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A42 is a chimera peptide consisting of GRs(374-394)C379Asthe 21-mer C terminus of the GRs protein, able
of adenosine inhibitory activitysand penetratinsthe 16 residue fragment, derived from the homeodomain
of theDrosophilatranscription factorAntennapedia. A42 is able to cross cell membranes and to inhibit A2A

and A2B adenosine andâ-adrenergic receptor stimulated camps (D’Ursi et al.Mol. Pharmacol. 2006, 69,
727-36). Here we present an extensive biophysical study of A42 in different membrane mimetics, with the
objective to evaluate the molecular mechanisms which promote the membrane permeation. Fluorescence,
CD, and NMR data were acquired in the presence of negatively charged and zwitterionic sodium dodecyl
sulfate and dodecylphosphocholine surfactants. To validate the spectroscopic results in a larger scale,
fluorescence microscopy experiments were performed on negatively charged and zwitterionic dipalmi-
toylphosphatidylglycerol and dipalmitoylphosphatidylcholine vesicles. Our results show that the internalization
of A42 is mainly driven by electrostatic interactions, hydrophobic interactions playing only a secondary,
sinergistic role. The distribution of the charges along the molecule has an important role, highlighting that
internalization is a process which requires a specific matching of peptide and membrane properties.

Introduction

The discovery of an increasing number of new molecular
targets endowed with therapeutic potential has recently raised
the interest of the researchers on the specificity of ligands acting
as modulators. In this respect, peptides and proteins are
considered with growing interest because their three-dimensional
structural complexity is responsible for a new attracting type
of specificity. However, the therapeutic use of peptides and
protein is hampered by the poor permeability of the plasma
membrane which prevents the cellular uptake of large and
hydrophilic molecules. Electroporation, microinjection, and
liposome internalizations are techniques used to achieve intra-
cellular delivery of peptides and proteins. Unfortunately, these
methods, whenever effective in vitro and for research purposes,
have demonstrated limited therapeutic application due to their
toxicity and immunogenicity.1 An alternative strategy2 is based
on the fusion of therapeutic peptides or proteins to short peptide
sequences able to cross the cell membrane. These molecules,
named “cell-penetrating peptides” (CPPs),3-12 are amphiphilic
peptides, which can be internalized by cells via mechanisms
that require low energy and are receptor mediated or not.
Penetratin12 sa 16 residue fragment derived from the home-
odomain of theDrosophilatranscription factorAntennapedias
has been the most thoroughly studied among CPPs, and it is
used in a great number of drug delivery applications.

G protein coupled receptors (GPCRs) are considered excellent
drug targets for new molecules, due to their partecipation in
numerous pathophysiological pathways. Large molecular librar-

ies are screened for the molecular ability to act at the GPCR
receptorial level as agonists or antagonists.13-14 As an alternative
approach, GPCRs were recently considered as targets for
polypeptides able to block coupling between the receptor and
the G protein intracellularly and derived from the putative
contact surface of either the receptor or the G protein.15-19 In
particular, due to the essential role of the C-terminal portion of
the G proteinR subunit, to realize the coupling between the G
protein and the cognate receptor, peptides derived from the C
terminus of GRa subunits have been successfully used to mimic
the whole G protein in the transduction.20-23 We recently
demonstrated that several peptides corresponding to the C
terminus of the GRs subunit were able to inhibit the agonist
binding to the A2A adenosine receptor.24-26 In particular, the
21-mer residues, GRs(374-394)C379A, was shown to be the most
effective, offering a therapeutic potential to modulate the A2A

adenosine receptor, directly affecting the transduction process
at an intracellular level.27 The peptide (dubbed) A42 is a chimera
peptide consisting of the CPP penetratin and the 21-mer GRs

protein C-terminal fragment (GRs(374-394)C379A). It was
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a Abbreviations: GR, theR subunit of heterotrimeric G proteins; Gs, a
G protein linked with the activation of adenylyl cyclase; GRs, theR subunit
of Gs; GRs(374-394)C379A, a synthetic peptide corresponding to those
residues of GRs with a cysteine substituted by an alanine (a GR subunit
followed by numbers refers to the corresponding peptide); NMR, nuclear
magnetic resonance; CD, circular dichroism; CF, carboxy-fluoresceinated;
CMC, critical micellar concentration; FMOC, 9-fluorenylmethoxycarbonyl;
HPLC, high-performance liquid chromatography; DQF-COSY, double
quantum filtered correlated spectroscopy; TOCSY, total correlated spec-
troscopy; NOESY, nuclear Overhauser enhancement spectroscopy; NOE,
nuclear Overhauser effect; MD, molecular dynamics; MLV, multilamellar
lipid vescicles; GTPγS, guanosine-5′-O-(3-thiotriphosphate); SDS, sodium
dodecyl sulfate; DPC, dodecylphosphocholine; DPPG, dipalmitoylphos-
phatidylglycerol; DPPC, dipalmitoylphosphatidylcholine; SAR, structure-
activity relationship; 1D, 2D, and 3D, one-, two-, and three-dimensional.
Abbreviations used for amino acids and designation of peptides follow the
rules of the IUPAC-IUB Commission of Biochemical Nomenclature inJ.
Biol. Chem.1972, 247, 977-983. Amino acid symbols denoteL-configu-
ration unless indicated otherwise.
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designed and synthesized in our lab, and it was demonstrated
to be able to cross HMEC-1 and PC12 cell plasma membranes
and to inhibit A2A and A2B adenosine andâ-adrenergic receptor
stimulated camps.28 A preliminary NMR investigation, carried
out in SDS micelle solution, provided information on A42
secondary structure. Penetratin and the cargo portionsGRs(374-
394)C379Asas constituents of the chimera peptide assumed
R-helical structure, preserving the conformational preferences
of the free fragments.

How CPP peptides and CPP conjugated peptides could be
able to interact with plasma membrane, pursuing the delivery
of biological molecules inside the cell, is an open question. Some
hypotheses claim that the main forces driving the internalization
process vary accordingly to the chemical nature of the CPP
sequencesbasic, amphiphilic, hydrophobic. Other theories sup-
pose that the permeation of plasma membrane is uniquely
dependent on electrostatic interactions between the CPPs and
the phosphates of the cell surface.29-30 In addition, the presence
of lipid rafts and heparan sulfate rich regions31-33 highlights
the role of the membrane composition as the platform driving
different and specific forms of delivery.

The present work aims to clarify the molecular mechanism
driving the delivery of penetratin conjugated GRssA42sacross
the membrane. We performed a biophysical analysis of A42 in
different membrane mimicking systems, by using a combined
methodological approach. To evaluate the relevance of the
electrostatic or hydrophobic forces as potential driving factors
of membrane permeation, we collected data in membrane
mimicking environments characterized by different electrostatic
and hydrophobic properties. Consistently, fluorescence, CD, and
NMR data were acquired in the presence of negatively charged
and zwitterionic SDS and DPC micelles. To validate the
spectroscopic results in a larger scale, fluorescence microscopy
experiments were performed on negatively charged and zwit-
terionic DPPG and DPPC vesicles.

Experimental Section

Peptide Synthesis.Peptides were synthesized by the continuous-
flow solid-phase method using Fmoc chemistry on a Milligen 9050
automatic synthesizer. Crude peptides were purified by reverse-
phase HPLC on a preparative Vydac C18 column (2.2× 25 cm)
using a 15-30% gradient of acetonitrile in 0.1% trifluoroacetic
acid water (v/v). Analytical data have been reported elsewhere.28

Fluorescence Titration Measurements.Peptide-surfactant
interactions were studied by monitoring the changes in the Trp
fluorescence emission spectra with increasing surfactant concentra-
tions. Fluorescence measurements were performed at 300 K using
an LS 55 luminescence spectrofluorimeter (Perkin-Elmer). The
excitation wavelength was 280 nm, and emission spectra were
recorded between 310 and 450 nm, at slit widths of 5 nm. Titrations
were performed by adding known amounts of an aqueous solution
containing the peptide (∼10-6 M) and the surfactant at a concentra-
tion well above the CMC to a weighed amount of an aqueous
solution of the peptide at the same concentration, initially put into
the spectrofluorimetric couvette. By this procedure the surfactant
concentration was progressively increased, while the peptide
concentration remained constant during the whole titration. After
each addition, 20 min were given to let equilibrium be reached.
Titrations were performed on the conjugated peptide with SDS and
DPC; for comparison, the measurements were also performed on
penetratin with the same surfactants.

Circular Dichroism Spectroscopy. CD experiments were
performed on an 810-Jasco spectropolarimeter, using a quartz
cuvette with a path length of 1 mm. CD spectra of the peptide in
water were measured at 5°C intervals from 5 to 30°C and at a pH
range from 4 to 7. The peptide was dissolved in deionized water
and diluted to arrive at a final concentration of 40µM (concentration

was estimated from the UV absorption spectra; molar absorpitivities
of 5560 M-1 cm-1 and 1200 M-1 cm-1, at 280 nm, for Triptophan
and Tyrosine, respectively, were applied). To study the interaction
of the peptide with both the monomeric and micellar forms of SDS
and DPC surfactants, titration of the peptide aqueous solution was
performed by adding known amounts of DPC and SDS concentrated
solutions containing the peptide at the same concentration of the
titrated solution. By this procedure, the surfactant concentration
was progressively increased, while the peptide concentration
remained constant during the whole titration. Mean residues
ellipticities were calculated using the equation obsd/lcn, where obsd
is ellipticity measured in degrees,l is the length of the cell in
centimeters,c is the peptide concentration in mol/liter, andn is the
number of amino acid residues in the peptide. As a preliminary
part of CD investigation, in order to exclude possible transmission
problems at high energy, absorption spectra of all the examined
solutions in the same range investigated by CD (190-260 nm) were
performed,34 obtaining values of the total absorbance (peptide+
surfactant+ solvent+ cell) lower than 0.1. CD spectra were the
average of 10 accumulations from 190 to 260 nm, recorded with a
bandwidth of 1 nm, at scanning speed of 50 nm/min. The instrument
was calibrated with (+)-10-camphorsulfonic acid at 290 nm. During
all the measurements, the trace of the High Tension voltage was
checked to be less than 700 V, which should ensure reliability of
the obtained data.34 Base lines of either solvent or micellar solutions
without peptide were subtracted from each respective sample to
yield the contribution.

NMR Spectroscopy. Samples for NMR spectroscopy were
prepared by dissolving the appropriate amount of A42 in water/
DPC solution (pH≈ 5) to obtain a concentration of 1 mM peptide
and 100 mM DPC.

NMR spectra were recorded on a Bruker DRX-600 spectrometer.
One-dimensional (1D) NMR spectra were recorded in the Fourier
mode with quadrature detection and the water signal was suppressed
by low-power selective irradiation in the homogated mode. DQF-
COSY, TOCSY, and NOESYexperiments were run in the phase-
sensitive mode using quadrature detection inω1 by time-
proportional phase incrementation of the initial pulse.35-39

Data block sizes comprised 2048 addresses int2 and 512
equidistantt1 values. Before Fourier transformation, the time domain
data matrices were multiplied by shifted sin2 functions in both
dimensions. A mixing time of 70 ms was used for the TOCSY
experiments. NOESY experiments were run at 300 K with mixing
times in the range of 100-250 ms. The qualitative and quantitative
analysis of DQF-COSY, TOCSY, and NOESY spectra were
obtained using the SPARKY interactive program package.40

Structure Calculation. Peak volumes were translated into upper
distance bounds with the CALIBA routine of the DYANA
software.41 The necessary pseudoatom corrections were applied for
nonstereospecifically assigned protons at prochiral centers and for
the methyl group. After discarding redundant and duplicated
constraints, the final list of constraints (198 intraresidue and 114
interresidue constraints in DPC) were used to generate an ensemble
of 200 structures by the standard protocol of simulated annealing
in torsion angle space implemented in DYANA. No dihedral angle
restraints and no hydrogen bond restraints were applied.

The refinement of the structures was performed by in vacuo
minimization using the Discover module of MSI InsightII 2000
software, using the cvff force field and applying a dielectric constant
value of 1*r.42 The structures were relaxed, first constrained and
then unconstrained by using a combination of steepest descent and
conjugate gradients minimization algorithms until the maximum
rms derivative was less than 0.01 kcal/Å.

Molecular dynamics procedures on peptide side chains were
carried out keeping the backbone geometry fixed. After an
equilibration period of 10 ps, during which temperature was
gradually increased from 10 to 300 K, molecular dynamics
simulations were run at 300 K for 600 ps. In the course of the
molecular dynamics frame structures were saved each 10 fs.

The final structures, analyzed using the InsightII 2000 program,42

were deposited in the PDB and are now publicly accessible. PDB
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ID codes for the models in SDS and in DPC micelles are 2O00
and 2NZZ, respectively. Computations were performed on an SGI
Octane computer.

Fluorescence Microscopy.Fluorescence microscopy experi-
ments were carried out as reported by Harishchandran and Naga-
raj.43 Multilamellar lipid vesicles (MLVs) were prepared from lipid
(DPPC or DPPG) solution which was dried, desiccated, and
hydrated in a phosphate buffer (pH 7) overnight. MLVs in the
presence of CF labeled peptides were prepared adding CF labeled
peptides at a concentration of 40µM (lipid to peptide molar ratio
50:1) and incubating the solutions for at least 30 min. A total of
15µL of each solution, in the presence or absence of the CF labeled
peptides, was taken and spotted on a cover slip. The vesicles were
imaged using a Zeiss Axioplan 2 microscope.

Results

Fluorescence Titration Measurements.The fluorescence
intensities of some vibronic fine structures in the Trp fluores-
cence spectrum show strong environmental dependence. In
particular, the emission maximum shifts from 350 to 329 nm
when going from water to an apolar medium, such as dioxane.
The quantum yield could also undergo large changes, whose
direction and extent depend on the system under consider-
ation.44,45

Fluorescence spectra were recorded on conjugated penetratin
(A42) and, for comparison, on the single penetratin. Both
peptides in water show Trp emission spectra typical of the
aqueous environment, indicating that both Trps are exposed to
the solvent medium. In Figure 1 the Trp emission spectra of
A42 in water and in the presence of premicellar and micellar
concentrations of SDS and DPC surfactants are shown. The
addition of SDS to A42 dramatically changes the spectrum,
whose maximum shifts to lower values (Figure 1A). This shift
is evident also in solution in which the SDS concentration is

lower than the CMC (0.008 M). A closer look at Figure 2A,
where the Trp fluorescence intensities at 329 nm are plotted as
a function of SDS concentration, shows that the spectrum change
occurs almost with the first surfactant addition (i.e., at a
surfactant concentration much lower than the CMC) in solutions
in which micelles are absent. It is interesting to compare this
behavior with that observed for penetratin with the same
surfactant. In that case, the spectrum does not change ap-
preciably up to a surfactant concentration (0.003 M), which in
any case is significantly lower than the CMC (0.008 M). In the
case of DPC, A42 spectrum in premicellar surfactant solution
presents the same maximum as in water, see Figure 1B.

Inspection of Figure 2B shows that the addition of DPC to
the conjugated peptide does not change the spectrum up to a
surfactant concentration of 0.001 M, coinciding with the
surfactant CMC, and the maximum tends to shift weakly to
lower values. Addition of DPC to penetratin does not alter its
spectrum over the whole considered surfactant concentration
range.

A quantitative analysis of these data can be done according
to the models which we discussed in a recent paper.46 In the
case of DPC, interaction of A42 with the surfactant occurs only
at concentrations at which micelles are present. In other words,
it can be described in terms of a partition coefficient47 of the
peptide between the aqueous medium and the micelles, whose
value was found to be 3× 105. In contrast, penetratin does not
appear to interact with DPC micelles. In the case of SDS the
peptides can induce surfactant aggregation. In particular, the
association of A42 with SDS occurs also with surfactant
monomers and can be described in terms of a binding coefficient
(3 × 109) between the peptide and three surfactant monomers.
In the case of penetratin a lower binding coefficient was found
(4 × 102) with a larger number of SDS molecules (∼9).48

Circular Dichroism Spectroscopy. A screening of the
conformational preferences of A42 as a function of the environ-
ment was performed by means of CD spectroscopy. CD spectra
were recorded in water at several different pH and temperature
conditions (see Experimental Section). The spectrum in water
does not appear to be affected by pH and temperature, and it

Figure 1. Tripthophan emission spectra (range 300-450 nm) of A42
in the presence of SDS (A) and DPC (B) surfactants. The spectra are
recorded in aqueous buffer phosphate (continuous line) at premicellar
(dotted line) or micellar (dashed line) surfactant concentrations.

Figure 2. A42 (full circles) and penetratin (full squares) Trp
fluorescence intensities (329 nm) plotted as a function of SDS (A) and
DPC (B) concentrations.
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has the typical shape of a random coil structure, presenting a
negative band at 201 nm (Figure 3). The CD spectra of A42
recorded in SDS and DPC micelles show the double-well shape
typical of a right-handedR-helical structure including negative
bands at 208 and 222 nm and an additional positive signal at
192 nm.

CD spectra of A42 were recorded in the presence of variable
amounts of SDS and DPC surfactants. Whereas A42 in the
presence submicellar DPC concentration is in random coil
conformation, in the presence of SDS monomers assume turn-
helical structures. Nevertheless, CD spectrum of A42 recorded
in the presence of SDS monomers is slightly shifted toward
red values and presents a weakly different shape as compared
to that recorded in the presence of SDS micelles. The shift could
be related to a change of the polarity of the environment in
which the peptide is embedded.49 However, the evident change
in the line shape suggests some change in the peptide conforma-
tion, even if theR-helical structure remains dominant.

NMR Spectroscopy. 1D and 2D protonic spectra were
recorded in an aqueous solution of 100 mM DPC concentration.
Complete proton resonance assignments were achieved with the
Wuthrich procedure.50 The systematic analysis of DQF-COSY,
TOCSY, and NOESY35-39 experiments was carried out using
the SPARKY software package.

The proton chemical shifts and the chemical shift indexes of
A42 in DPC micelles solutions are reported in the Supporting
Information.51,52 Most of the residues of A42 in DPC micellar
solutions show upfield shifts of the HR resonances and,
consequently, can be considered involved in helical structure.
The analysis of the NOE connectivities relative to A42 in DPC
micelles (Figure 4) evidences the presence of several medium
range NOEs, in particularR-N(i, i+2), N-N(i, i+2), R-N(i,
i+3), N-N(i, i+3). These contacts involve the residues of the
N-terminal and the central portion of the peptide, whereas a
limited number of structurally significant NOE connectivities

is observable in the C-terminal extremity of the peptide.
Accordingly, we can suppose that the N-terminus and the central
part of A42 assume turn-helical conformations, whereas in the
C-terminal region it is characterized by random coil structures.

Structure Calculation. The structure calculation was carried
out by simulated annealing in torsion angle space and restrained
molecular dynamics methods based on 312 NOE-derived
restraints, using the DYANA software package.41 One set of
200 structures was generated; among them the 50 with the
lowest values of target function were selected for a thorough
structural analysis.

The best structures judged according to their value of target
function were relaxed, using the Discover module of InsightII
[MSI], first constrained, using the DYANA derived restraints,
and then unconstrained. The results of structure show that a
prevalence of ordered structures, in particular turn-helical
conformations, is observable in correspondence of residues
3-10 and 16-29 (Figure 5), whereas the peptide proves flexible
and unfolded in the C-terminal region.

Charge Distribution. The electrostatic potential surfaces
using the SDS- and the DPC-bound conformation of A42 were
computed using the MOLMOL program.53 The greatest differ-
ence in the two structures is the location of the positive potential

Figure 3. CD spectra of A42 in the presence of SDS (A) and DPC
(B). The spectra are recorded in water (continuous line) at premicellar
(dotted line) or micellar (dashed line) surfactant concentrations.

Figure 4. Sequential and medium range NOE connectivities of A42
in DPC micellar solution (80 mM), collected at NMR 600 MHz, 300
K.

Figure 5. Superimposition of A42 NMR structures as derived from
data collected in DPC micellar solution at 600 MHz and 300 K. The
structures were calculated by DYANA software and overlapped at the
level of backbone heavy atoms of residues 3-10 (left) and 16-29
(right). PDB ID: 2NZZ.

Figure 6. Molecular electrostatic potential maps of the A42 structure,
obtained in SDS (left) and DPC (right) micelles. Positive, neutral, and
negative potentials are colored blue, white, and red, respectively.
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along the A42 backbone (Figure 6). The charge distribution in
DPC shows a neutral face that is definitely opposite to a
positively charged one. On the contrary, in SDS the positive
potential is spread out uniformly along the whole molecule.

Fluorescence Microscopy.In order to investigate the peptide
translocation rate into membranes, A42 and the 21-mer GRs

protein C-terminal fragment were labeled at the N-terminus with
CF and their localization in MLV was observed by fluorescence
microscopy. As shown in Figure 7, fluorescence in the inner
bilayers of DPPG vesicles incubated with CF labeled A42 is
clearly observable (Figure 7A); on the contrary, DPPG vesicles
incubated with the CF labeled GRs(374-394) did not show any
fluorescence. These data further highlight the fact that penetratin
is essential for the translocation of GRs(374-394) into the
membranes. Zwitterionic DPPC vesicles proves only weakening
fluorescent when incubated with CF-A42 (data not shown),
supporting the importance of the negative charge to the A42
internalization.

Discussion

The understanding of the molecular mechanisms driving the
internalization of hydrophilic molecules across the membrane
is still questioned. A common agreement is that the process
involves both electrostatic and hydrophobic interactions as the
main driving forces. Our analysis of A42sthe penetratin
conjugated GsR(374-394)sin different membrane-mimicking
environments aims to assess the relevance of these two factors
as driving forces of membrane permeation. NMR, fluorescence,
and CD data were collected in anionic SDS and zwitterionic
DPC micelle systems. In order to validate the spectroscopic
results on a larger scale, we monitored A42’s delivery capability
by fluorescence microscopy using the carboxy-fluoresceinated
derivative of A42 in the presence of both anionic and zwitte-
rionic DPPG and DPPC vesicles.

Fluorescence and CD spectra highlight a remarkable tendency
of A42 to interact with negatively charged SDS surfactants. Data
recorded at different SDS concentrations show the ability of

the peptide to bind not only SDS micelles but also SDS
monomers. Interestingly, this is unique behavior, even compared
to penetratin, which proves to be affected only by micellar
concentrations of surfactant. This specific behavior could be
dependent on the additional positive side chains carried by the
GRs cargo region of A42, so suggesting that the penetratin
delivery capabilitysand CPPs in generalscould vary according
to the chemical nature of the cargo molecules.

CD data show that both SDS and DPC micellar environments
are able to induce A42 conformational transition from random
coil to turn-helical structures. The collection of CD spectra in
the presence of increasing amounts of surfactants permits the
monitoring of the conformational transition. In particular,
whereas DPC is effective to promote ordered A42 conformations
only as micelles, SDS displays a helical inducing effect even
as monomers. High-resolution NMR models of A42 indicate
that, although apparently both DPC and SDS micelle systems
induce folded conformations, they in fact influence the confor-
mational properties of the peptide in a different way. The helical
structure in the presence of SDS is well defined, and it is divided
in two segments corresponding to the penetratin and GsR
sequences, respectively. On the contrary, in DPC micelles, A42
is overall characterized by an appreciable flexibility; a helical
segment is evident, but it is shorter, as compared to that in SDS,
and includes several different residues, located in the central
region of the peptide.

The above-reported data can be interpreted, supposing that
in the presence of SDS surfactants a strong electrostatic
interaction takes place between the negative sulfate heads of
SDS and the positively charged residues of the peptide. SDS is
preferentially electrostatically attracted by the peptide which
acts as an aggregation center for the surfactant molecules;
consequently, the interaction among the SDS molecules is
effective to form the micelles only at higher surfactant concen-
trations. It is reasonable that in this process the high charge
density of sulfate heads is determinant.54 The role of sulfate
moieties in several biological processes, as particular component

Figure 7. Detection of peptide translocation in vesicles by fluorescence microscopy. Imaged under bright field (left) and fluorescent images (right)
of DPPG vesicles in presence of CF labeled A42 (panel A) and CF labeled GRs(374-394) (panel B).
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of specific cell membrane regions, has recently been highlighted.
An interaction between the penetratin conjugated peptide and
the sulfate rich membrane region can be a key event for the
delivery of molecules inside the cells. These interactions could
occur on a biological platform, characterized by sulfate rich
membrane regions which operate as specific entrance sites.

The details of penetratin-conjugated SDS interaction can be
better understood through the analysis of A42 electrostatic
potential maps. The molecular surfaces of the peptide according
to the SDS NMR structure prove to be characterized by a spot
distribution of hydrophobic and positively charged sites. This
particular charge distribution suggests that multiple electrostatic
contacts, between the penetratin conjugated peptide and the SDS
negative moieties, can synergically lead to the membrane
destabilization. Interestingly, this step can be considered the
starting event in the delivery process. These hypotheses are
further supported by fluorescence microscopy data, which
evidenced the capability of A42 to penetrate negatively charged
membrane models.

The interaction between A42 and the zwitterionic surfactant
is not as effective as that with SDS. DPC molecules interact
preferentially with other DPC molecules rather than with peptide
itself. Consequently in a first step the micelles are formed, and
successively the interaction between A42 and the micellar
surface takes place. Due to the presence of zwitterionic heads
of the surfactants, the A42-DPC interactions are characterized
by a low electrostatic contribution, being mainly driven by a
hydrophobic component. The calculation of the electrostatic
potential maps relative to the NMR structure of A42 in DPC
shows that the single helical stretch is amphypathic and exhibits
an apolar opposite to a positively charged face. Microscopy data
show that the interaction of A42 with zwitterionic DPPC vesicles
does not permit the internalization of the peptide. Accordingly,
we can hypothesize that in the absence of net negative charges,
the interaction between the hydrophobic A42R-helix surface
and the zwitterionic DPPC vesicles, results in the neighboring
of the peptide to the membrane compartment, but it is not
effective to destabilize the interface and to deliver the peptide
into the internal compartment.

Overall, our results show that the internalization of A42 is
mainly driven by electrostatic interactions, hydrophobic interac-
tions playing only a secondary and possibly sinergistic role.
However, a particular distribution of the charges along the
molecule is required, highlighting that internalization is a process
involving a specific matching of peptide and membrane proper-
ties.

Supporting Information Available: Chemical shift assign-
ments and chemical shift indexes of A42 in DPC micelle solution.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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