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Protein membrane transduction domains are able to translocate through cell membranes. This capacity
resulted in new concepts on cell communication and in the design of vectors for internalization of active
molecules into cells. Penetratin crosses the plasma membrane by a receptor and metabolic energy-
independent mechanism which is at present unknown. A better knowledge of its interaction with
phospholipids will help to understand the molecular mechanisms of cell penetration. Here, we investigated
the role of lipid composition on penetratin induced membrane perturbations by X-ray diffraction,
microscopy and 31P-NMR. Penetratin showed the ability to induce phospholipid domain separation,
membrane bilayer thickening, formation of vesicles, membrane undulations and tubular pearling. These data
demonstrate its capacity to increase membrane curvature and suggest that dynamic phospholipid–
penetratin complexes can be organized in different structural arrangements. These properties and their
implications in peptide membrane translocation capacity are discussed.
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1. Introduction

Cell penetrating peptides (CPP) are potential therapeutic vectors for
the delivery of hydrophilicmolecules inside eukaryotic cells (for review
see [1–3]). These peptideswere developed as an alternative approach to
other “aggressive” methods to introduce molecules into cells such as
trituration [4]. Such peptides (i.e. Tat, penetratin, polyarginine) are
usually rich in basic amino acid residues, and some of them are derived
from proteins suggesting that they play a role in messenger protein
transduction [5]. Penetratin, the transduction domain derived from the
homeodomain transcription factor antennapaedia was described as one
of the first peptides to successfully carry active molecules inside cells
without affecting cell viability and is one of themost studied CPP [6–8].

Different physicochemical parameters are involved in membrane
binding and penetration of CPP [9]. In some cases, cell penetration of
peptides has been proposed to be independent from receptors and
metabolic energy. Direct interaction with membrane lipids seems to
be involved in their cellular uptake. Several studies have demonstrat-
ed that endocytosis is also involved in the internalization of basic
peptides [10]. Recently, Duchardt and collaborators showed that non-
endocytic and different endocytic mechanisms are involved in the cell
penetration of Tat, penetratin and oligoarginine [11]. However, to
reach the cytosol and the nucleus, the peptides must escape from the
endosome through the endosomal membrane barrier.

The molecular mechanisms of membrane translocation are still
debated. Several mechanisms for CPP membrane translocation (plasma
membrane or endosomes) have been proposed. These include an
“electroporation-like” mechanism [12], neutralization of arginine
residues by guanidinium-phosphate complex formation [13,14], and
inversemicelles formation [15] (for reviews see [1,2,16]). A recent study
has contested the electroporation-like mechanism and has suggested a
direct translocation through the bilayer [17]. The formation of pores, a
candidate mechanism for internalization of antimicrobial and model
amphipathic peptideswasexcluded for penetratin andhighly basic non-
amphipathic peptides.

Experiments with model membranes have established that
peptide translocation in large unilamellar vesicles (LUV) is less effi-
cient than in giant unilamellar vesicles (GUV), [18,19]. This difference
may be related to membrane curvature and/or membrane tension
that are higher in LUV than in GUV.
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Usingmembranemodels, we have previously shown that penetratin
and different basic peptides induce membrane invagination which
results in the formation of tubular structures [20]. These invaginations
were observed in membranes in the fluid liquid disordered phase
[21,22]. We suggested that membrane curvature induced by basic
peptides could be crucial to theirmechanisms of internalization. Positive
curvature would be necessary to the mechanism of pore formation of
amphipathic peptides and negative curvature would be related to the
formation of tubes (“physical endocytosis”) [20] and inverse micelles.
With regards to the protein transduction domains present in several
transcription factors (i.e. penetratin), it should be considered their
interaction with different phospholipid species. To be internilazed, the
basic domain has to be able to interact with the external leaflet of the
plasmamembrane rich inphosphatidylcholine (PC) and sphingomyeline
(SM), and to be secreted with the internal leaflet rich in phosphatidyl-
ethanolamine (PE) and negatively charged phospholipids such as
phosphatidylserine. Moreover, antimicrobial activity against gram
positive and gram negative bacteria suggested the possible interaction
of penetratin with PE and phosphatidylglycerol (PG) rich membranes
[23].

Herein, to elucidate the mechanism of penetratin actions on phos-
pholipids during intracellular uptake, extracellular export and antimi-
crobial capacity, the properties of penetratin-phospholipid complexes
were studied with phospholipids present in different cellular mem-
branes. We analyzed the penetratin capacity to modify the membrane
lipid organization by microscopy, 31P-NMR, X-ray diffraction and cryo-
electron microscopy. The results indicate that penetratin is able to
induce dynamical phase separation of phospholipid bilayers and
membrane thickening as well as an increase in membrane negative
curvature resulting in undulations, pearling and vesiculation. The
implications of the presented data in penetratin membrane transloca-
tion are discussed.

2. Material and methods

2.1. Materials

Egg L-α-Phosphatidylcholine (PC), egg L-α-Phosphatidyl-DL-glycerol
(PG), egg Sphingomyeline (SM), Cholesterol (Chol) and egg L-α-
Phosphatidyl-ethanolamine (PE) were purchased from Sigma.
Penetratin (RQIKIWFQNRRMKWKK) and nona-arginine (R9) were
synthesized and purified as previously described [20]. The synthesis
of 5(6)-Carboxyfluoresceinated penetratin (CF-penetratin) was
performed as previously described [21].

2.2. Model membranes

Large unilamellar vesicles (LUV), were prepared with an extrusion
device (Avestin) as previously described [24].

Multilamellar vesicles (MLV) for electron microscopy were
prepared as follows. 230 μg of a PC solution were dried under a
stream of nitrogen and the residual solvent was evaporated under
vacuum for an hour. Then 20 μl of buffer A (5 mMHEPES pH 7.4) with
or without penetratin (23 μg) were added and gently mixed.

Giant unilamellar vesicles (GUV)were obtained by electroformation
as previously described [20]. Briefly, 1.5 μl of lipids solution was spread
on platinumelectrodes. The lipidfilmswere dried under a gentle stream
of nitrogen. The electrodes and the chamber are set on an inverted
microscope with a thermocouple monitoring the temperature (25 °C).
The chamber was filled with 2 ml of buffer A (conductivity 20 μS/cm).
Immediately after, a low frequency alternating field (5 Hz and 1 V) was
applied on the electrodes for 2 h. Unless specified in the text, the lipid
compositions (by weight) used in this study were, for external leaflet
mimicking zwiterionic membranes: PC (pure), PC/chol (4/1), and PC/
SM/chol (1/1/1). For prokaryotic and internal leaflet negatively
charged phospholipids: PC/PG (9/1), PC/PE (2/8), and PE (pure).
2.3. Video microscopy

GUV with diameter between 10 and 100 μm were observed by
phase contrast microscopy and for CF-penetratin by fluorescence
microscopy under exciting illumination (fluo arc N HBO 103, Zeiss)
with Zeiss filters (Ex/Em, 546/590+) as previously described [21].
GUVs of diameter between 10 and 100 μm were observed. 2.5 μl of
50 μM peptides solution were added close to the electrodes (2 ml of
buffer) and images were captured with a CCD camera (Cool SNAP HQ)
controlled with Metamorph software (Roper Scientific).
2.4. 31P-NMR spectroscopy

NMR experiments were recorded on a Bruker DMX 500 spectrom-
eter and processed with the UXNMR software. Measurements were
performed at 202.5 MHz, using a single 12.0 μs pulse, followed by 1.2 s
relaxation delay time and broadband proton decoupling. Typically,
24 000 scans were accumulated. An exponential multiplication,
corresponding to a line broadening of 30 Hz, was applied to FID
prior to Fourier transformation. Samples were prepared by dissolving
lipids (20 mg) in chloroform/methanol (2/1, vol/vol). The solvent
was evaporated under a stream of nitrogen and residual solvent
removed under high vacuum for 1 day. In order to obtain the MLV, the
dry lipids were hydrated in 1 ml H2O/2H2O (9/1 by vol.) containing
2 mg of penetratin. The experiments were performed at 40 °C.
2.5. X-ray diffraction

Small angle X-ray scattering (SAXS) measurements were per-
formed at the Synchrotron Radiation Source of Spring8 (Japan)
following a protocol adapted from Tessier et al. [25] and described in
[21]. Samples were prepared by dissolving dry lipids (20 mg) in
chloroform/methanol (2/1, vol/vol) in the indicated proportions. The
solvent was subsequently evaporated under a stream of nitrogen at
45 °C and residual solvent under high vacuum for 1 day. In order to
obtain the fully hydrated (50 wt.% water) MLV, the dry lipids were
hydrated with 25 μl of buffer A containing 2 mg of penetratin. The
lipid dispersion was thoroughly stirred, sealed under argon and kept
until examination at 4 °C. For X-ray measurements, samples (∼20 μl)
were deposited between two thin mica windows and mounted on a
programmable temperature stage. The sample to detector (Rigaku
Image Plate) distance was set to 1 m. Samples were exposed for
30 seconds recording. Spacings were determined from circular
integration of 2-D images using FIT2D program (Andy Hammersley)
and silver behenate was used as the x axis calibration standard. Peak
analysis was performed with Origin and Peakfit 4 programs. The
electron density profiles of lipid bilayers were obtained by Fourier
synthesis of X-ray diffraction pattern [26]. Integrated densities were
derived from three or four diffraction orders by measuring the area
under each diffraction peak separated and integrated using the
software Peakfit (Seasolve).
2.6. Cryo-electron microscopy

Penetratin induced membrane perturbations were observed by
cryo-electron microscopy of LUV as described in [27] and in PC-MLV.
LUV (15 µg) were mixed with 3 µg of penetratin in buffer A and
incubated for 15min. LUV incubated with penetratin or MLV prepared
as indicated in the ‘model membranes’ section were vitrified by
plunging the sample into liquid ethane, following a standard fast
freeze procedure [28]. Observations were performed with a Tecnai
F20 FEI transmission electron microscope, operating at 200 kV. Low-
dose images were recorded at a nominal magnification of 50 000 with
a USC1000 slow-scan CCD camera (Gatan, CA, USA).



Fig. 1. Penetratin induces phospholipid phase separation. (a), Series SAXS diffracto-
grams at 10 °C interval obtained from 5 °C (top) to 45 °C (bottom). PC/SM/Chol (1/1/
1) MLV in the absence (continuous lines) and presence of penetratin (dotted lines).
Penetratin induced lamellar phase separation (arrows). Inset, amplification of the fifth
order peak in the absence of penetratin. Arrows indicate the separation of two lamellar
phases at 45 °C. (b), Temperature dependence of the membrane bilayer thickness of
PC/SM/chol in the absence of peptide L1 (■), and the L1 (□) and the L2 (○) lamellar
phases in the presence of penetratin. (c), 31P-NMR spectra of PC/SM/chol MLV in the
absence (top) and the presence of penetratin (bottom). The split peak (arrows)
suggests separation of two phases coexisting with an isotropic component (resonance
at 0 ppm).
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3. Results

3.1. Lamellar phase separation of membrane lipids induced by penetratin

Penetratin and other basic peptides were shown to induce mem-
brane tubulation in giant unilamellar vesicles (GUV) [20,29,30]. For
penetratin, this effect was dependent on the physical state of the
bilayer. The tubulation was inhibited in pure liquid ordered (Lo) state
and favored in the liquid disordered (Ld) membranes [21,22]. Herein,
in order to get more insight on the role of the lipid arrangements
induced by penetratin, membrane bilayers of different composition
were investigated.

The effect of penetratin in PC/SM/Chol (1/1/1) multilamellar
vesicles (MLV) at temperatures from 5 to 45 °C was studied by small
angle X-ray scattering (SAXS). In the absence of peptide at 5 °C, a
single lamellar phase was assessed by five equally spaced Bragg's
peaks (Fig. 1a). The thickness of the bilayer (4.80 nm) and the
hydration layer (2.14 nm) were measured by calculating the
transversal electron density profile. At 45 °C another lamellar phase
with a reduced thickness (4.14 nm) was clearly separated (Fig. 1a
inset). The increase in temperature resulted in a moderate reduction
of the membrane thickness of the first structure (from 4.80 nm at 5 °C
to 4.51 nm at 45 °C, Fig. 1b). Cholesterol (Chol) was already described
to reduce the decrease in thickness of the bilayer by enhancing the
molecular ordering of acyl chains at high temperatures. However the
observation above 45 °C of the equimolar ternary mixture is
consistent with the separation of the liquid ordered and liquid
disordered lamellar components. These data is in agreement with
previous studies [31] showing at 20 °C one lamellar phase with a
bilayer thickness of 4.30 nm in dioleoyl-PC/SM/Chol (1/1/1) MLVs,
and a separation of two lamellar phases at 37 °C (lo of 4.89 nm and ld
of 4.52 nm) for PC/brain SM/Chol [32]. The small differences in these
studies are due to the difference in the phospholipid species used. In
the first case the authors used the unsaturated dioleoyl-PC and a SM
rich in palmitoyl species (C16:0) and in the second case they used
brain SM with longer saturated chains (C18:0 and C24:0).

In the presence of penetratin, the separation of two lamellar
phases with distinct d-spacing was observed from 5 °C and remained
separated by heating to 45 °C. The thicker phase (L1) behaves
similarly with the phase previously observed in the whole temper-
ature range in the absence of penetratin. Characteristically it showed a
moderate reduction of thickness with temperature (4.81 nm at 5 °C
and 4.50 nm at 45 °C). The peptide also induced the separation of a
second lamellar component (L2) with a strongly temperature-
dependent bilayer thickness varying from 4.40 nm at 5 °C to
3.75 nm at 45 °C (Fig. 1b). This component is consistent with a liquid
disordered phase in the whole temperature range investigated
(Fig. 1b). The peptide seemed to induce vesiculation of membranes
as it is suggested by the distorted baseline of the diffractogram which
is superimposed between the Bragg's peaks.

Phase separation brought about by penetratin was also suggested by
other approaches. First, the heterogeneous distribution of fluorescent
peptide on PC/PG GUV surface. This transient domains separation was
highly dynamic and penetratin rich clusters appeared and remained
stable for several minutes. Then, they disappear by homogeneization of
theGUV curvature and diffusion of penetratin in about 5 seconds (Movie
S1 in the supporting material). Second, penetratin induced two major
alterations of the 31P-NMR spectra of membranes comprised of five
different compositions. 1) the presence of an isotropic peak indicating
the formation of highly curved structures (Fig. 1, S1 and S2 in the
supporting material) consistent with the vesiculation assumed from X-
ray diffraction base line distortion, and 2) two distinct peaks
corresponding to lamellar structures were observed in PC, PC/PG and
PC/SM/chol membranes (around 7.5 and 11 ppm) (Figs. 1c and S2).
Noticeably, the isotropic component was observed at a peptide/lipid
molar ratio (P/L 1/64) as shown in Fig. S2. A clear phase separation was
only observed at P/L of 1/32 but the broadening of the lamellar peak
contribution was detected from P/L of 1/64. The resonances
corresponding to lamellar structures were interpreted as two different



Table 1
Thickness of membrane bilayer and hydration layer of the lamellar phases for different
lipid compositions in the presence and absence of penetratin at 25 °C and 45 °C.

Lipid
composition

Bilayer (nm) Hydration (nm)

None +Penetratin None +Penetratin

L1 L2 L1 L2 L3 L1 L2 L1 L2 L3

Temperature 25 °C
PC/SM/Chol 4.55 4.67 3.96 2.17 2.01 1.98
PC 3.81 3.82 4.66 2.19 3.21 3.96
PC/PG 3.86 3.83 4.58 2.30 3.06 3.80
PC/PE 3.92 4.01 2.02 2.25
PE 3.88 3.74 3.84 4.21 1.47 1.53 1.49 1.86

Temperature 45 °C
PC/SM/Chol 4.51 4.14 4.50 3.75 2.05 2.57 2.00 1.98
PC 3.75 3.79 4.59 2.14 2.95 3.77
PC/PE 3.89 4.02 2.02 2.26
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regimes for phospholipids with lateral diffusion taking place on the
distinct structures revealed by SAXS (L1 and L2 for PC/SM/Chol and L1
and L3 for PC/PG) and PC/PG GUV observation.
3.2. The arrangement of lipids is perturbed by penetratin

Tobetter understand SAXSdata showing thatpenetratin induced the
formation of vesicles and phase separation, we have calculated and
compared the electron density profiles for different lipid composition
and temperatures. The value of the membrane phospholipid thickness
(given as the P–P transversal distance) and of the hydration layer are
reported in Table 1. In contrast with PC/PE and PC/SM/chol were
penetratin induced only a small increase of the bilayer thickness,
penetratin has split PC and PC/PG membranes into two different
structures (Fig. 2, Table 1). For an arrangement (L1) the electron density
profile is consistent with an increase of the hydration layer without
significant effect on the bilayer thickness. L1 can be understood as the
result of morewater entering the inter-bilayer space under the osmotic
influence of the peptide. However for the second arrangement detected
(L3) the peptide addition induced a significant increase of both
hydration and bilayer thickness (Fig. 2, Table 1). Moreover, the thermal
behavior reveals that the first arrangement (L1) is more temperature
sensitive than the L3 arrangement (Fig. 2c). Noticeably, a small effect on
membrane thickening and hydration increase was observed at P/L
ratios of 1/64 (not shown), but the occurrence of the L3 arrangement
was only observed at a P/L ratio of 1/32.

In PEmembranes, a phospholipid which favors negative curvature,
heating induced a transition from a lamellar to an inverted hexagonal
phase HII (Fig. 2d). In the presence of penetratin we observed the rise
of three diffraction peaks which corresponds to a lamellar structure
(L3). The electron density profile showed that the bilayer and the
hydration thicknesses were increased (Table 1). In addition pene-
tratin strongly reduces the capacity of PE to form inverse hexagonal
Fig. 2. Penetratin induces specific arrangements of phospholipids. (a), SAXS
diffractograms of PC MLV in the absence (continuous line) and the presence of
penetratin (dotted line). In PC/PG (9/1), penetratin induced a shift of the d-spacing of
the lamellar phase peak (L1) from 6.0 to 7.1, and a minor component appears (L3, d-
spacing of 8.5; arrows). (b), Electron density profiles of lamellar phases of PC at 25 °C in
the absence (continuous line) and the presence of penetratin. Principal lamellar phase
L1 (dashed line), thick lamellar phase L3 (dotted line). H; hydration distance, B; bilayer
distance. (c), Temperature dependency of the membrane bilayer thickness of PC in the
absence of penetratin (■) and the L1 lamellar phase (□) and the lamellar phase L3 (○)
in the presence of penetratin. (d), in PE the inverted hexagonal phase peaks are shown
at 35 °C and 45 °C (arrowheads Δ). In the presence of penetratin the lamellar phase
peaks (L1) decrease in intensity and the peaks corresponding to a cubic phase (*)
disappear. A small inverted hexagonal phase was detected only at 45 °C and new peaks
corresponding to the lamellar phase L3 are predominant at all temperatures (arrows).



Fig. 3. Membrane undulations provoked by penetratin. Cryo-electron microscopy
images of PC/PG LUV incubated with penetratin. Notice the peptide-induced
membrane perturbations including undulations, bridging and induction of mem-
brane-peptide heterogeneity as revealed by the difference in electron density of the
membrane. Bar 50 nm.
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phase as shown by the small peaks that were only detected at 45 °C
and suppressed the contribution of the cubic arrangement detected in
the diffractogram.

To observe the membrane perturbations induced by the peptide
we performed cryo-electron microscopy observations of LUV and
MLV. In PC/PG LUV, the peptide induced membrane undulations and
membrane adhesion (Fig. 3). The thickness of the penetratin-
membrane bilayer complex at a high concentration of peptide was
shown to be 7 nm by cryo-EM (Fig. S3). This distance is in agreement
with the lamellar d-spacing measured by SAXS (7.05 nm).
Fig. 4. Reversibility of membrane pearling in tubes. Top: Time lapse images of pearling in
Bottom: Time lapse images of de-pearling in tubes (PC GUV) incubated with R9 (a; t=0 s,
3.3. Basic peptides induce membrane curvature

The capability of penetratin to induce negatively curved structures
was investigated by different approaches. As shown in Figs. 1c, S1 and
S2, the 31P-NMR spectra from different MLV show the characteristic
asymmetrical line shape of a lamellar arrangement. The presence
of penetratin induced the appearance of a strong isotropic signal
suggesting highly curved phospholipid structures.

The formation of curved structures was observed in PC MLV by
cryo-electron microscopy. Typical MLV smooth membranes are
shown in the absence of the peptide (Fig. S3c). In the presence of
penetratin, many small vesicles of about 50 nm in diameter were
observed (Fig. S3d).

A third evidence of peptide capacity to inducemembrane curvature
was obtained by direct observation of GUV. Penetratin induced the
invagination of membranes and consequently the formation of tubes
inside the GUV. These tubes experienced a dynamic evolution.
Tubulation usually starts by invagination of thin tubes. After several
minutes, the tube diameter increases to reach a size of about 2 μm.
Then, a fluctuation period of tens of minutes resulted in tubular
pearling (Fig. 4). The pearled structures remained stable for several
minutes and then in less than 5 min evolved to a tube with bigger
diameter. Pearling was not exclusive for penetratin and was also
observed for the oligopeptide R9 (Fig. 4 and Movie S2). Pearling was
observed in membranes composed of the zwitterionic phospholipid
PC, as well as in the presence of a negative phospholipid (PC/PG, 9/1)
and cholesterol (PC/Cholesterol, 8/1) GUV (Fig. S4). The relationship
between the “wavelength” of the pearled tube (P) and the radius of the
starting tube (Ro) were measured and analyzed with the equation
k=2πRo/P [33]. The slope k is a factor related to the mechanism
involved in pearling [34]. k=1 indicates an agent-induced pearling
mechanism and k=0.7 a tension induced pearling. In the case of
penetratin, we found k values from 1.01 to 1.07. For R9, the k values
weremore variable ranging from1.0 to 1.3. However, in both cases, the
k values were in agreement with a peptide mediated pearling as has
tubes (PC GUV) incubated with penetratin (a; t=0min, b; t=30 min, c; t=56 min).
b; t=45 s, c; t=120 s). Bars 10 μm. See also supplementary movie 2.
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been shown for other polymers [33]. The difference in k values
between penetratin and R9 are related to the fact that the diameter of
the tubes induced by R9 was usually smaller than those induced by
penetratin. This suggests that R9 is able to induce stronger negative
curvature compared to penetratin.

4. Discussion

The molecular mechanisms of internalization of cell penetrating
peptides are still controversial. Penetratin, Tat and polyarginine (R8)
peptides had been shown to be internalized by endocytic and non-
endocytic pathways [11]. However, peptides actions in the cytoplasm
and nucleus cannot be explained by endocytosis alone and require
their translocation through the membrane phospholipid bilayer.
Moreover, penetratin was shown to have an antimicrobial action
against bacteria [23], organisms in which the plasma membrane is
rich in PE and PG phospholipids. Some CPPs such as penetratin are
part of protein transduction domains suggested to be involved not
only in intracellular uptake but also in extracellular export of
transduction proteins. Thus, the interaction with the internal leaflet
of the plasma membrane rich in PE and negatively charged phos-
pholipids would be necessary for protein export. Therefore, we
studied the modifications of lipid organization induced by penetratin
on different phospholipids present in the outer and the inner leaflets
of the eukaryotic plasma membrane.

The first important finding of this study is that penetratin is able to
induce lamellar phase separation. This was clearly observed by X-ray
suggested by the experiments with GUV and by NMR. Penetratin has
been shown to perturb membranes in several ways such as in mem-
brane packing [35] and thermal transitions [36]. To our knowledge, this
is the first evidence of a clearly demonstrated (SAXS) lamellar phase
separation induced by penetratin. The NMR spectra of PC, PC/PG and
PC/SM/Chol showed that the peptide induced the separation of
phospholipids with at least two different regimes. This phenomenon
canbeexplainedby twodifferent hypotheses;first, thepeptidemight be
able to separate phospholipid species resulting in bilayers of different
composition. Second, the peptide-phospholipid interaction could
induce a strong change in lipid diffusion. The peptide might simulta-
neously induce both phospholipid separation and slow down of lipid
diffusion. A similar effect was observed for the peptide Tat with
dimyristoyl-PC [37].

The second important finding is the increase of the hydration and
bilayer thickness (Table 1). An increase in the hydration zone induced
by penetratin has been suggested previously [38]. The increase in the
hydration layer is probably due to the accumulation of the peptide
between the membrane bilayers as suggested by the dark bands
between the membranes observed by cryo-EM. With PC, PC/PG and
PE, the peptide induced a “new” lamellar phase with higher bilayer
thickness and low thermal sensitivity indicating an increase in the
rigidity of the membrane. One interesting point of this lamellar
structure (L3) is that its intensity and amplitude are very different
depending in lipid composition. In PC and PC/PG MLVs, the peaks are
small. For MLV composed of PE the peaks were even higher than those
corresponding to the lamellar phase. The fact that penetratin showed
such a high and stable effect with PE, a phospholipid that induces
negative curvature in membranes, is in agreement with the suggested
action of penetratin as an agent that increases negative curvature.
Why does the peptide induce negative curvature but does not favor
the hexagonal phase? We propose that the growing process to form
the long thin inverted cylinders is not favored by the peptide and only
short rod-like structures are allowed, as was observed by cryo-
fracture electron microscopy for Tat [37]. The increase in membrane
thickness might correspond to the formation of distorted structures
due to membrane undulations [39]. These undulations could be
analogous to the distorted lamellar structures reported by Tardieu
[40]. The penetratin-induced membrane thickening is in contrast to
the membrane thinning observed for the pore forming peptides
alamethicin and melittin [41,42].

The third important finding, the induction of membrane curvature
was confirmed by direct cryo-electron microscopy observation of
vesicles, curved structures and undulations. The capacity of basic
peptides to induce negative membrane curvature is suggested to be
the basis of the invagination and tubulation during “physical
endocytosis” [20,21]. Polylysine and Shiga toxin were also shown to
be able to induce membrane invaginations [29,43]. The reported
decrease in the lamellar to hexagonal phase transition temperature
induced by penetratin [44] is also consistent with the membrane
negative curvature effect.

The fourth important finding was tube pearling. This is the first
report on pearling induced by a molecule inside a membrane tube.
The measured slope k suggests that pearling results by direct
penetratin and R9 action. The exact mechanism of pearling is not
clear at present. The peptide induces membrane negative curvature
resulting in tubulation. After this first dynamic step, and to attain
equilibrium, the peptide could detach from the membrane, change its
conformation, or translocate through the bilayer. The consequent
decrease in the quantity of membrane bound peptide could induce a
change in tension resulting in pearling and in the decrease of the total
negative curvature. The penetratin capacity to provoke changes in
membrane tension is also suggested by the deformation of the GUV
provoked by the unequal distribution of the peptide at the surface
(Movie S1). It is known that the line tension at the boundary of
domains results in bud formation, and the bud like structure observed
was quite similar to those observed on GUV with coexisting fluid
domains [45,46].

Considering all these data we propose a model for penetratin
action. As shown in Fig. 5, the first action of penetratin is its
association to phospholipid head groups. Depending on the affinities
between the peptide and the different phospholipids, penetratin is
able to provoke phospholipid segregation and membrane thickening.
Thereafter, the increase of peptide local concentration on separated
membrane domains leads to membrane negative curvature resulting
in undulations, vesiculation and/or tube formation and possibly
inverse micelles.

How would these properties participate in the cellular uptake of
penetratin and other basic peptides and in the export of transduction
proteins? All the perturbations provoked by penetratinwere observed
at different degrees in membranes rich in lipids of the outer leaflet
and the inner leaflet of the plasma membrane suggesting a general
mechanism of action. We propose that the lipid phase separation and
the induction of negative curvature are keys to understand cellular
uptake. First, the induction of invaginations and tubes observed in
GUV could be a basis to explain the metabolic energy independent
cellular “physical endocytosis” (for example at 4 °C). This propensity
to form invaginations can favor themetabolic endocytic processes (for
example at 37 °C). Secondly, once in the endosomes or at the surface
of the plasma membrane, the high concentration of penetratin in
concert with membrane potential and pH changes as well as lipid
phase separation could induce a strong local negative curvature that
might result in the formation of inverted micelle-like structures and,
in fine, membrane translocation. The results showing that R9 produce
thinner tubes [20] and smaller pearls (higher negative curvature)
than penetratin are in correlation with comparative studies showing
that R9 cellular uptake is more efficient than penetratin uptake
[11,47]. This correlation is in agreement with the prediction of the
model that a peptide that induces higher negative curvature will be
more efficient for membrane translocation. However, we cannot
exclude the direct passage of the peptide across the membrane
bilayer. The increase in membrane thickness may also suggest the
inclusion of the peptide in the bilayer as suggested by Su et al. [17].
However, this interesting issue is beyond the scope of this study and
will require further investigation.



Fig. 5. Model for penetratin and basic peptides induced membrane perturbations and translocation. Lipid fluid membrane composed of different lipids (gray circles and black
squares) (a). In contact with penetratin, the membrane experiments lipid phase separation, membrane adhesion and bilayer thickening (b). After phase separation in different
membrane domains, the rise in peptide concentration results in induction of negative curvature containing structures including undulations (c), that lead to the formation of small
vesicles (d). The increase in membrane curvature might lead to the formation of inverse micelles that had been suggested to be necessary for membrane translocation. A schematic
representation of the relationship of the obtained data with the model is illustrated in Fig. S5.
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5. Conclusion

The presented results show that penetratin is able to induce phase
separation of phospholipids, the formation of vesicles, membrane
undulations and tubular pearling. These data demonstrate its capacity
to increase membrane negative curvature and suggest that dynamic
phospholipid–penetratin complexes can be organized in different
structural arrangements. It is interesting to speculate that these
properties might be important to explain the cellular internalization by
an endocytic-like mechanism independent of metabolic energy and also
the formation of highly curved structures similar to the inverse micelles
suggested to be the basis of membrane translocation (see Fig. S5).
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