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The interaction of cell-penetrating peptides
with lipid model systems and subsequent lipid
reorganization: thermodynamic and structural
characterization‡
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Cell-penetrating peptides (CPPs) are cationic peptides that are able to induce cellular uptake and delivery of large and
hydrophilic molecules, that otherwise do not cross the plasma membrane of eukaryotic cells. Despite their potential use for
gene transfer and drug delivery, the mode of action of CPPs is still mysterious. Nonetheless, the interaction with phospholipid
bilayers constitutes the first step in the process. The interaction of two CPPs with distinct charge distribution, penetratin
(nonamphipathic) and RL16 (a secondary amphipathic peptide with antimicrobial properties) with lipid membranes was
investigated. For this purpose, we employed three independent techniques, comprising 31P-nuclear magnetic resonance,
differential scanning calorimetry (DSC), and plasmon waveguide resonance (PWR) spectroscopy. In view of the cationic nature
of the peptides, their interaction and affinity for zwitterionic versus anionic lipids was investigated. Although a strong affinity
was observed when negative charged lipids were present, the peptides’ thermodynamic behavior on binding to zwitterionic
versus anionic lipids and the induced supramolecular structure organization in those lipids was quite different. The study
suggests that the amphipathic profile and charge distribution of CPPs strongly influences the perturbation mechanism of the
peptide on the bilayer establishing the frontier between a pure CPP and a CPP with antimicrobial properties. Copyright c© 2008
European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

The cellular delivery of large and hydrophilic therapeutics needs to
overcome the difficult transportation through the cell membrane.
To help with overcoming this barrier, several classes of cell-
penetrating peptides (CPPs) have been proposed during the last
decade [1–3]. Despite their potential role in therapeutic target
delivery in the cell, their uptake mechanism is far from being
completely understood and has been at the center of debate since
their discovery. Although different uptake mechanisms have been
proposed to explain the entrance of such molecules inside the
cell, either involving accessory proteins (endocytic pathways) or
not, the first stage in the process consists of the interaction of
those molecules with the cell membrane and so with the lipid
molecules in the bilayer. In view of the high degree of complexity
of cell membranes involving a great variety of proteins and lipid
molecules to which carbohydrates add to the level of complexity,
we have used lipid model systems to study their interaction
mechanism and peptide effect on the lipid reorganization.

In the present study, we investigate in detail the interactions
of two cationic CPPs, possessing distinct charge distribution, with
several bilayer models: penetratin, one of the most well-known
CPPs, that corresponds to the third helix of the Antennapedia
homeodomain [4,5] (H-RQIKIWFQNRRMKWKK-NH2); and RL16, an
amphipathic peptide designed from structure–uptake relation-

ships of penetratin [6] (H-RRLRRLLRRLLRRLRR-NH2). Both peptides
have been proposed as vectors to address biological molecules [7].
The large charge at physiological pH of those peptides excludes
the passive diffusion across the lipid bilayer. Regarding penetratin,
classical uptake mechanisms such as protein-based receptors and
transporters appear not to be involved [5] as its uptake was not
inhibited at 4 ◦C (energy independent), and it was found to be
highly efficient and noncell-type specific. Moreover, penetratin
is not sufficiently hydrophobic to insert deeply into the phos-
pholipid model membranes [8]. Several mechanisms have been
proposed for its uptake, such as the transient formation of inverted
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micelles [6,9], electroporation-like permeabilization mechanisms
[10,] and endocytosis [11–13]. It is also becoming clear that the
internalization mechanism may depend on the chemical nature
of the peptide and that some CPPs may use more than a sin-
gle mechanism of internalization. Regarding RL16, this peptide
permeabilizes eukaryotic cells, induces calcein leakage from large
unilamellar vesicles (LUVs) [14] and was recently shown to have
antimicrobial properties [15].

Herein, with the aim of contributing to the mechanistic
understanding of the peptide/lipid interactions as a step toward
their uptake mechanism, a combination of three biophysical
techniques was employed using lipid model systems: 31P-nuclear
magnetic resonance (NMR), differential scanning calorimetry
(DSC), and plasmon waveguide resonance (PWR) spectroscopy. As
for the lipid model systems, we have used multilamellar vesicles
(MLVs) for the DSC and NMR studies and a single solid-supported
lipid bilayer with a plateau Gibbs border for the PWR studies.
The use of distinct model systems, imposed by each technique
itself can be advantageous as properties such as membrane
curvature will be distinct for each model system, allowing one
to look at this effect on the peptide/lipid interaction. At the same
time, the differences between the different models used need
to be kept in mind in the analysis of the results. In order to
investigate the role of electrostatic interactions, the binding of
the peptides with zwitterionic dimyristoyl phosphatidylcholine
(DMPC) and anionic dimyristoyl phosphatidylglycerol (DMPG)
lipids was investigated. With DSC, the effect of the peptide on the
thermodynamics and cooperativity of the lipid phase transition
and pre-transition was followed. The degree of perturbation in the
energetic parameters of pre-transition and main phase transitions
provides a good idea about the level of the insertion of the
peptide in the lipid bilayer. The affinity of the peptides to solid-
supported lipid bilayers composed of egg phosphatidylcholine
(PC), and egg PC and palmitoyl phosphatidylglycerol (POPG)
(3 : 1 mol/mol) were monitored directly (without the use of any
labels) and in real time with PWR, by following the changes
in the optical properties of the proteolipid system. In addition,
due to the use of both p- and s-polarized light to produce
resonance, this technique provides not only affinity constants
(like any other surface plasmon resonance technique), but also
permits a distinction between changes in mass and anisotropy
of anisotropic and molecular-oriented systems, such as the case
of a solid-supported lipid bilayer, used in those studies [16–18].
The peptide effect on the supramolecular organization of the
lipids was investigated by 31P-NMR, using DMPC and DMPG MLVs,
which were studied at temperatures below, at, and above the
phase transition temperature of the lipids. This technique has
been widely used to follow the formation of different lipid phases
such as hexagonal, cubic, and isotropic phases. The information
obtained sheds some light on the mechanism of action of those
peptides and the role of peptide charge distribution in the balance
between cell-penetrating and antimicrobial properties of CPPs.

Materials and Methods

Materials

DMPC and DMPG were purchased from Genzyme (Switzerland)
and were used without further purification. Egg PC and POPG were
purchased from Avanti Lipids (AL, USA).

Peptide Synthesis

Peptides were assembled by stepwise solid-phase synthesis on an
ABI 433A peptide synthesizer (Applied Biosystems) using standard
Boc strategy (MBHA-PS resin with a loading of 0.9 mmol NH2/g,
amino acid activation with DCC/HOBt or HBTU) on a 0.1 mmol
scale. The peptides were cleaved from the resin by treatment
with anhydrous HF (1 h 30 min, 0 ◦C) in the presence of anisole
(1.5 ml/g peptidyl-resin) and dimethylsulfide (0.25 ml/g peptidyl-
resin) following the standard procedure. They were purified by
preparative reverse-phase HPLC on a C8 column, using a linear
acetonitrile gradient in an aqueous solution containing 0.1% (v/v)
trifluoroacetic acid. Peptides were obtained with a purity >95%, as
assessed by analytical HPLC. They were characterized by MALDI-
TOF MS (Voyager Elite, PerSeptive Biosystems) in positive ion
reflector mode using the matrix CHCA.

Preparation of MLVs

Lipid films were made by dissolving the appropriate amounts of
lipid in a mixture of chloroform and methanol, 2/1 (v/v), followed
by solvent evaporation under nitrogen to deposit the lipid as a
film on the wall of a test tube. Final traces of solvent were removed
in a vacuum chamber attached to a liquid nitrogen trap for 3–4 h.
Films were hydrated with 10 mM Tris, 0.1 M NaCl, 2 mM EDTA, pH
7.6 (Tris buffer) and vortexed extensively at a temperature above
the phase transition temperature of the lipid to obtain MLVs. The
peptide was either codissolved with the lipid (for 31P-NMR studies)
or added after the formation of the MLVs (DSC studies).

Differential Scanning Calorimetry

The calorimetry was performed on a high-sensitivity differential
scanning calorimeter (Calorimetry Sciences Corporation). A scan
rate of 1 ◦C/min was used and there was a delay of 10 min
between sequential scans in a series that allows for thermal
equilibration. Data analysis was performed with the fitting program
CPCALC provided by CSC and plotted with Igor. The total lipid
concentrations used were 1 mg/ml, considering full hydration of
the phospholipid mixtures. As for the peptide, P/L molar ratios of
1/100, 1/50, 1/25, and 1/10 were used in those studies. Samples
containing the peptide alone dissolved in buffer at peptide
concentrations corresponding to those at the higher peptide/lipid
molar ratios studied (P/L 1 : 10); they exhibited no thermal events
over the temperature range of 0–100 ◦C. This indicates that the
peptides do not denature over this temperature range and that
the endothermic events observed in this study do not arise from
peptide unfolding but mainly from lipid phase transitions and
lipid/peptide interactions. A minimum of at least three to four
heating and cooling scans were performed for each analysis
depending on whether or not the spectra were reproducible.

31P-Nuclear Magnetic Resonance Spectroscopy

Multilamellar lipid samples were prepared using 10 mg of lipid,
as described previously, in Tris buffer containing 10% D2O. The
peptide was either codissolved with the lipid before MLV formation
or added after liposome formation at a P/L molar ratio of 1/25.
The addition of the peptide after MLV formation is preferred as
it better mimics the biological system, but in the case of DMPG
MLVs strong precipitation of the sample was observed when the
peptide was added to the lipid after MLV formation; we were
hence obligated to do otherwise. The NMR spectra were collected
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at several temperatures: below, at, and above the phase transition
temperature of the lipid. The 31P-NMR spectra were acquired on
a Bruker DRX-500 spectrometer operating at 202.36 MHz for 31P
equipped with a 10-mm multinuclear probe and a Silicon Graphics
workstation. Chemical shifts were determined relative to external
85% H3PO4. Before FT, a 30-Hz exponential line broadening was
applied to the FID. The samples for NMR were prepared from
10 mg of lipid dispersed in 2.6 ml of H2O. FIDs were acquired
over 24.3 kHz with 32 K data points and 26 000 scans. A pulse
width of 12 µs (∼60◦ rotation angle), a relaxation delay of 2 s,
and full-power proton decoupling with an RF field of 3125 Hz
was employed. The temperature was controlled by using a Bruker
variable-temperature unit.

Plasmon Waveguide Resonance Spectroscopy

PWR spectra are produced by resonance excitation of conduction
electron oscillations (plasmons) by light from a polarized CW laser
(He–Ne; wavelength of 632.8 and 543.5 nm) incident on the back
surface of a thin metal film (Ag) deposited on a glass prism and
coated with a layer of SiO2 (see Ref. 16 for additional information).
Experiments were performed on a beta PWR instrument from
Proterion Corp. (Piscataway, NJ) that had a spectral resolution of
1 mdeg. The sample to be analyzed (a lipid bilayer membrane)
was immobilized on the resonator surface and placed in contact
with an aqueous medium, into which peptides can be introduced.
The self-assembled lipid bilayers were formed using a solution (in
butanol/squalene 0.93/0.07 v/v) of 8 mg/ml of lipid (either egg PC
or a 3/1 mol/mol mixture of egg PC and POPG). The method used
to make the lipid bilayers is based on the procedure by Mueller and
Rudin to make black lipid membranes across a small hole in a teflon
block [18]. To accomplish this, a small amount of lipid solution was
injected into the orifice in a teflon block separating the silica surface
of the PWR resonator from the aqueous phase. Spontaneous
bilayer formation was initiated when the sample compartment
was filled with aqueous buffer solution (see Ref. 16). The molecules
(such as lipids and peptides) deposited onto the surface plasmon
resonator change the resonance characteristics of the plasmon
formation and can thereby be detected and characterized. PWR
spectra, corresponding to plots of reflected light intensity versus
incident angle, can be excited with light whose electric vector is
either parallel (s-polarization) or perpendicular (p-polarization) to
the plane of the resonator surface. Spectral simulation [16] and/or
graphical analysis [19] allow one to obtain information about
changes in the mass density, structural asymmetry, and molecular
orientation induced by bimolecular interactions occurring at
the resonator surface. Here, the graphical analysis method was
employed. Briefly, this method consists of deconvoluting the
components of the PWR spectra that are caused by changes in
mass in the lipid film from those that are caused by changes in
structural anisotropy. Such distinction can be done based on the
magnitude and direction of the PWR spectra shifts observed for
the p- and s-polarized light. Thus, alterations in mass density (due
to addition or subtraction of mass from the membrane) result
in shifts in p- and s-polarization with the same magnitude and
direction (isotropic changes), whereas structure alterations lead
to anisotropic changes (shifts for p- and s-pol that are distinct
in magnitude and direction). By plotting the spectral changes
observed in a (s, p) coordinate system where mass (�m) and
anisotropy (�str) axes are represented based on the PWR sensitivity
factor, the contribution of mass and structural changes can be
obtained [19]. Each point in the mass and anisotropy axis can be

expressed by changes in the original coordinates (�p and �s) by
the following equations:

�m = [(�s)2
m + (�p)2

m]1/2 (1)

�str = [(�s)2
str + (�p)2

str]
1/2 (2)

The sensitivity factor (Sf ), a measure of the sensitivity of the
instrument for the s-pol relative to p-pol (Sf = �s/�p), necessary
to determine the mass and anisotropy axes has been determined,
for the prism used in those experiments, to be 0.74 [20].

Affinities between the peptide and the lipids were obtained by
plotting the PWR spectral changes that occur upon incremental
additions of ligand to the cell. As the PWR is mainly sensitive to the
optical properties of material that is deposited on the resonator
surface [when a similar emergent medium (buffer) is employed,
which is the case here], there is little interference from the material
that is in the bulk solution. Moreover, the amount of bound
material is much smaller than the total amount of ligand present
in the bulk solution, and it is assumed that the bulk material is
able to freely diffuse and equilibrate with the membrane. Data
fitting (GraphPad Prism) through a hyperbolic saturation curve
provides the dissociation constants. It should be noted that as
concomitantly with the binding process other processes, such as
membrane reorganization and solvation occur, the dissociation
constants correspond to apparent dissociation constants.

Results

Peptide Effect on the Lipid Supramolecular Organization
Investigated by 31P NMR

31P NMR was employed to assess the effect of the peptides on
the lipid supramolecular structure organization. To understand
the role of electrostatic interactions on the peptide-induced lipid
organization, the NMR spectral lines of DMPC and DMPG MLVs
were monitored in the absence or presence of RL16 and penetratin.
The NMR signal was acquired at several temperatures: below, at,
and above the phase transition temperature of the lipid.

The addition of RL16 to DMPC MLVs leads to the appearance
of an isotropic signal at 0 ppm, which is characteristic of isotropic
lipid assemblies such as micelles, or cubic phases in rapid diffusion
(Figure 1). The isotropic linewidth at half-height (�ν1/2) was
determined to be between 170 and 420 Hz and to decrease
with increase in the temperature, except at 32 ◦C, where a
mixture of isotropic lines and powder pattern is observed.
Such �ν1/2 correspond to small structure assemblages such as
small unilamellar vesicles, discs, or large micelles or bicelles. The
coexistence of an isotropic line with a powder pattern at 32 ◦C
disappeared when the temperature was raised to 50 ◦C (data not
shown). The addition of the peptide to MLVs greatly reduced
the turbidity of the liposome solution both below and above the
phase transition temperature but increased it around the lipid
phase transition temperature, concomitant with the appearance
of lamellar phases. As for penetratin, its addition did not change
the DMPC NMR spectral lines, hence lamellar structures were
observed without fragmentation or micellization.

Regarding DMPG, a powder pattern, typical of lamellar
phases, was observed below, at, and above the phase transition
temperature, which above the phase transition coexisted with
a small signal below 0 ppm that has been attributed to the
formation of hexagonal phases (HII) [21,22] (Figure 2). The presence
of RL16 leads to the disappearance of such signal indicating
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Figure 1. 31P NMR spectra of DMPC multilamellar vesicles (first column) in the presence of RL16 (middle column) and penetratin (right column) at a
P/L of 1/25 in the gel phase (10 ◦C), at approximately Tm (23 ◦C), and in the fluid phase (32 ◦C). The �ν1/2 observed was 420, 250, and 535 Hz for the
temperatures of 10, 23, and 32 ◦C, respectively. It should be noted that the DMPC/RL16 mixture when exposed to 50 ◦C resulted in an isotropic signal
similar to that observed at 10 and 23 ◦C but with a smaller �ν1/2 of 180 Hz.

Figure 2. 31P NMR spectra of DMPG multilamellar vesicles (first column) in the presence of RL16 (middle column) and penetratin (right column) at a P/L
of 1/25 in the gel phase (10 ◦C), at approximately Tm (23 ◦C), and in the fluid phase (32 ◦C).

that the peptide disfavors a negative curvature in the bilayer.
Such results correlate well with the tendency of this peptide
to form lamellar phases as determined by the increase in the
lamellar (Lα) to hexagonal (HII) phase temperature transition (TH)
of Dipalmitoleoylphosphatidylethanolamine (DiPoPE) studied by
DSC [15]. Concerning penetratin, the addition of the peptide after
MLV formation produced a powder pattern below, at, and above
the phase transition temperature with the presence of a signal
below 0 ppm observed below the phase transition temperature.
This indicates that penetratin may induce HII phase formation.
Again, such results are in agreement with DSC experiments
showing that this peptide decreases the lamellar (Lα ) to hexagonal
(HII) phase transition (TH) of DiPoPE and so induces negative
curvature formation [15].

Peptide Effect on Lipid Phase Transition Monitored by
Calorimetry (DSC)

The degree of interaction of the peptide with lipids was monitored
by following the changes in lipid phase pre-transition arising
from the conversion of Lβ

′ to Pβ
′, and the main phase transition

corresponding to the conversion from Pβ
′ to Lα (Tm) upon

peptide/lipid interaction. In those studies the peptide was added
to the lipid after MLV formation to better mimic the biological
system. Many calorimetric studies have reported a codissolution
of the peptide with the lipid prior to lipid film hydration and vesicle
formation, especially in peptides that are not water soluble. As our
peptides are water soluble we have not performed the experiments
in this way. Such studies have been performed with a P/L molar
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Figure 3. High-sensitivity DSC heating scans illustrating the effect of the addition of RL16 and penetratin on the thermotropic phase behavior of DMPC,
DMPG, and DMPC/DMPG (3/1 mol/mol) multilamellar vesicles at a P/L 1/25. Thermodynamic parameters are given in Table 1.

Table 1. Thermodynamic parameters obtained by DSC for the interaction of penetratin and RL16 with MLVs of DMPC, DMPG, and DMPC/DMPG
(3/1 mol/mol)

Lipid P Tm (◦C)
�Hm

(kcal/mol)
Tpre
(◦C)

�Hpre
(kcal/mol)

DMPC 0 23.8 6.6 13.6 0.9

Penetratin 23.8 7.1 14.5 1.2

RL16 22.6/∼26 2.4 – –

DMPG 0 22.1 6.2 8.6 0.4

Penetratin 21.9 3.8 – –

RL16 22.4 6.2 – –

DMPC/DMPG 3/1 mol/mol 0 22.8 5.6 9.7 0.5

Penetratin 22.9 4.7 – –

RL16 23.8 2.6 – –

ratio of 1/100, 1/50, 1/25, and 1/10, although we just show here the
P/L 1/25 results. It should be noticed that such P/L ratios result in
peptide concentrations that are in tens to hundreds of micromolar,
which correlate well with the antimicrobial activities of such
peptides [15]. Moreover, uptake of penetratin in Chinese hamster
ovarian (CHO) cells has been observed using about 10–20 µM

[23,24]. The interaction of RL16 with DMPC MLVs clearly affects
the thermotropic lipid behavior with abolishment of the pre-
transition (at P/L ratio ≥ 1/25 and dramatic reduction at P/L of
1/100 and 1/50) and great reduction in the main phase transition
temperature (Tm), the cooperativity and the enthalpy (Figure 3 and
Table 1 for thermodynamic parameters). The enthalpy of the main
phase transition is mainly due to the disruption of van der Waals
interactions between the fatty acid chains, and perturbations
on this transition are indicative of intercalation of the peptide
between the fatty acid chains. This indicates a strong interaction
of RL16 with this lipid, not only at the level of the headgroup
but also with an intercalation in between the fatty acid chains;
this will be further discussed in the following section. As for
penetratin, no major effects were observed in the main phase
transition: no change in the phase transition temperature, small
change in enthalpy, and a small decrease in the cooperativity of
the transition. The results indicate that penetratin interacts weakly
with this lipid.

In the case of DMPG, the main transition is not symmetric and
exhibits a marked high-temperature shoulder, which is due to the
low ionic strength used in this experiment [25]. This temperature
shoulder becomes less pronounced in the presence of RL16 due
to the electrostatics interaction of the peptide with the lipid
surface, which reduces the charge–charge repulsion of the lipid
headgroups. In contrast to what was observed in the case of
DMPC, RL16 has a minor effect on the phase transition of DMPG.
The perturbation of RL16 on the pre-transition of the lipid (which is
abolished at a P/L of 1/50) and very small effect on the energetic of
the main transition indicates that the peptide interacts mainly at
the headgroup level without deeply inserting in the hydrophobic
core. The preferential interaction of the peptide with anionic lipids
is explained by the presence of ten positive charges in the peptide.
The negative charges in the membrane surface immobilize the
peptide and prevent its insertion in the core region. Contrary
to what was observed with RL16, penetratin has a strong effect
on both the pre-transition and the main phase transition. The
pre-transition, which is observed in some saturated lipids, is due
to the tilting of the hydrocarbon side chains and is quite sensitive
to the presence of the interacting molecules. The untilting of the
hydrocarbon chains by penetratin may be explained by a simple
neutralization of the headgroup charge by the cationic peptide,
which will result in reduced electrostatic headgroup repulsion and
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concomitantly in a smaller headgroup area observed in the case
of DMPG. Regarding the main phase transition, a 60% decrease
in enthalpy was induced by penetratin, indicating some level of
peptide insertion within the acyl chain region.

As for the interaction of the peptides with a 3/1 mol/mol
mixture of DMPC/DMPG, both penetratin and RL16 lead to
the disappearance of the pre-transition and to a decrease in
the enthalpy of the main phase transition, which were more
pronounced in the case of RL16. These results correlate well with
the observation that this peptide had a stronger effect on the lipid
phase transition of DMPC, the major lipid in the present mixture.

A splitting in the thermogram has been observed both for RL16
and penetratin that we attribute to inhomogeneous distribution
of the peptide in the lipid leading to the formation of peptide-poor
(corresponding to the sharper transition where the lipid transition
is less perturbed) and peptide-enriched (corresponding to the
broad and less cooperative transition where the lipid transition
is more perturbed) areas. Such behavior has been observed by
other laboratories for the interaction of antimicrobial peptides
with membranes [26–29].

Peptide Interaction with Planar Lipid Bilayers Monitored by
PWR

This technique was used to directly monitor the interaction of
penetratin and RL16 with the lipid bilayer and the peptide-induced
changes in the lipid mass density and organization. One should
point out that the lipid employed here was egg PC, with or
without POPG, rather than DMPC and DMPG as used in the
DSC and NMR studies, which are more biological-relevant lipid
mixtures. Moreover, it is much easier to prepare solid-supported
lipid bilayers composed of egg PC than a single lipid. Alternatively,
doing DSC studies with egg PC would have resulted in complicated

and rather energetically unfavorable transitions. PWR spectral
changes occurring after the addition of penetratin to the PWR
cell compartment containing an egg PC bilayer are shown in
Figure 4. The binding of penetratin to the egg PC bilayer produced
a biphasic event, with decreases in the resonance angle position
both for p- and s-pol. at low concentrations (up to 1 µM), followed
by positive shifts for both polarizations at higher concentrations
(>1 µM). In order to characterize the mass and the structural
changes that accompany the interaction of the peptide with the
lipid bilayer, one has to either obtain the optical parameters from
the PWR spectra by fitting procedures (see Ref. 16 for details) or
to use a more simple method based on graphical analysis that
allows one to distinguish between mass and anisotropy changes
(fully described in Ref. 19). Herein, we have chosen to perform a
graphical analysis, which, by plotting the data points on a (s, p)
coordinate system containing both mass and structural axis placed
according to the sensitivity factor of the PWR sensor (See section
on Materials and Methods for details), allows the determination of
the mass and structural anisotropy contributions to the process
(Figure 5). Thus, the origin of the plot corresponds to the lipid
bilayer in the absence of ligand and the data points shown
correspond to the shifts induced by peptide binding to the bilayer
(at saturating concentrations where the signal reaches a plateau).
The high-affinity binding process of penetratin falls in the third
quadrant (negative values for both p- and s-shift) for which the
following values of mass and structural changes were obtained:
�sm = −7 mdeg; �pm = −9 mdeg; �pstr = 0 mdeg; �sstr = 0
meaning that a pure mass effect is observed. The mass changes
correspond to a decrease in the mass density in the lipid bilayer,
which can only be explained by an efflux of lipid out of the bilayer
and into the plateau Gibbs border. This may be a consequence of
repulsion between the positive charges in penetratin and those

Figure 4. Interaction of penetratin with an egg PC lipid bilayer monitored by PWR. Panels A and B correspond to the PWR spectra obtained for the lipid
bilayer (solid line) and after addition of about 1 µM (•) and of 50 µM (◦) of penetratin to the bilayer obtained for p- and s-polarized light, respectively.
The resonance position shifts obtained for p- (•) and s- (�) polarizations for the incremental addition of penetratin are represented (panel C) as well as
the hyperbolic binding curve obtained for the low-affinity binding process (panel D).
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in the phospholipid headgroups, as has been proposed earlier
[30]. As for the second event, the low-affinity binding process is
placed in the first quadrant in the coordinate system (Figure 5).
The analysis of this data point indicates a gain in mass density
(�sm = 16 mdeg; �pm = 21 mdeg; corresponds to ∼80% change
in mass) accompanied by a small change in the anisotropy of
the system (�pstr = −6 mdeg; �sstr = 2 mdeg; corresponds to
∼20% change in structure). Moreover, from this second event, an
apparent dissociation constant (KD app) of 1.8 µM was obtained for
penetratin interaction (See section on Materials and Methods for
the procedure). Such biphasic behavior was not observed for the
interaction of penetratin with an egg PC/POPG (mol/mol) bilayer,
where only positive shifts were observed [30]. A 20-fold increase
in the binding affinity was observed for this lipid (data not shown),
indicating that electrostatics plays a role in penetratin interaction
with the bilayer. A comparison of the magnitude of the spectral
shift observed with p- and s-polarized light in the weak binding
event (Figure 4, panel C) indicates that the shifts obtained with
s-polarized light are larger than those obtained with p-polarized
light. As several studies have suggested that the peptide adopts a
helical structure (anisotropic structure) in contact with lipids, such
spectral changes may indicate that the peptide is placed with its
long axis parallel to the lipid bilayer.

The addition of increasing amounts of RL16 to an egg PC
bilayer produced a very different PWR response, as one can see in
Figure 6, a monophasic response was observed with decreases
in the resonance angle position both for p- and s-polarized
light. The magnitude of the resonance angle shift was similar
for both polarizations (see panel C) and was about 60 mdeg
(approx. −61 mdeg for p-pol and approx. −58 mdeg for s-pol).
This is a very large spectral shift, corresponding in magnitude
to about 1/3 of that obtained upon the formation of the lipid
bilayer (when compared to the buffer spectra). Such large spectral
changes indicate that the peptide induces large structural and
mass changes in the lipid bilayer. As can be seen in Figure 5, the
binding of RL16 to the lipid bilayer falls in the third quadrant
of the plot (corresponding to negative values for both p- and
s-shifts) meaning that the ligand mainly induces decreases in the
mass density of the lipid. From the positions of the mass and
structure axis, one can calculate the coordinates of this point
relative to the coordinate system, given by �pm = −71 mdeg;
�sm = −54 mdeg; �pstr = 10 mdeg; and �sstr = −4 mdeg as
shown in Figure 5. Using Eqns (1) and (2), the values of a pure
mass effect and a pure structural effect were calculated, indicating
that structural changes account for ∼10% of the spectral changes,

Figure 5. Plots of the PWR spectral shifts on a (s, p) coordinate system
presenting the mass and structural anisotropy axes for the interaction of
RL16 (•) and penetratin for both the high-affinity (+) and low-affinity (�)
processes. The s- and p-coordinates describing the mass (�pm and �sm)
and structural shifts (�pstr and �sstr) for the interaction of RL16 with the
lipid bilayer are presented (dotted lines), which have been calculated using
Eqns (1) and (2) and a sensitivity factor (Sf = �s/�p) of 0.74.

whereas mass changes account for ∼90%. A decrease in mass
density in this case, where mass is being added by RL16 binding
to the bilayer, results mainly from a decrease in the mass of the
lipid bilayer due to removal of lipid from the bilayer accompanied
by lipid structural rearrangements. As noted earlier, a similar
behavior was observed in the case of the bilayer composed of egg
PC and POPG (3 : 1 mol/mol). Regarding the affinity of RL16 to the
bilayer, a subpicomolar affinity was observed for both lipid bilayer
compositions. It should be noted that this represents an apparent
dissociation constant reflecting both the interaction of the peptide
with the bilayer and also the removal of lipid from the bilayer.
We have tried to distinguish the two processes by performing
kinetic experiments at distinct peptide concentrations. In those
experiments, the resonance minimum of the spectra is followed
as a function of time. A biphasic signal was observed in the
first seconds, no change in the resonance minima was observed,
probably corresponding to the phase where the peptide was
binding, followed by a gradual decrease in the resonance angle
position, which equilibrated after a few minutes (data not shown).
The time length of the first process decreased with increases in

Figure 6. Interaction of RL16 with an egg PC lipid bilayer monitored by PWR. Panels A and B correspond to the PWR spectra obtained for the lipid bilayer
(solid line) after addition of saturating concentrations of peptide (•) and after washing the PWR cell sample with buffer (◦) obtained for p- and s-polarized
light, respectively. The binding curve obtained for the interaction of RL16 with the bilayer obtained for p- (•) and s- (�) polarizations is presented in
panel C.
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peptide concentration, making it difficult to distinguish the two
processes. Experiments are under way to further investigate the
kinetics of the process.

Discussion

Using a combination of biophysical techniques: 31P-NMR, DSC,
and PWR spectroscopy, the interaction of two cationic CPPs with
lipid model systems was investigated. Important information
regarding the affinity of those peptides for the lipid bilayer
(zwitterionic and anionic), the degree of interaction, and the
changes in the supramolecular organization of the lipid and
mass density were obtained. A detailed characterization of
the peptide–membrane interactions is essential to determine
the molecular mechanisms responsible for the cell-penetrating
activities of those peptides.

Penetratin, one of the most studied CPPs, is a cationic
nonamphipathic peptide that is unstructured in solution and
in the presence of uncharged lipid bilayers, but adopts a helical
structure in the presence of negatively charged lipids [15,31,32].
The widespread interest that this peptide has attracted resides
on its ability to directly target conjugated oligopeptides to the
cytoplasm and nuclear compartments of cells [9]. Apart from
the fact that this peptide does not perturb membrane integrity,
which excludes a permeabilization of the membrane by pore
formation, its uptake mechanism remains highly controversial up
to now. Penetratin leads to a powder pattern in the 31P-NMR
spectra in DMPC MLVs and induces the formation of a nonlamellar
structure in DMPG above the phase transition temperature. The
induction of vesicle formation by penetratin has been reported
recently in the case of egg PC bilayers [33]. A preferential and
stronger interaction of penetratin for anionic versus zwitteronic
lipids was observed in our studies. DSC shows that the peptide
leads to a great perturbation of the thermodynamics of both
the pre-transition and the main phase transition of DMPG,
which indicates that the peptide interacts with this lipid at
the headgroup level and has some degree of insertion in the
acyl chain region. In the case of DMPC, no significant effect
in the lipid phase transition was observed. Moreover, a slight
decrease in Tm is observed, which correlates with a preferential
interaction of the peptide with a fluid bilayer. PWR studies confirm
the role of electrostatics in the penetratin/lipid interaction as
a 20-fold increase in the affinity was observed in the presence
of negatively charged lipids. The fact that an interaction was
monitored by PWR between penetratin and egg PC but no
perturbation in the phase transition of DMPC was observed by
DSC may be explained by the great diversity in fatty acid chain
composition in egg PC (also, residual amounts of other lipids
than PC are possible). The complexity in the lipid composition
of egg PC makes this lipid rather unfavorable for DSC studies.
The greater magnitude in the s-pol shift versus p-pol by PWR
studies indicates that the peptide may orient parallel to the
lipid bilayer, and this correlates with previous studies [34]. The
electrostatic interaction between the arginine residues in the
peptide and the lipid headgroups may trigger peptide structural
changes creating hydrophobic patches in the peptide, which
may allow a partial insertion in the membrane core region. The
formation of nonlamellar structures in the presence of certain
lipids such as DMPG (our studies) and egg PC [33] may correspond
to the formation of small vesicles that detach from the bilayer
or to the formation of inverted micelles. DSC studies on the

effect of penetratin on the lamellar (Lα ) to hexagonal (HII) phase
transition temperature (TH) indicate that the peptide favors a
negative curvature in the lipid bilayer [15] and X-ray studies
recently published support this idea [33]. Such studies support
the hypothesis that penetratin may enter cells by the formation of
inverted micelles, entrapping the peptide across the bilayer and
releasing it inside the cell. The cellular uptake of penetratin by the
formation of inverted micelles although postulated and evidenced
by model studies [1,5,6,15,33] has not directly been observed in
cells and continues to be debated. Such process may require
specific lipids to occur; hence, specific lipid recruitment may
trigger the process and this is the current subject of investigation
in our laboratory.

RL16, a perfect amphipathic peptide, derived from sequence
uptake relationships of penetratin, adopts an alpha helical
structure both in solution and in the presence of lipids and
has been determined to possess antimicrobial properties [15].
Their antimicrobial properties correlate with the fact that this
peptide perturbs the cell membrane integrity [15] probably due
to the formation of pores in the membrane. 31P-NMR studies
reported here show that the addition of RL16 to MLVs of DMPC
leads to the formation of small objects, which according to the
�ν1/2 may correspond to discs or vesicles. At the phase transition
temperature these objects coexist with lamellar phases. A similar
behavior has been observed for the interaction of melittin with
DPPC, where an isotropic signal was observed both below and
above the phase transition temperature and a mixture of a powder
pattern and an isotropic signal was observed around the phase
transition temperature [35]. Membrane fragmentation has been
observed for other antimicrobial peptides such as a magainin
analog (MSI-78) [36], gramicidin [37] and also in the case of the
CPPs TAT and Arg8 in the presence of DMPC but not in DMPG
[38]. The fragmentation of the membrane by RL16 correlates
well with the PWR studies that show that the peptide induces a
decrease in mass in the proteolipid system. In order to confirm
that the decrease in mass was due to lipid being removed from
the lipid bilayer in the form of fragments and not due to lipid
that moved into the plateau Gibbs border, the bulk solution in the
PWR cell sample has been analyzed by MALDI-TOF MS confirming
the presence of both the peptide and the lipids in the solution. In
the case of penetratin, no lipids were found in the bulk solution
of the cell. Moreover, the increase in the TH of DiPoPE observed
by DSC is also in favor of the induction of positive curvature in
the lipids by this peptide [15], which exists in small structures
such as vesicles or discs. The DSC studies indicate that RL16
has a strong perturbation in the lipid chain packing of DMPC,
suggesting that the peptides insert deeply in the membrane. In
the case of DMPG, the peptide rather stays at the lipid headgroup
level, as only the pre-transition temperature is affected. Placing the
results obtained in terms of an interaction mechanism, the peptide
has a strong affinity for bilayers (both zwitterionic and anionic)
to which it initially binds parallel to the membrane. In case of
anionic bilayers, the peptide will interact with the bilayer through
its hydrophilic side, which leads to peptide/peptide interaction
to avoid exposure of the hydrophobic face of the peptide to
water, and this is accompanied by aggregation of liposomes (data
not shown). The peptide stays immobilized in the surface due
to electrostatic interaction between the phospholipids groups
and the arginines in the peptide that impedes the peptide to
penetrate deep in the bilayer. In the case of zwitterionic bilayers,
the hydrophobic interaction of the peptide with the lipid will
prevail leading to an intercalation of the peptide in between
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the fatty acid chains. An electrostatic repulsion between the
exposed charged surfaces of peptides placed in adjacent bilayers
is created, which leads to the disruption of MLVs. This process is
accompanied by membrane fragmentation. The fragmentation of
the lipid bilayer is a reversible process as peptide removal from the
lipid (PWR experiments described earlier) leads to a recovery of
the lipid bilayer. This result may explain the fact that this peptide
is not toxic for eukaryotic cells at the concentrations at which it
has antimicrobial activities without lysis in S. staphylococcus aureus
(9 µM) [15]. We suggest that RL16 acts by a detergent-like carpet
mechanism, the peptide first assembling in the membrane surface
followed by a membrane permeation and disintegration by a
detergent-like mechanism [39]. During this process the formation
of transient pores may occur, as it has been suggested that the
formation of ‘holes’ or toroidal pores may occur as an early step
in the membrane fragmentation process. Pore formation without
the complete progression to membrane disruption has been seen
in many antimicrobial peptide (AMP) such as magainin.

As far as sequence/activity relationships of CPPs are concerned,
they appear not to share common motifs apart from being rich
in arginines and being internalized by a receptor-independent
mechanism. Their basic character alone is not sufficient for the
translocation as peptides rich in lysine get transducted with much
less efficiency than arginine-rich peptides [38]. Other experiments
agree with the idea that charge alone is not the only driving force,
for example, the substitution in penetratin of two tryptophanes by
phenylalanines strongly diminishes translocation [4]. Increasing
the number of clustered positively charged amino acids enhances
attachment of a peptide to a membrane but it prevents its transport
to the nucleus [37]. In terms of arginine-rich peptides it seems that
an arginine octamer presents the optimal length for efficient
uptake. Polymers composed of other positively charged amino
acids such as lysine and histidine are not transduced implicating a
role of the guanidinium in peptide activity [40,41] suggesting that
H-bonding may be involved.

In conclusion, the studies performed demonstrate that the
spatial charge distribution in the peptide sequence and the
balance between lipophilic and hydrophilic forces between the
peptide and the lipid lead to distinct mechanisms of interaction
and reorganization of the bilayer. Whether such different bilayer
interaction and perturbation mechanisms induced by the peptide
result in different uptake processes is still a matter for debate. In
any case, the study shows that the borderline between CPP and
AMP activity and the capacity of a peptide to switch between those
is highly modulated by charge distribution and amphipathicity of
the peptide.
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