DPH anisotropy in DPPC bilayers

DPH fluorescence anisotropy, which reports on the acyl chain
packing and lipid order in membranes (36,37), is highly
sensitive to the presence of transmembrane proteins and
peptides in liposomes (37,48-50). As shown by Fig. 6, in
which the mean * SD anisotropy values obtained in three
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FIGURE 4 At a low concentration, peptide
filaments preferentially localize in the fluid
phase of DOPC/DPPC bilayers. (A) Low mag-
Zithrme nification imaging of DOPC/DPPC (1:1)
: bilayer under PBS buffer (bar: 5 um); (B) low
magnification imaging of DOPC/DPPC bilayers
S containing 1 mol % P(q, (top view, bar: 2.5 um);
(C) 3-D view of DOPC/DPPC bilayer contain-
ing 1 mol % P, at intermediate magnification
050 s (bar: 1.25 wm); (D) high magnification image

(top view, bar: 500 nm); and (E) a virtual section
of C.

different experiments in the presence of peptide are plotted,
1.0 mol % P, had no significant effect on DPH anisotropy in
DPPC LUV. Raising to 5 mol % the P, concentration in
LUVsresulted in a limited but significant increase in the DPH
anisotropy of the fluid phase, corresponding to an increase in
the acyl chain order, without any effect on the gel phase.

Tryptophan fluorescence

In P, the hydrophobic and hydrophilic sequences are
linked through the W-S-Q spacer to improve flexibility and
to retain the integrity of the two sequences (22). For a peptide
or a membrane protein, the emission A, of a Trp residue
varies 315-318 nm for a localization at or near the bilayer
center to 335-340 nm if the Trp residue locates close to the
surface of the bilayer (32-34). The A« for P, in buffer
varied from 346 to 343 nm when increasing the peptide
concentration from 5 to 20 uM. This indicated that Trp in
P, was partially shielded from the aqueous phase and that
peptide-peptide interactions, most likely corresponding to
the aggregate formation observed by AFM (23), were
involved. Adding the peptide to the DPPC during the for-
mation of LUVs resulted in a limited blue shift in A ,,, with
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FIGURE 5 Topography of 5 mol % P-
containing DOPC/DPPC bilayers. (A), (B), and
(D) the top view of bilayers at different mag-
nifications (bars: 2 wm, 500 nm, and 200 nm, re-
spectively). (C) A 3-D view of the bilayer surface
at intermediate magnification. (E) A virtual sec-
tion of (D).
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values of 337-339 nm at 1 or 5 mol % P, These values
were not modified by raising the temperature to 45°C.

Effect of P,y on DPPC thermograms

The effect of P, on the thermotropic phase transition of
DPPC MLVs was investigated using DSC. As shown by
Fig. 7, A and B, addition of the peptide induced a con-
centration-dependent downward shift of moderate amplitude
(Ar = 0.9°C for 5 mol % P, in the main peak transition
temperature. The effect was more marked for the temperature
of the lamellar gel L); to the lamellar ripple gel P; phase
pretransition which decreased by 3.4°C under the same
conditions (Fig. 7 B). The enthalpy of the pretransition fell
from 0.95 mcal/mol in controls to 0.14 mcal/mol at 5 mol %
P (Fig. 7 C). The progressive increase in the main peak
half-width (Fig. 7 A) suggested the existence of a peptide-
dependent decrease in the cooperativity of the transition.

DISCUSSION

The data in this study demonstrate that the cell-penetrating
primary amphipathic peptide P, markedly modifies the

organization of supported bilayers made of DPPC in the gel
phase. They strongly suggest this involves the property of
P4 to be present in membranes under two coexisting states,
one characterized by the formation of long and thin filaments
lying flat on the surface, the other corresponding to peptides
deeply inserted in the hydrophobic core. They show that the
P(4)-induced drastic modification of the supported membrane
topography also extends to DPPC/DOPC bilayers under gel-
fluid phase separation. Unexpectedly, the lipid physical state
of the MLVs and LUVs used for the preparation of the
corresponding supported bilayers was only slightly affected
by the presence of the peptide. The simultaneous two-states
organization of P, might be involved in its transmembrane
carrier function.

Presence of filaments in the peptide-induced
reorganization of the bilayer

Between 0.25 and 5 mol %, P, induced a concentration-
dependent formation of both aggregates and line-shaped
depression at the surface of gel phase DPPC-supported bilayers.
At concentrations =1 mol %, the elongated aggregates
transform into thin and very long filaments which occupied
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FIGURE 6 Temperature-dependent DPH fluorescence anisotropy of P)-
containing DPPC LUV. Solid line and solid circles correspond to the values
obtained for pure DPPC. Open circles correspond to the values obtained
for 1 mol % P, LUV. Open triangles correspond to the data obtained with
5 mol % P,. Each individual point is the mean * SD of three different
experiments.

the majority of the membrane surface at 5 mol %. This
topography markedly differs from that reported, at similar
concentrations, for Gramicidin A (27), transmembrane WALP
peptides (28), and positively charged KALP and HALP trans-
membrane peptides (29), which either form small aggregates or
small striated domains, or result in a fragmentation of the DPPC
bilayer in small domains but do not associate two different
types of membrane modification.

The organization of P, filaments in bundle with line type
depressions flanked by slightly protruding areas gave images
that evoke the WALP studies. In these studies, lipids were
assumed to account for the protruding parts and peptides for
the line type depressions of striated domains (28). In pure P,
LB films, the peptide self-associates to form straight, thin
filaments several hundred nm in length (22,23). This strongly
suggests that, in our experiments, peptide or peptide-lipid
complexes account for the membrane-protruding long fila-
mentous structures. Similar filaments were also observed
in mixed P(,-phospholipids LB films, as a function of the
phospholipid headgroup, the acyl chain saturation, and the
lipid/peptide ratio (23). Finally with P,,, single, long cur-
vilinear filaments decorate the surface of both DPPC and
the fluid region of DPPC/DOPC bilayers, a situation the
WALP striated domains model can hardly account for.

The width of the thinnest filaments (~5 nm in apparent
diameter) strongly suggests they were formed by a single
row of antiparallel, side by side, packed peptides with the
a-helix principal axis oriented parallel to the membrane
surface. The curvilinear shape obtained in the presence of
lipids could be the result of pairs of successive peptides
oriented parallel, with intercalated phospholipid headgroups
to reduce electrostatic repulsion between the C-terminus.
Considering the diameter of an a-helix is ~1 nm (51), the
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FIGURE 7 DSC heating curves of MLVs of DPPC and P)-DPPC
mixtures. (A) DSC heating curves of () pure DPPC; (b) 1 mol % P,; (c) 2.5
mol % P ,; and (d) 5 mol % P(,,. (B) Effect of increasing amounts of P, on
the peaks transition temperatures of the mixtures. (O) Main transitions. (A)
Pretransitions. (C) Effect of increasing amounts of P, on the transition
enthalpies of P,-DPPC mixtures. (O) Total enthalpy. (A) Pretransition
enthalpy.

filaments’ protrusion height, up to 6 A from the bilayer
surface, indicated a peptide localization close to the polar-
hydrocarbon interface.

Simultaneous presence of peptides deeply
embedded in the bilayer

Besides filaments, P, induced a concentration-dependent
reorganization of the bilayers into small size domains,
separated by interdomain spaces 0.6-1 nm in depth. A
similar localized line-shape decrease in bilayer thickness was
reported for the positively charged KALP23 and Clavanin
A peptides (29,52) and was attributed to the presence of
“‘disordered fluid-like lipids’’ flanking the peptides. The
hydrophobic part of P, is constituted by 19 amino acids,
which, assuming a length of 0.15 nm for each amino acid,
gives an estimated hydrophobic length of 2.85 nm. This
value is close to the value of 2.6 nm estimated for the DPPC
fluid phase but is significantly lower than the 3.6 nm hydro-
phobic bilayer thickness of DPPC in the gel state (28).
Accordingly, our data suggest that the a-helix part of
linearly assembled peptide molecules deeply embedded in
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a disordered fluid-like lipid environment accounts for a
fraction of P, whereas the other fraction simultaneously
forms long filamentous structures lying flat on the mem-
brane surface. We cannot ascertain if the peptide form deeply
embedded in the hydrophobic core sufficiently distorts the
lipid bilayer to occupy a transmembrane orientation. Such a
simultaneous presence, in a single membrane, of this two-
states organization for the peptide is in accordance with the
data obtained on LB films where both the formation of fila-
ments and the liquid-condensed to liquid-expanded induced
transition followed the interaction of P,y with phospholipids
(22,23). The Trp fluorescence A,y of P, indicated a local-
ization close to the surface of the bilayer in LUVs. This is not
unexpected, taking into account the position of the Trp
residue at the end of the peptide hydrophobic sequence and
its preferential localization in the hydrophilic-hydrophobic
membrane interface (29,32,33,53). No difference in Trp
A max €ither as a function of the P, concentration in the LUV's
or as a function of the temperature, corresponding to a gel or
a fluid phase environment, was recorded. Most likely, this
results from the fact that Trp remains anchored at the mem-
brane interface both for the filamentous supramolecular
organization and for the hydrophobic deeply embedded
form.

Supported membrane reorganization occurs
without major changes in liposomes’
physical state

Despite the P(,)-induced drastic alteration in the supported
membranes topography, the changes in liposomes’ physical
state as detected by DPH anisotropy and by DSC were very
limited. This was rather unexpected because the same batches
of MLVs and LUVs were used to form the supported bilayers.
Steady-state anisotropy of DPH is a sensitive method to detect
changes in the bilayers acyl chain order upon incorporation of
membrane peptides and proteins (37,49,50,54). The limited
acyl chain ordering effect restricted to the fluid phase of DPPC
LUVs in the presence of 5 mol % P, resembles that de-
scribed when adding bacteriorhodopsin to dimyristoylphos-
phatidylcholine (DMPC) at low protein molar ratio (lipid/
protein ratio: 231) (36). This could be explained by the AFM
data suggesting that most of Py, is present under the
filamentous form, at the hydrophilic-hydrophobic interface,
and by assuming that the number of lipid acyl chains involved
in peptide-lipid interaction for those peptides deeply embed-
ded in the membrane is limited by peptide propensity to self-
assemble. Such a possibility is supported by electrospray mass
spectrometry studies indicating the formation of (1:1) DMPC/
P, noncovalent complexes (55) while 16-18 molecules of
phosphatidylcholine are required to surround a transmembrane
o-helical peptide. It is worth noting that magainin or indolicin,
when oriented parallel to the bilayer surface, have no influence
on DPH polarization whereas they change it as soon as they
adopt a transmembrane orientation (50).
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The same reasons could also account for the DSC results.
The marked effect on the pretransition peak, the moderate
decrease in the main peak transition temperature associated
with a broadening of its half-width, and the limited effect on
the transition enthalpy are in accordance with a predominant
localization of P, at the interfacial region where it behaves
like a Group II protein on an uncharged surface (38,40,56).
This behavior differs from that of transmembrane peptides
like K,GL K,A-amide (38), Ac-K,L,4K>-amide (57), and
the WALP23, KALP23, and HALP23 series (29), which
belong to the Group III proteins. It has to be noticed that for
these last peptide series, 2 mol % peptide induces <10%
decrease in the transition enthalpy. Considering that only a
fraction of P, molecules is deeply embedded in the mem-
brane hydrophobic core and that, furthermore, these peptides
spontaneously assemble, it can be conceived that the relative
number of lipid acyl chains involved in lipid-peptide inter-
actions become too low for a decrease in the main peak
enthalpy to be detected.

Existence of the two P, populations could explain how
P, induces marked changes in the supported bilayer topo-
graphy whereas corresponding changes in the liposomes
membrane physical state are only very limited. The presence
at the bilayer surface of very long filaments, several micro-
meters in length, however, strongly suggests that the mem-
brane modification occurring in vesicles can be amplified in
supported bilayers. Considering the diameter of a single LUV
(~100 nm), the size of these filaments, which even at 10 mol
% P, were never observed at the vesicles surface, implies
they were formed after the vesicles’ fusion step. This strongly
suggests that large membrane reorganization, likely also
involving the deeply embedded peptides forming the thinner
zones, might occur when passing from a spherical to a flat
bilayer configuration.

CONCLUSION

The results of this study show the unexpected ability of
a primary amphipathic CPP P, to simultaneously form long
filamentous structures lying flat on the surface and peptide-
enriched domains embedded in the hydrophobic core of
membranes. This brings strong support to the concept of an
equilibrium between coexisting transmembrane and non-
transmembrane forms of a-helical peptides with hydropho-
bic sequences of length close enough to that of the lipid core
(32,58-60). The duality of P, interaction with membranes
resembles the mechanism described for most antimicrobial
peptides. For these peptides, which bear a positive charge,
are hydrophobic, and usually membrane active, molecular
self-assembly is believed to play a key role in the membrane
disruption properties (61-63). The different models involve
a reorientation of at least a part of the concentrated peptides
that lie on the membrane surface (surface state, S) toward
a transbilayer insertion (insertion state, I). The S < 1
transition depends on the peptide concentration and lipid
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composition (64). It was proposed that a subtle equilibrium
exists between the adsorbed and inserted peptide, which
might provide a control mechanism for reversible insertion
and pore formation (65). This suggests that translocation of
cargoes across cell membranes by primary amphipathic
CPPs may use mechanisms close to those of antimicrobial
peptides.
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