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ABSTRACT

Arginine-rich peptides receive increased attention due to their capacity to cross different types of mem-
branes and to transport cargo molecules inside cells. Even though peptide-induced destabilization has
been investigated extensively, little is known about the peptide side-chain and backbone orientation
with respect to the bilayer that may contribute to a molecular understanding of the peptide-induced
membrane perturbations.

The main objective of this work is to provide a detailed description of the orientation of arginine
peptides in the lipid bilayer of PC and negatively charged PG liposomes using ATR-IR spectroscopy and
molecular modeling, and to relate these orientational preferences to lipid bilayer destabilization.

Molecular modeling showed that above the transition temperature arginine side-chains are prefer-
entially solvent-directed at the PC/water interface whereas several arginine side-chains are pointing
towards the PG hydrophobic core. IR dichroic spectra confirmed the orientation of the arginine side
chains perpendicular to the lipid-water interface. IR spectra shows an randomly distributed backbone
that seems essential to optimize interactions with the lipid membrane. The observed increase of perme-
ation to a fluorescent dye is related to the peptide induced-formation of gauche bonds in the acyl chains.
In the absence of hydrophobic residues, insertion of side-chains that favors phosphate/guanidium inter-
action is another mechanism of membrane permeabilization that has not been further analyzed so far.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Cell penetrating peptides (CPPs) display the ability to cross
cell membranes and transport cargo molecules inside cells. One
of the most representative members of this family of peptides is
a short, arginine-rich peptide segment derived from the human
immunodeficiency virus (HIV)-1Tat protein. Cellular uptake mech-
anisms remain nevertheless controversial. For instance, it has
been suggested that the TAT peptide translocates with its cargo
into eukaryotic cells through a physical mechanism that is not
receptor-mediated, without implicating the endosomal pathway
(Henriques et al., 2005). This suggests that translocation would
require a rearrangement of the lipid bilayer organization and/or
packing. In contrast, other studies propose a raft-dependent endo-
cytic pathway, involving macropinocytosis (Wadia et al., 2004).
These membrane-permeable peptides share little similarity in their
primary and secondary structures except for a high concentration of
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arginine residues in their sequences. In addition, various arginine-
rich oligopeptides display very similar properties in terms of
translocation and delivery efficiency, suggesting an obvious corre-
lation between translocation and arginine content (Futaki, 2006).
The translocation may be a consequence of the interaction between
the hydrophilic moiety of phospholipids and the side-chains of
arginine residues as suggested by the arginine-rich peptides’
length-dependent internalization and the absence of internaliza-
tion of peptides with three arginine residues or less (Tung and
Weissleder, 2003).

Whereas part of CPPs uptake might involve specific receptors,
internalization is observed even in their absence (Richard et al.,
2005). Furthermore, these peptides can enter giant unilamellar
vesicles made exclusively of lipids (Binder and Lindblom, 2003).
All together these data strongly suggest that a specific interac-
tion between the hydrophilic moiety of phospholipids and the
side-chains of arginine residues is an important step for peptide
internalization.

The interaction between the CPPs and the cell membrane is
the first step involved in the uptake mechanism. Even though
peptide-induced membrane perturbations has been investigated
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extensively, little information is available about the orientation of
the peptide side-chains and backbone with respect to the bilayer
that may open the way to a molecular understanding of the peptide-
induced membrane perturbations. The fact that the hydrophobic
residues present in the sequence of these penetrating peptides
favored penetrationis possibly a direct consequence of an increased
hydrophobicity. The challenge of this work is to deal with highly
hydrophilic peptide and to understand how it could nevertheless
destabilize a lipid bilayer. Therefore, the main objective of this work
is to provide a description of the backbone and side-chain orien-
tation of Arginine oligopeptides (Arg4, Arg7) in the lipid bilayer,
in comparison with the isolated amino acid (arg+), using ATR-IR
spectroscopy and molecular dynamics simulation and to relate ori-
entation preferences of the peptide with the lipid bilayer packing
and organization. In this sense we use zwitterionic PC and neg-
atively charged PG because we want to reveal the mechanism of
binding which always precedes a possible translocation, focusing
on the influence that peptide binding has on lipid membrane prop-
erties. The phosphate moiety was identified in previous studies as a
prominent factor in arginine-lipid interaction and therefore DMPG
appeared as a valuable biophysical model (Sakai et al., 2005; Tang
et al., 2007).

2. Materials

DMPC, DMPG, DOPG were purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL) and used as received. Peptides and amino-acids:
Arg7, Arg4 were from AnyGen Co. Ltd., and L-arginine (arg+) was
obtained from Sigma-Aldrich (Saint Louis, MO).

2.1. Preparation of liposomes

Lipids were dissolved in chloroform:methanol mixture (3:1
ratio), evaporated under nitrogen flow and desiccated overnight
under vacuum to remove any residual solvent. Dried films were
vortexed at 40°C in Tris:NaCl buffer 10:100 mM (pH 7.3).

3. Methods

3.1. Attenuated total reflection Fourier transform IR spectroscopy
(ATR-FTIR)

The internal reflection element was a 52 mm x 20 mm x 2 mm
trapezoidal germanium ATR plate with an aperture angle of 45°
yielding 25 internal reflections. Infra-red spectra were recorded
on an IFS55 FTIR spectrophotometer (Bruker, Ettlingen, Germany)
purged with N,. Fifteen microliters of the liposomes sample were
deposited under a stream of nitrogen on one side of the germanium.
While evaporating, capillary forces flattened the membranes which
spontaneously formed oriented multilayer arrangements. Under
these conditions a well ordered multilayer stack is formed (Vigano
et al.,, 2000a) it remains stable under a buffer flow (Scheirlinckx
et al., 2004). The peptides were added to the lipids at several
molar ratios. Spectra were recorded with 2 cm~1 spectral resolution
between 4000 and 800 cm~! with a broad-band MCT detector pro-
vided by Bruker; 128 scans were averaged for one spectrum at each
temperature analyzed. A modified continuous flow ATR setup was
equipped with a polarizer that can be oriented parallel or perpen-
dicular to the incidence plane. An elevator under computer control
made it possible to move the whole setup along a vertical axis. This
allowed the crystal to be separated in different lanes. Here, one
lane contained the membrane film and the other was used for the
background. All spectra were corrected for water vapor contribu-
tion and CO, and finally apodized at a resolution of 4cm~1. All the

software used for data processing was written under MatLab 7.0
(Mathworks Inc., Natick, MA).

3.2. Lipid bilayer acyl chain conformations

IR spectra were recorded with and without peptides in the
3000-2800 cm~! range, to monitor the lipid state of order and the
motional freedom of the methyl groups (Casal and Mantsch, 1984).

3.3. Secondary structure evaluation

DMPC and DMPG liposomes were spread on the diamond crystal
and dried under N, flow. The peptide film was incubated with argi-
nine peptides of different length and washed with water to remove
unbounded peptide. The sample was rehydrated by flushing D,0-
saturated N, for 2 h at room temperature. 512 Scans were averaged
for each measurement. The determination of the secondary struc-
ture was based on the shape of the amide I band (1600-1700cm™1),
which is sensitive to the secondary structure. The analysis was
performed on the amide I region of deuterated samples in order
to differentiate the a-helical secondary structure from the ran-
dom secondary structure whose absorption band shifts from about
1655cm™! to about 1642 cm~! (Goormaghtigh et al., 2006; Oberg
et al.,, 2004; Vigano et al., 2000b).

3.4. Secondary structure orientation

The orientation of different secondary structures was deter-
mined as described previously (Bechinger et al., 1999; Grimard
et al., 2001). Spectra were recorded with the incident light polar-
ized parallel and perpendicular with respect to the incidence plane.
Dichroic spectra were computed by subtracting the perpendicu-
lar polarized spectrum from the parallel polarized spectrum. The
subtraction coefficient was chosen such that the area of the lipid
ester band at 1740 cm~! equaled zero on the dichroism spectrum,
in order to take into account the difference in the relative power of
the evanescent field for each polarization and also the differences
in film thickness as described previously.

An upward deviation on the dichroism spectrum indicates a
dipole oriented preferentially near the normal to the ATR plate.
Conversely, adownward deviation on the dichroism spectrum indi-
cates a dipole oriented parallel to the plane of the ATR plate.

3.5. Molecular dynamics simulations

MD simulations have been performed with the Gromacs 3.3.1
package (Van Der Spoel et al., 2005) using the Gromos96 43a2
force field (van Gunsteren, 1996) extended with lipid head group
(Lensink et al., 2005) and acyl chain parameters (van Gunsteren,
1996). An equilibrated bilayer of 128 POPC molecules was taken as
the starting point (Tieleman et al., 1999). From this bilayer a POPG
bilayer was created using the same procedure as before (Lensink
et al,, 2005). An arginine oligomer (Arg7) was initially placed at a
distance of 2 nm from the bilayer surface. Various initial confor-
mations were explored (extended, a-helical, 3-turn), but found
to all converge to a similar unordered structure during and after
association with the bilayer. Single point charge water was used
(Berendsen et al., 1981). The systems were made electrostatically
neutral by adding the required amount of counterions Na* or Cl—
and then submitted to an energy minimization and 10 ps MD with
position restraints on the peptide heavy atoms and lipid tail atoms.
Weak coupling to a temperature (310K, separate coupling for pep-
tide, lipids and solvent including ions) and pressure (anisotropic,
1.0 bar) bath was employed (Berendsen et al., 1984) using coupling
constants of 0.1 and 1.0 ps, resp. Coulomb interactions were treated
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with fast particle mesh Ewald, a grid spacing of 0.12 nm and fourth-
order interpolation was employed (Essman et al., 1995). A cut-off
distance of 1.0 nm was applied to the Van der Waals interactions.
Bond lengths were constrained using the LINCS algorithm (Hess
et al., 1997). Equations of motion for the water atoms were solved
analytically with the SETTLE algorithm (Miyamoto and Kollman,
1992). Dummy atoms were used to limit high-frequency vibrations
involving hydrogen atoms (Feenstra et al., 1999). A time step of
4 fs was employed, removing center of mass motion every step and
updating the neighbor list every 5 steps. As we were also interested
in the association with the lipid bilayer, analyses were performed
over the entire simulation lengths of 100 ns, unless stated other-
wise. Lipids are defined as interacting with the peptide when any
of their atoms are within a cylinder, parallel to the bilayer nor-
mal (z-axis), with diameter 0.1 nm and height 1 nm from any of the
peptide atoms, as before (Lensink et al., 2005).

3.6. Leakage experiments

4mg of lipid was vortexed with 2ml of 20mM carboxyfluo-
rescein (pH 7) above the main lipid transition temperature. Large
unilamellar vesicles (LUVs) were prepared by extrusion through
two polycarbonate membranes with a pore size of 100 nm (Avanti
Polar Lipids, Inc., Alabaster, AL, USA). The extrusion temperature
was maintained 10 °C above the phase transition temperature (Ty,).
Non-entrapped carboxyfluorescein was removed on a Sephadex
G-75 column.

Lipid content was determined by phosphate determination
assays (Rouser et al., 1966). Peptide induced vesicular leakage
was evaluated by monitoring the fluorescence intensity increase
recorded at 517 nm (excitation 490 nm).

Percentage of leakage was calculated as: 100(I—Ip)/(Iq — Ip),
where Ij is the initial fluorescence intensity, I the recorded fluo-
rescence intensity and Iy is the intensity after addition of Triton
X-100 (to 0.1%, v/v).

4. Results
4.1. Arginine-induced lipid bilayer perturbations

4.1.1. ATR-IR

The transition from gel to liquid crystalline phase causes con-
formational disorders in the acyl chains (i.e., gauche rotamers) and
rearrangements in the interfacial and polar head group regions,
leading to major changes in the infrared spectrum. IR bands in the
3000-2800cm™! region arise predominantly from the symmetri-
cal and asymmetrical CH, and CHs stretching vibrations and are
quite sensitive to temperature-induced changes. The frequency,
the intensity, and the width of these bands specifically monitor the
membrane state of order and the motional freedom of the methy-
lene groups (Casal and Mantsch, 1984).

In order to accurately determine the peak maxima, a Gaussian
curve was fitted onto the upper half of the position of the max-
imum of the asymmetric CH, stretching vibrations of DMPC and
DMPG vesicles and the result was plotted as a function of tempera-
ture (Fig. 1A and B). A drastic change of the maximum frequency of
the CH, asymmetric vibration is observed at the phase transition
temperature of the pure lipid (23 °C for DMPC), revealing a signif-
icant increase of gauche rotamers. This pattern is not significantly
modified in the presence of arg+ or Arg4 (Fig. 1A), even at high pep-
tide/lipid molar ratios. No shift of the transition temperature was
detected.

In contrast, addition of Arg4 and Arg7 to anionic DMPG vesi-
cles induced a significant change in the shape of the melting curve
and the transition temperature (Fig. 1B). Again a drastic change
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Fig.1. Evolution of the maximum frequency of the asymmetric CH; stretching vibra-
tion (2929 cm~1), as a function of temperature for DMPC (A) and DMPG (B) in the
presence of peptides Arg7, Arg4 and arg+. The concentration of phospholipids is
10mg/ml. The lipid:peptide molar ratio is 1:2 and the lipid:amino-acids ratio is
1:450.

of the CH, asymmetric vibration is observed around 23 °C, reveal-
ing a significant increase of gauche rotamers around the transition
temperature. An identical shift is observed for the CH, symmet-
ric vibration (data not shown). A minor increase of absorbance of
Vas(CHjy) stretching is observed below the transition temperature
after addition of Arg4 and Arg7. Above the transition temperature,
at 37 °C Arg does not affect the frequency of pure DMPG within the
experimental error and Arg 4 and Arg7 increases in that order the
frequency difference.

4.1.2. Arginine-induced leakage of carboxyfluorescein
encapsulated into phospholipids vesicles

Self-quenching of a fluorescent dye (carboxyfluorescein) encap-
sulated in the inner aqueous phase of unilamellar vesicles was used
as a measure of the dye release resulting from the peptide interac-
tion with the lipid membrane. At temperature at which the bilayers
were at the liquid crystalline state (37 °C), arg+ does not promote
carboxyfluorescein leakage from DMPC vesicles but a slight but sig-
nificant leakage is observed with Arg4 and 7 (Fig. 2). Arg and Arg4
cause a small leakage in DMPG but Arg7 a drastic one.

The asymmetric CH, stretching vibration at 37°C (Fig. 1) for
DMPC and DMPG and the extent of leakages follows the same
sequence arg+<Arg4<Arg 7. The changes in peptide/lipid ratio
increases the percentage of leakage, being maximal at a 3:1
lipid: peptide molar ratio (Fig. 3).

It is likely that graded leakage is caused by short-lived mem-
brane defects distributed over the lipid membrane and due to the
asymmetric insertion of the peptide into the outer leaflet. It is
based in the bilayers-couple model which describes the effect of
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Fig. 2. Percentage of leakage normalized as a function of time, for DMPC and DMPG at 37 °C in the presence of peptides Arg7, Arg4 and arg+. The lipid:peptide molar ratio is
1:2 and the lipid:amino-acids ratio is 1:450. The orange arrow indicates the addition of peptide and Triton respectively.

destabilizing molecules that cannot flip quickly from the outer to
the inner monolayer (Heerklotz and Seelig, 2007). Their insertion
into the auter monolayer leads to an asymmetric increase in lateral
pressure that tends to bend the bilayers and may lead to a transient
disruption of the membrane at a certain threshold. The relative dis-
tribution of peptide between the inner and the outer leaflet can be
estimated from an evaluation of the surface charge density in the
absence of peptide and with peptide located on the internal and
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Fig. 3. Percentage of leakage normalized as a function of time of DMPG vesicles at
different concentration of Arg7 at 37°C, added at 50s.

external surface. Measurements of the zeta potentials carried out
in the absence and presence of peptides revealed that most of arg7
is located on the outer monolayer (Bouchet, A., Lairion, F., Disalvo,
A., unpublished data).

4.2. Structure and orientation of Arginine oligomers interacting
with DMPC and DMPG bilayers

4.2.1. Secondary structure evaluation in the presence of DMPG

Deconvolution and curve fit reveal major contributions at 1673
and 1633 cm~! for Arg7/DMPG in H,0 and at 1608 and 1586 cm™!
in D,0, corresponding to the asymmetric and symmetric argi-
nine side-chains (Venyaminov and Kalnin, 1990; Wolpert and
Hellwig, 2006). Spectral analysis was performed in the amide I
region of deuterated samples since H/D exchange allows to dif-
ferentiate the a-helical from the random secondary structure. The
absorption shift from about 1651-1655cm~! in water to about
1644-1646cm~! in D,0 regardless of peptide chain length, is
indicative of abackbone adopting a random structure (see also Fig. 4
and Table 1).

Table 1
Analysis of AMIDE I in terms of secondary structure for Arg7 and Arg4, in water and
deuterated water.

H,0 (cm™) D,0 (cm™)
Argd 1651 1644
Arg7 1656 1646
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Fig. 4. ATR-FTIR spectra of DMPG at 21°C, in the presence of Arg7, in water
(black above) and in deuterated water (blue below). Deconvolution reveal peaks
(1651-1655cm~"! in water to about 1644-1646 cm~! in D,0) that can be assigned
to the peptide backbone. Deconvolution and curve fitting reveal major contributions
at 1673 and 1633 cm~! for Arg7/DMPG in H,0 and at 1608 and 1586 cm~! in D,0,
corresponding to the asymmetric and symmetric arginine side-chains. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)

4.2.2. Orientation in the lipid bilayers of secondary structure and
side-chain of arginine peptides

After incubation of arg+, Arg4 and Arg7 with DMPC liposomes,
no change of dichroic signal was detected (data no shown) in the
amide I region. In contrast, a major change of the dichroic spec-
tra was observed at 1673 and 1633 cm~! in H,0, and at 1608 and
1586 cm~! in D,0, when Arg4 and Arg7 are incubated with DMPG
liposomes (Fig. 5). As mentioned before, these two peaks corre-
spond to the symmetric and asymmetric vibration of the arginine
side-chains. The positive deviation observed for oligomers 4 and
7 are the signature of a preferential orientation of the transition
dipoles of the arginine side-chains perpendicular to the lipid/water
interface. On the other hand, the spectra do not reveal any dichroic
signal associated with the protein backbone which is the signature
of a non-oriented backbone.

4.3. Molecular dynamics simulations

MD simulations have been performed to investigate the associ-
ation of Arg7 with a bilayer consisting of POPC and of POPG lipids,
based on the fact that the interaction parameters of MD for both
lipids are more established than for DMPC and DMPG.

On average 15 lipids are found to interact with the peptide. This
number is quickly reached, within the first few nanoseconds of the
simulations, due to the fast association of the peptide with both
bilayers. Fig. 6 shows the calculated deuterium order parameters
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Fig. 5. Dichroic spectra of DMPG control (black) and after addition of Arg7 (green),
Arg4 (red) and arg+ (light blue) at 21 °C. The main side-chain contribution (guani-
dinium group) is represented with dotted line. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)

for the sn1 and sn2 chains of the lipids. It can clearly be seen that the
lipids that are interacting with the peptide are much more distorted
in the case of POPG (bottom graphs) than in the case of POPC (top
graphs). The sn1 chain is more affected than the sn2 chain.

A closer look at the conformation of the peptide reveals that if
the overall secondary structure is quite similar in the two bilayers
(seeFig.7),the orientation is not. In Fig. 8 we have plotted the differ-
ential distance to the bilayer center. This distance is defined as the
difference of the distance of the peptide backbone and side-chains
atoms to the center of the bilayer, with a lower value indicating
the side-chain atoms to be located closer to the bilayer center than
the backbone atoms. The figure shows the side-chain atoms to be
almost a full Angstrem closer to the center of the bilayer in the
case of POPG. This is especially relevant since the bilayer width of
POPG is larger than the one of POPC; calculated over the last 50 ns
of the trajectories, the average phosphate-to-phosphate distance
is 3.90 nm for the POPC bilayer and 4.47 nm for the POPG bilayer
(Fig. 9).

This results in an image where the arginine side-chains are ori-
ented towards the aqueous phase in the case of POPC, and towards
the hydrophobic bilayer core in the case of POPG. We have plot-
ted two representative frames of the simulations in Fig. 10(A and
B). The left-hand panel shows the interaction of Arg7 with a POPC
bilayer, the right-hand panel with a POPG bilayer. All observations
that were made for the interaction with PG, more disordered lipids,
increased bilayer destabilization, preferred side-chain orientation,
are apparent in this picture and confirm the experimental data.
From the image it can be seen that some lipid phosphorus groups
are located underneath the peptide in the PG bilayer. When we
look into the interactions between these phosphate groups and
the arginine side-chains, we can calculate the radial distribution
function of arginine side-chain nitrogen atoms around lipid phos-
phate oxygens, depicted in Fig. 9. The figure shows the (normalized)
number of nitrogen atoms around any PO4 oxygen. The first peak,
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Fig. 6. Lipid acyl chain order parameters, calculated over the last 50 ns of the MD simulations for Arg7 interacting with a POPC (top panels) or POPG (bottom panels) bilayer.
Left-hand panels show data for the sn2 oleoyl chain, right-hand panels for the sn1 palmitoyl chain. Closed points denote the order parameters for the lipids that are interacting
with the peptide, open points denote the order parameters for the lipids that are not interacting with the peptide. Interaction is defined as in Section 2.

corresponding to a distance of 0.27 nm, is the strongest hydrogen
bond (distance is donor to acceptor; subtract 0.1 nm for hydrogen
to acceptor distance). The graph clearly shows a strongly increased
interaction for the PG bilayer, over the entire plotted range. This
interaction results from an increased number of arginine side-
chains binding a PG phosphorus group. A typical interaction frame
is shown in Fig. 11. The interaction shows R3 and R6 interacting
with the lipid PO4. Note that an additional PO4 oxygen is available
for interaction with R5. This interaction can still be formed by Arg4,
but not by arg+.

5. Discussion

Comparison of different backbones showed that a main require-
ment for cellular uptake is an unordered backbone; this parameter
seems essential to optimize interactions with the lipid membrane.
The absorption band shift from about 1651-1655cm™! to about

1644-1646 cm™!, regardless of the chain length of the peptide, is
indicative of a backbone adopting a random structure and confirms
these assumptions. The fact that no leakage is observed with free
arginine indicates that even though electrostatic interactions are
involved, a network generated by covalently bound arginines is
a prerequisite for leakage. It is relevant to mention that experi-
ments carried out with oligomers comprising all b- or all L-amino
acids revealed a similar uptake, suggesting that the backbone is not
critical (Mitchell et al., 2000). Even more, the replacement of the
peptidic backbone was found to improve cellular uptake (Rothbard
et al., 2002; Wender et al., 2002).

Even if the arginine peptide backbone does not penetrate deeply
inside the lipid bilayer, molecular dynamics simulations suggest
that the interaction of the arginine side-chain with the phosphate
group of POPG brings them more inside the membrane, causing
a local thinning of the membrane as suggested by the data in
Fig. 8. It is likely that this effect is amplified by the clustering of

Secondary structure
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Fig. 7. Secondary structure evolution during the course of the simulations. In both bilayer systems (POPC and POPG), Arg7 is found to adopt an unordered structure, with
only residue 3 (and 4 occasionally) answering the secondary structure criteria for ‘Bend’ (Kabsch and Sander, 1983).
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several Arg7 peptides at the surface of the membrane. Although
Arg7 promotes a slightincrease in the CH, rotamers below the tran-
sition temperature, leakage is absent denoting that the number of
gauche rotamers is not sufficient to induce measurable permeabil-
ity changes.

The most prominent leakage is observed for Arg7 at 37 °C, above
the DMPG transition temperature, where the increased mobility
of the acyl chains allows the penetration of side-chains into the
bilayer. At this temperature the effect of Arg7 on the conformational
rotamers of CH, are higher than that promoted by Arg4 (Fig. 1).

Despite the fact that the MD simulations were performed
with POPC and POPG instead of DMPC and DMPG, they show
the arginine-peptides to remain in the head group area, which
is invariant between simulation and experiments. We therefore
do not expect significant differences. Molecular modeling showed
that above the transition temperature arginine side-chains did
not show any privileged orientation at the POPC water interface
whereas several arginine side-chains are pointing towards the
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Fig. 9. Radial distribution function of Arg7 side-chain nitrogens to lipid (POPC:
black; POPG: red) PO4 oxygens.

Fig. 10. Representative frame of Arg7 association with PC (A) and PG (B) bilayers.
Arg7 drawn in blue wireframe, lipid atoms drawn as spheres, using large orange
spheres for the phosphorus atoms, small red spheres for its liganding oxygens, and
small gray spheres for the acyl tail carbons. Remaining lipid atoms and water are
not shown for reasons of clarity. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

POPG hydrophobic core. The concentration of several phosphate
residues around the arginine side-chains, as observed for POPG
but not for POPC, suggests that the accessibility of the phosphate
moieties is a crucial requirement for the penetration of arginine

Fig. 11. Typical frame showing the liganding interaction of arginine side-chains
around a PG phosphorus group.
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side-chains, which was already reported to play a key role in argi-
nine interaction with membrane lipids (Schwieger and Blume,
2009; Tang et al., 2007). It is likely that this penetration requires
the formation of a dentate complex. Although such an interaction
can also be formed with PC lipids, the electrostatic repulsion from
the PC choline group effectively lowers the number of lipid PO4-
liganding arginines, as can be seen in Fig. 9.

This picture is in complete agreement with the dichroic spectra.
Indeed, arginine side-chains are oriented normal with respect to
the DMPG bilayer and do not show any privileged orientation in
DMPC bilayers.

Whether and how the positively charged arginine can insert
into the hydrophobic core of the lipid membrane is still a matter
of debate. It has been proposed, based on computer simulations
that the transfer of arginine through the hydrocarbon core of a
lipid bilayer requires the formation of water-filled defect that
keep arginine molecules hydrated (MacCallum et al., 2008, 2011).
Another possibility is the formation of a hydrogen-bonded network
made of water and lipid phosphates, formed around the arginine
residues that might lead to the formation of a voltage-gated chan-
nel. This interaction reduced the hydrocarbon bilayer thickness to
10 A (Freites et al., 2005) but at this stage we do not have experi-
mental arguments to validate such a model.

Most peptides that destabilize the bilayer adopt an organized
structure (helix or beta-sheet), which favors the orientation of
hydrophobic residues towards the lipid/water interface. It is gener-
ally assumed that a substantiated hydrophobic content is required
to interact with the core of the membrane and to destabilize it.
In the absence of any hydrophobic residues, insertion of side-
chains that favor guanidinium moiety to phosphate interaction
is another mechanism of destabilization. The relevance of the
arginine-phosphate interactions has been highlighted in several
reports (Herce and Garcia, 2007a,b).

An important difference between cell-penetrating peptides and
antimicrobial peptides is the lack of hydrophobic residues in the
former case. Our data show that despite being charged and highly
hydrophilic, peptides composed entirely of arginine amino acids
are able to destabilize and permeabilize the lipid bilayer.
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