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ABSTRACT: To identify rules for the design of efficient cell-penetrating peptides that deliver therapeutic
agents into subcellular compartments, we compared the properties of two closely related primary
amphipathic peptides that mainly differ by their conformational state. On the basis of a peptide Pâ that
is nonstructured in water and that promotes efficient cellular uptake of nucleic acids through noncovalent
association, we have designed a peptide [PR] that is predicted to adopt a helical conformation. We show
that [Pâ] undergoes a lipid-induced conformational transition into a sheet structure, while [PR] remains
helical. Penetration experiments show that both peptides can spontaneously insert into phospholipid
membranes. Analysis of compression isotherms indicates that both peptides interact with phospholipids
in the liquid expanded and liquid condensed states. AFM observations reveal that the peptides strongly
disrupt the lipid organization of the monolayers and that the conformational state can influence the uptake
by model membranes.

Over the past 10 years, substantial progress has been made
in the development of peptide-based systems that facilitate
intracellular delivery of drugs and/or nucleic acids (1-7).
However, in most cases, the efficiency of delivery remains
unsatisfactory, mainly due to sensitivity to medium and/or
cytotoxicity of the vectors (8-10). With the aim of increasing
the potency of cellular internalization of such vectors, we
designed two new peptides. Two main criteria, differing from
those previously reported (1-7, 11-15), were chosen for
this design: (i) the peptide must contain a hydrophobic
sequence for membrane binding; (ii ) the vector must contain
a hydrophilic sequence bearing a signal targeting a subcel-
lular compartment. We selected a nuclear localization
sequence (NLS)1 (16) that has the advantage of being highly
hydrophilic and thus improving water solubilization of the
peptide. A second advantage of this latter sequence lies in
the presence of positively charged residues that can favor
interactions with nucleic acids. In particular, we chose the
NLS of SV40 large T antigen (17, 18). With respect to the
hydrophobic sequences, we selected the signal peptide (SP)
of the Ig(V) light chain ofcaiman crocodylus(19) on one
hand and a derivative of the fusion sequence (FP) of HIV1
gp41 protein (20) on the other. The hydrophobic and
hydrophilic sequences were linked through the W-S-Q spacer

to improve flexibility and to retain the integrity of the two
sequences. Both peptides, SP-NLS and FP-NLS, respec-
tively, are acetylated at their N-terminus and bear a cystea-
mide group at their C-terminal. They were both shown to
be rapidly internalized in cells and to localize mainly to the
nucleus (2, 17, 18, 21). Previous investigations related to
the elucidation of the mechanism involved in the membrane
translocation process revealed puzzling behaviors when
comparing both peptides. Although both show almost the
same conformational behavior when in solution (nonstruc-
tured in water and partlyR-helical in the presence of TFE)
or in the presence of SDS micelles (R-helical in the
hydrophobic domain) (17, 22), their ability to adsorb at air-
water interfaces and to penetrate into phospholipid mono-
layers is strongly sequence-dependent. Indeed, a preliminary
study of the penetration of both these peptides into phos-
pholipid monolayers showed that the variations of surface
pressure induced by the former peptide does not depend on
the nature of the lipid headgroups, while in the case of the
second peptide, penetration into neutral phospholipids is poor.
To understand and identify the criteria that define an efficient
membrane penetrating peptide and a good agent for intrac-
ellular delivery, we undertook investigations on two closely
related peptides derived from the FP-NLS peptide. Here,
we describe the influence of modifications of the hydropho-
bic sequence on the conformational properties of the am-
phipathic peptide together with the effect on the ability of
the modified peptides to penetrate into various types of model
membranes. These will be discussed in connection with the
transfection potency of these peptides.

MATERIALS AND METHODS

Peptides.All peptides were synthesized by solid-phase
peptide synthesis using aminoethyldithio 2-isobutyric acid-
Expansin resin on a Pioneer Peptide Synthesizer (Applied
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Biosystems, Foster City, CA) according to the Fmoc/tBu
method, as already described (23). The peptides that have
the following sequences: G-A-L-F-L-G-F-L-G-
A10-A-G-S-T-M-G-A-W-S-Q20-P-K-K-K-
R-K-V and G-A-L-F-L-A-F-L-A-A10-A-L-
S-L-M-G-L-W-S-Q20-P-K-K-K-R-K-V for
[Pâ] and [PR], respectively, were acetylated at their N-
terminus. Owing to the nature of the modification of the
resin, both peptides bear a cysteamide group (-NH-CH2-
CH2-SH) at their C-terminus. Double couplings were
performed at crucial steps, namely at residues V27, R25, K24,
S19, and T14 for [Pâ] and R25, K24, S19 and L14 for [PR]. After
side chain deprotection, the crude peptides (yields 95 and
92% for [Pâ] and [PR], respectively) were purified by
semipreparative HPLC, leading to peptides containing less
than 1% impurity as assessed by analytical HPLC. Mass
spectra analysis and HPLC characteristics are reported in
Table 1.

Phospholipids. Dioleoylphosphatidylcholine (DOPC), dio-
leoylphosphatidylglycerol (DOPG), dipalmitoylphosphati-
dylcholine (DPPC), and dipalmitoylphosphatidylglycerol
(DPPG) were purchased from Avanti Polar Lipids (Alabaster,
AL).

Fourier Transform Infra-Red (FTIR) Spectroscopy.
FTIR spectra were obtained on a Bruker (Wissembourg,
France) IFS 28 spectrometer equipped with a liquid nitrogen
cooled MCT detector. Spectra (1000-2000 scans) were
recorded at a spectral resolution of 4 cm-1 and were analyzed
using the OPUS/IR2 program. Samples were obtained by
deposition of solutions of lipid and peptide mixtures onto a
fluorine plate, where the solvents were allowed to evaporate
under a nitrogen flux.

Circular Dichroism (CD) Measurements. CD spectra
were recorded on a Jasco 810 (Tokyo, Japan) dichrograph
in a quartz cell with an optical path of 1 mm for peptide in
aqueous solutions. For samples transferred by the Langmuir-
Blodgett (LB) method (see below), quartz plates were used,
and eight plates were gathered to amplify the detected signal
(24). The band positions were determined after smoothing
the spectra by applying the method of Savitzky-Golay.

Adsorption at the Air -Water Interface. Adsorption
studies at the air-water interface were carried out using a
microtrough S and analyzed with the Film Ware 2.41
program from Kibron, Inc. (Helsinki, Finland). Measure-
ments were made at equilibrium after injection of aliquots
of an aqueous solution of peptide into the aqueous subphase
and gentle stirring with a magnetic stirrer. To determine the

Critical Micellar Concentration (CMC), this procedure was
repeated until no further increase in surface pressure could
be detected.

For penetration measurements of peptides into phospho-
lipids, a lipid monolayer was initially prepared by spreading
a solution of lipid in chloroform/methanol (3/1, v/v) onto
the air/NaCl aqueous solution interface to obtain a defined
surface pressure. The solvent was allowed to evaporate, and
when a constant surface pressure was reached, a small
volume of the aqueous peptide solution was injected into
the subphase beneath the lipid monolayer. Increases in
surface pressure were recorded for different initial lipid
surface pressures to determine the critical pressure of
insertion (CPI) of peptides into the lipid.

Langmuir -Blodgett Monolayers. All transfers onto
quartz slides or mica were achieved using a homemade setup
with a procedure described previously (25). During LB
transfers, the surface pressure was maintained constant
through a feedback system and was chosen to be close to
that of the collapse pressure of pure peptides.

Compression isotherms of monolayers were recorded using
a Langmuir balance setup with a 657-cm2 trough. Surface
tensions were measured with a Prolabo (Paris, France)
tensiometer, by the platinum plate method of Wilhelmy.
Isotherms were recorded on a XY Kipp and Zonen (Delft,
The Netherlands) model BD 91 recorder. DPPC, DPPG,
DOPC, and DOPG solutions were prepared by dissolving
phospholipids in a chloroform/methanol mixture (3:1, v/v).
Peptides were dissolved in a DMSO/chloroform/methanol
mixture (0.03:3:1, v/v/v). Lipid-peptide mixtures were
prepared at the desired compositions and spread onto water,
and then the solvent was allowed to evaporate for at least
10 min before compression was started, at a rate of 0.015
nm2/molecule/min. For the subphase, unbuffered tridistilled
water was used to create the same experimental conditions
as those of the transfer.

AFM Observations. The topographies of the LB trans-
ferred monolayers were obtained using a Nanoscope IIIa
Atomic Force Microscope from Veeco (DI, Santa Barbara,
CA) working in the contact mode. Images were acquired
under ambient conditions with a 120-µm piezoelectric
scanner. Commercial silicon nitride cantilevers were used
for measurements. The nominal imaging force during scan-
ning was< 0.5nN (200-µm-long cantilever,k ) 0.120 N/m).
The scan rate was between 1 and 2.5 Hz. Images were
obtained from at least two different samples prepared on
different days with at least five macroscopically distinct areas
on each sample.

RESULTS

Design of the Peptides.Peptides were designed based on
the possibility that they would adopt different conformational
states. The first was derived from the parent peptide (22,
23) by a single W7 to F7 substitution generating the following
sequence: G-A-L-F-L-G-F-L-G-A10-A-G-S-
T-M-G-A-W-S-Q20-P-K-K-K-R-K-V. These
peptides show the same conformational behavior as previ-
ously reported and the F7 peptide, hereafter called peptide
[Pâ], was shown to have a strong ability to deliver nucleic
acids into cells in culture (2, 21). This peptide is nonstruc-
tured in water but forms a sheet structure in the presence of
phospholipids. Peptide [PR], G-A-L-F-L-A-F-L-A-

Table 1: Identification of the Two Peptides (Elution and Molecular
Weights) and Their Critical Pressures of Insertion (CPI) into
Various Phospholipidsa

peptide [Pâ] [PR]

elutions 43.5% 62%
Mw (theor) 2908.6 3046.9
Mw (exp: MH+) 2906 3044
DOPC 33 33
DOPG 48 39
DPPC 30 37
DPPG 38 37

a The elution profiles are related to the percentage of acetonitrile in
the acetontrile/TFA 0.1% gradient at a flow rate of 5 mL/min. For the
determination of the CPI, the peptide concentrations were 0.25 and
0.375µM for [Pâ] and [PR], respectively.
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A10-A-L-S-L-M-G-L-W-S-Q20-P-K-K-K-
R-K-V was designed as follows: based on the sequence
of peptide [Pâ] and using the AGADIR algorithm (26), we
selected a peptide with as much sequence similarity to
peptide [Pâ] but which is predicted to have a greater helical
content. The predicted helical content in the 1-16 region of
peptide [PR] is about 13% compared to 1% in peptide [Pâ].

Conformational Studies of the Analogues.

CD InVestigations. When in solution in water, peptide [Pâ]
exhibits a CD spectrum with a single minimum at 198 nm,
characteristic of a nonordered structure (Figure 1A). The
spectrum remains unchanged when the concentration of
peptide is varied, and when either phosphate buffer or sodium
chloride is added. For peptide [PR], as expected from the
predictive method, its CD spectrum with a maximum at 187
nm and a minimum at 205 nm associated with a shoulder
around 220 nm is indicative of a tendency to adopt, at least
in part, a helical conformation (27). This tendency is enforced
by the addition of phosphate buffer or sodium chloride, which
induces a slight shift of the extrema toward higher wave-
length positions (194 and 207 nm) associated with a well-
defined minimum at 222 nm, confirming the presence of an
R-helical structure (Figure 1B).

For spectra obtained on transferred monolayers made of
pure peptides, the spectrum of peptide [Pâ] strongly differs
from that obtained when in solution in water. It is now
characterized by a single minimum centered at 218 nm
associated with a maximum at 191 nm (Figure 2, spectrum

a). Such a spectrum is characteristic of a sheet structure. For
peptide [PR], the spectrum (Figure 2, spectrum b) displays
a maximum at 190 nm and a minimum at 205 nm with a
marked shoulder at 220 nm, which strongly resembles that
observed in solution. It can, therefore, be stated that [PR]
remains in a helical conformation. In addition to identification
of the conformational state, this spectrum provides a second
piece of information that is related to the orientation of the
helix with respect to the support plane. On the basis of the
analysis reported by Wu et al. (28) on orientedR-helical
polypeptides, the finding of a spectrum exhibiting the same
characteristics as a classical spectrum of a helical structure,
it can be stated that the helical axis is parallel to the plane
of the support rather than perpendicular to the interface.
Therefore, it is very likely that, when at the air-water
interface, this axis is parallel to the interface.

FTIR InVestigations in the Presence of Phospholipids. The
influence of phospholipids on the conformation of the
peptides was examined by FTIR. These experiments were
carried out using the same procedure as reported previously
(29). For peptide [Pâ], the FTIR spectra show that in the
absence and in the presence of phospholipids (DOPC, DOPG,
DPPC, and DPPG) at any peptide/lipid ratio, above 0.05,
the sheet structure, as characterized by the presence of a
major amide I band component centered around 1625 cm-1

is favored (Figure 3A). The existence of a broad contribution
around 1650 cm-1 suggests the presence of unfolded domains
as already observed by NMR studies of similar peptides
engaged in micelles of SDS where the C-terminal NLS
sequence always remains unfolded (19, 22). It must be noted
that neither the nature of the lipid nor the peptide/lipid ratio
modify the conformational state of peptide [Pâ] as reported
previously for a peptide containing the same hydrophobic
sequence but with slight extensions at the C- and N-termini.
For peptide [PR], the R-helical structure is retained in all
conditions as revealed by the presence of an amide I band
at 1655 cm-1 without any detectable contribution at lower
wavenumber (Figure 3B) (30).

Studies at the Air-Water Interface.

Adsorption.Lipid-Free Interface. Surface pressure mea-
surements.

Figure 4 shows the surface pressure variations of the air-
water interface induced by peptides [Pâ] and [PR] injected
into the subphase. Clearly, both peptides decrease the surface

FIGURE 1: (A) Far UV CD spectrum of peptide [Pâ] in water.
Addition of phosphate buffer does not induce any change in the
spectrum and is therefore not shown. (B) Far UV CD spectrum of
peptide [PR] in water with increasing concentrations (0, 0.1, 0.2,
0.5, 1 and 2 M) phosphate buffer pH 7.2.

FIGURE 2: CD spectra of transferred monolayers of peptide [Pâ]
(spectrum a) and peptide [PR] (spectrum b).
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tension of the air-water interface. However, although both
peptides have very similar hydrophobic profiles based on
their primary sequence, they induce different behaviors; the
main difference is the greater decrease in tension induced
by the helical peptide [PR] than by [Pâ] (saturating pressures
at 25 and 13 mN/m respectively). This suggests that peptide
[PR] develops stronger hydrophobic interactions than peptide
[Pâ] when engaged in an air-water interface most likely
because they adopt different structural states.

Lipid-Containing Interface. The ability of peptides [Pâ]
and [PR] to insert into phospholipid monolayers spread at
the air-water interface was monitored by measuring varia-
tions in surface tension using different initial pressures, and
by injecting a given peptide concentration in the subphase.
The selected concentration is slightly less than the equilib-
rium spreading pressure of the peptide (31). Various penetra-
tion experiments were carried out using four different
phospholipids where the nature of the headgroups (zwitte-
rionic or negatively charged) and the physical state (liquid
expanded or liquid condensed) were varied. The various plots
of pressure variation versus the initial surface pressure are
reported in Figure 5.

This figure reveals first that for peptide [PR], when the
lipid is in a liquid condensed state (LC), the nature of the
headgroups has no influence on penetration, and the critical
pressure of insertion obtained by extrapolation at initial
pressure (Πi) ) 0 of the variation of surface pressure (∆Π)
induced by the peptide is high (37 mN/m) (Figure 5A and

Table 1). In the case of peptide [Pâ], although still high (see
Table 1), the critical pressure of insertion increases from 30
to 38 mN/m for DPPC and DPPG, respectively, indicating
a better uptake by negatively charged phospholipids (Figure
5B and Table 1).

For lipids in the liquid expanded (LE) state, insertion
depends on both the initial conformational state of the peptide
and the nature of the headgroups. In all cases, the critical
pressures of insertion are high (see Table 1 and Figure 5,
parts C and D). Furthermore, the difference between the
critical pressures of insertion occurring between negatively
charged and neutral phospholipids is weak for the helical
peptide (about 10 mN/m) compared to the other (about 17
mN/m) (compare Figure 5, parts C and D).

Further examination of Figure 5 also provides information
on the interactions occurring between the two peptides and
the phospholipids considered here. These are based on the
pressure value measured for an air-water interface at low
lipid content (i.e., at low initial pressure). The finding of
surface pressures higher than these obtained for the pure
peptides at saturation is indicative of strong peptide-lipid
interactions (32). This is the case of [Pâ] particularly in the
presence of negatively charged phospholipids and of [PR]
with DOPG.

Spreading at the Air-Water Interface.Compression
Isotherms. Figure 6 shows the compression isotherms
obtained for peptides [Pâ] and [PR] when mixed with various
phospholipids, DOPC, DOPG, DPPC and DPPG. The
isotherms of the pure lipids are in agreement with those
already reported (33-35). The isotherms were analyzed by
examining the variation of the mean molecular area (that of
the contributions of both the peptide and the lipid) as a
function of the peptide/lipid ratio at a given and constant
surface pressure. These variations are reported on the insets
of Figure 6 and correspond to a pressure of 20 mN/m, which
is below that of the collapse. Note that the same trends are
observed at a pressure of 10 mN/m. Close examination of
these insets indicates that, for all situations examined here,
small but significant and reproducible deviations from
linearity are observed and that several situations are encoun-
tered depending on the peptide-lipid combination. Interest-
ingly, for lipids in the LE state, namely DOPC and DOPG,
positive and negative deviations from linearity occur depend-
ing on the peptide conformation. The nonlinear variation of

FIGURE 3: FTIR spectra of peptides [Pâ] (left panel) and [PR] (right panel)Left panel: a, without phospholipid; b, in the presence of
DOPG; c, in the presence of DOPC. Right panel: a, without phospholipid; b, in the presence of DOPC. Note that, in the presence of
DOPC, the spectrum is superimposed with spectrum b and is therefore not shown.

FIGURE 4: Peptide-induced variations of the surface pressures as a
function of peptide concentrations in the subphase.2 Peptide [Pâ]
b Peptide [PR].
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the mean molecular area provides a good argument suggest-
ing that the peptides and lipids are miscible and interact (36-
38). This further indicates that peptide [Pâ] interacts with
DOPC and DOPG with contraction of the mean molecular
area, while peptide [PR] interacts with these phospholipids
with an expansion of the mean molecular area. When
investigating with phospholipids in the LC state (DPPC and
DPPG), all peptide-lipid combinations reveal an expansion
of the mean molecular area, indicating that the peptides
interact with and are miscible with DPPC and DPPG.

AFM Observations. AFM observations were performed
in air on LB films transferred at a surface pressure of 26
mN/m onto a cleaved mica surface. Accordingly, the AFM
tip imaged the hydrophobic side of the monolayer. As
compared to pure DOPC films, the roughness of peptide
[PR]-containing DOPC monolayers (xpep) 0.15) was sig-
nificantly increased (mean roughness 0.089 nm vs 0.060 nm,
Figure 7A). This also applied to peptide [PR]-containing
DOPG films (mean roughness 0.097 nm, Figure 7B). This
roughness corresponded to the presence of round-shaped
structures 15-25 nm in diameter. As in the films made of
pure [PR] peptide filamentous structures∼15 nm in diameter,
up to 1µm in length and protruding by∼0.5nm (Figure 8A)
were also present in [PR]/DOPC monolayers. However, they
were not detected in [PR]/DOPG films. Addition of [PR] to
the solution spread at the air/water interface had a marked
effect for films made of saturated phospholipid species DPPC
(Figure 7C) and DPPG (Figure 7D). Thus, instead of a flat
surface, with perhaps a few linear defects (39, 40), AFM

imaging revealed a complex topography with light domains,
corresponding to DPPC liquid condensed phase surrounded
by a darker matrix,∼1.1 nm thinner. The size of the LC
domains varies from a couple to a few hundred nanometers.
Some filaments decorated the darker matrix (arrows). The
structure of the DPPG films was also disorganized with the
presence of both large and small smooth LC domains
surrounded by a darker matrix, enriched in peptide. As for
DPPC, the lighter domains protruded by∼1.1 nm from the
darker matrix. On the other hand, no filaments could be
visualized in [PR]/DPPG monolayers. This disruption of gel
phase organization induced by the peptide strongly suggests
the existence of hydrophobic interactions between [PR] and
the phospholipids. In addition, the absence of filaments for
PG species also suggests that the negatively charged PG polar
headgroups enhance the lipid-peptide interactions at the
expense of peptide-peptide interactions.

The imaged obtained with [Pâ] and phosphatidylcholine
phospholipids were comparable to those obtained with [PR]
with the presence of both filaments and small aggregates in
DOPC films and an important reduction of the DPPC gel
phase domains associated with the appearance of filaments
in the darker matrix (Figure 9, parts A and C). The presence
of filaments in these samples was unexpected because pure
[Pâ] formed globular aggregates, 20 nm in section, but no
filaments (Figure 8). The results of experiments performed
with DOPG and DPPG revealed a behavior that markedly
differed from that of [PR]. First, in DOPG (Figure 9B) the
size of peptide-induced structures significantly increased, up

FIGURE 5: Surface pressure variations as a function of the initial pressure of the phospholipid monolayer. Peptide concentration in the
subphase was 0.25µM. (A) Peptide [PR] in 2 DPPC and inb DPPG. (B) Peptide [Pâ] in 2 DPPC and inb DPPG. (C) Peptide [PR] in
2 DOPC and inb DOPG. (D) Peptide [Pâ] in 2 DOPC and inb DOPG.
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to ∼50 nm for individual globular structures. Furthermore,
larger domains of various shapes, likely resulting from the
coalescence of individual globular structures are also formed

(arrows). Gel phase DPPG domains can no longer be
identified in [Pâ]-DPPG films that appeared to be constituted
of aggregates of different sizes and thicknesses (Figure 9D).

FIGURE 6: Compression isotherms of peptides [PR] (A) and [Pâ] (B) in the presence of various phospholipids and at various peptide/lipid
ratios. The insets show the variations of the mean molecular areas as a function of peptide/lipid ratios.
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This drastic reorganization of monolayers likely results from
the strongest interactions between [Pâ] and the negatively
charged phospholipids.

DISCUSSION

The present investigations point out that the conformational
properties of primary amphipathic carrier peptides with
similar primary sequences can influence their interactions
with phospholipids and subsequently their cellular uptake
through the membrane.

Membrane uptake is dependent on the conformational
state. Two starting states have to be considered (i.e., those
adopted when the peptides are in solution in water or in
buffer). The first one corresponds to a peptide that is in a
nonordered state, as occurs for [Pâ]. Upon its uptake at an
interface containing phospholipids or not, this peptide
undergoes a conformational transition into a sheet type
structure. The second situation is exemplified by peptide
[PR], which always adopts a helical conformation. By
analogy with previous studies carried out on peptides of the
same family, the helical moiety spans the hydrophobic
domain, while the hydrophilic NLS domain is nonstructured.
Considering the consequences of these conformational dif-

ferences on uptake, it appears clear that for helical peptide
[PR], the nature of the phospholipid headgroups has no (LC)
or little (LE) effect, while peptide [Pâ] exhibits a better
penetration ability in negatively charged DOPG than in the
neutral DOPC. It also appears that both peptides interact with
all phospholipids, as shown by analysis of the compression
isotherms. Finally, it must also be noted that all critical
pressures of insertion are higher than 30 mN/m, suggesting
that peptides [Pâ] and [PR] can spontaneously insert into
phospholipid bilayers (41).

Analysis of the compression isotherms through examina-
tion of the variations of mean molecular areas versus
molecular ratios reveals a nonlinear behavior for all peptide-
phospholipid mixtures, indicating that both peptides are
miscible and interact with all the phospholipids used in the
present work. Clearly, several situations occur, because
positive and negative deviations are observed. For the
phospholipids in the LC state, a positive deviation is observed
irrespective of the peptide type, suggesting that the peptides
interact with the lipids through repulsive interactions.
However, the AFM observations showed that the presence
of peptide disrupted the lipid organization. Therefore, at this
stage, we cannot decide whether the expansion of the mean
molecular area reflects only the peptide-lipid interactions or
the modification of the physical sate of the lipids or both.

In the presence of lipids in the LE state, contraction and
expansion occurs for peptides [Pâ] and [PR], respectively.
The contraction observed in the case of [Pâ] indicates that
the peptide-lipid interactions are attractive and may reflect
the formation of peptide-lipid complexes through hydro-
phobic interactions, as already detected by mass spectrometry
(42). For peptide [PR], the origin of the expansion is not
very clear because it also forms complexes with phospho-
lipids, which would suggest a behavior similar to that of [Pâ].
Because no lipid-induced conformational change of the
peptide was detected as was found for the SP-NLS peptide,
it is possible that the expansion reflects a change in the

FIGURE 7: AFM imaging of LB monolayers composed of [PR] and
DOPC (A), DOPG (B), DPPC (C), and DPPG (D) at a molar ratio
of x[5] ) 0.15. The scan size is 1µm × 1 µm, and thez scale is 3
nm for A, B and D; 5 nm for C.

FIGURE 8: AFM imaging of LB monolayers composed of pure [PR]
(A) and pure [Pâ] (B). The scan size is 1µm × 1 µm, and thez
scale is 3 nm.

FIGURE 9: AFM imaging of LB monolayers composed of [Pâ] and
DOPC (A), DOPG (B), DPPC (C) and DPPG (D) at a molar ratio
of x[5] ) 0.15. The scan size is 1µm × 1 µm, and thez scale is 3
nm.
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orientation of the peptide with respect to the air-water
interface, from a position parallel to interface in the absence
of lipid to a more vertical position in the presence of lipid
in order to satisfy the hydrophobic peptide-lipid interactions.

All these conclusions are supported by the AFM observa-
tions, which clearly indicate the existence of peptide-lipid
interactions, because phospholipids modify the shape and
size of the peptide-containing particles formed in the absence
of phospholipids and vice versa; the presence of the peptides
disrupts the lipid organization.

Possible Consequences on the Cellular Uptake of Nucleic
Acids. Conformational investigations indicate that peptide
[PR] is helical, and thus most of the peptide bonds of the
hydrophobic domain are engaged in hydrogen bonds. Ac-
cording to Wimley and White (43), such a situation is
favorable for membrane insertion through the hydrophobic
domain. For peptide [Pâ], which is nonordered in water,
insertion into a lipidic medium in this form is impossible
for energetic reasons (44). Insertion requires formation of a
hydrogen bonding pattern leading to aâ-sheet structure.
When the hydrogen bonds are established, the peptides can
penetrate into the lipidic core and the peptide-lipid hydro-
phobic interactions may participate in the translocation
process. Since all data indicate that both peptides can
penetrate into phospholipid bilayers and that they strongly
interact with the phospholipids through hydrophobic interac-
tions, one would expect that both peptides would exhibit the
same or similar vectorization properties. Preliminary assays,
however, reveal that although both peptides can form
complexes with siRNAs, only those taken up by cells and
mediated by peptide [Pâ] (or its K to S analogue) enabled
siRNA-induced activities (45). This observation stresses the
influence of the conformation of the carrier peptide on the
transfer and induced activity of a nucleic acid. Does the
helical conformation enhance the stability of the complex
and thus would it reduce the siRNA decaging process, or is
the conformation responsible for a modification of the final
cellular localization of the complex? Further investigations
are currently in progress to identify precisely the origin of
this difference.

In conclusion, conformational investigations of cell pen-
etrating peptides in the presence or absence of phospholipids,
associated with studies of peptide-lipid interactions by the
monolayer approach, point out that the conformational state
of a peptide can influence its uptake by model membranes.
While no or nearly no selectivity for headgroups can be
detected for the helical peptide, the other peptide shows a
marked preference to penetrate into negatively charged
phospholipids. Finally, the presence of peptide can strongly
disrupt the organization of the membrane, as revealed by
atomic force microscopy imaging.
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