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ABSTRACT: Delivery of siRNA remains a major limitation to their clinical application, and several technologies
have been proposed to improve their cellular uptake.We recently described a peptide-based nanoparticle system
for efficient delivery of siRNA into primary cell lines: CADY. CADY is a secondary amphipathic peptide that
forms stable complexes with siRNA and improves their cellular uptake independently of the endosomal
pathway. In the present work, we have combinedmolecular modeling, spectroscopy, andmembrane interaction
approaches in order to gain further insight into CADY/siRNA particle mechanism of interaction with
biological membrane. We demonstrate that CADY forms stable complexes with siRNA and binds phospho-
lipids tightly, mainly through electrostatic interactions. Binding to siRNA or phospholipids triggers a
conformational transition of CADY from an unfolded state to an R-helical structure, thereby stabilizing
CADY/siRNA complexes and improving their interactions with cell membranes. Therefore, we propose that
CADY cellular membrane interaction is driven by its structural polymorphism which enables stabilization of
both electrostatic and hydrophobic contacts with surface membrane proteoglycan and phospholipids.

Nowadays, delivery has become a key stone in therapy, since
transport across cell membranes remains a serious obstacle in the
development of peptide, protein, and nucleic acid based drug
therapeutics. Several nonviral technologies have been designed to
improve cellular uptake of therapeutic molecules, including
electroporation (1), liposomes (2), polycationic polymers (3),
nanoparticles (4), and peptides (5). Among these, cell-penetrating
peptides (CPPs)1 constitute promising alternatives for drug
delivery (6, 7) and have been successfully applied to cultured
cells and at the preclinical or clinical level (5-14).

Two main classes of CPPs have been described, the first
requiring chemical linkage with the cargo (6-9) and the second
involving the formation of stable, noncovalent complexes (9-12).
Although there is a consensus, as for many carriers, the first
contacts between CPPs and the cell surface occur through
electrostatic interactions with components of the extracellular
matrix, the glucosaminoglycan (GAG) (15-17). The mechanism
through which CPPs promote translocation of active cargoes
across plasma membranes is still a matter of debate. For most
CPPs, evidence for several routes of cell entry has been reported,
and various parameters can drive their cellular uptake pathway,
including their structural features and ability to interact with cell
membrane components, the nature of the cargo, and the cell
membrane compositionwhich is unique to each cell type (18-21).

It is clearly established that the cellular uptake mechanism of
CPP-cargo conjugates at low concentration is essentially asso-
ciated with an energy-dependent endosomal pathway: clathrin- or
caveolin-mediated endocytosis or macropinocytosis depending
on the cargo (18, 19, 22, 23). Systematic comparison of CPPs
covalently linked to either fluorophore (24) or to splice-correcting
peptide-nucleic acid (23), a more biologically relevant cargo, has
revealed major differences in the efficiency and nature of endo-
somal pathways. In contrast, at high concentration, uptake of
CPP-cargo covalent strategy is partially associated to a none-
ndosomal process (25, 26). Secondary structure as well as
structural polymorphism and dynamics of CPPs plays a major
role in cellular uptake of CPP-cargo complexes and in the balance
between efficiency and toxicity (8), as also mentioned for anti-
microbial peptides (27). A noncovalent strategy for the delivery of
different types of cargo has been proposed based on two families
of primary amphipathic peptides,MPG (28, 29) and PEP (30, 31),
which form nanoparticles when complexed with cargoes
(10, 31-33). Both peptides favor cellular uptake through a
mechanism that is controlled by the size of the nanoparticles
and the ability of the peptide to interact directly with the lipid
moiety of the cell membrane (34-37). The recent discovery that
CPPs can trigger membrane repair processes has revealed that the
membrane response due to binding or damage associated with
CPP interaction can have a major impact on the cellular uptake
and efficiency (38). Therefore, investigating the impact of CPP
folds on cellular uptake mechanisms constitutes an essential piece
of the puzzle for their therapeutic development.

We recently described a new peptide-based delivery system for
siRNA using the secondary amphipathic peptide CADY (39).
CADY is a 20-residue peptide, “Ac-GLWRALWRLLRSLWR-
LLWRA-cya”, derived from the chimerical peptide PPTG1 (40),
a variant of the fusion peptide JTS1 (41). In the present work, we
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have combined several physicochemical technologies with
molecularmodeling, circular dichroism, and fluorescence spectro-
scopy in order to address whether different conformational states
of CADY influence association with siRNA-cargo or phospho-
lipids and therefore control cellular uptake. We demonstrate that
CADY interacts with both lipids and siRNA tightly, involving
both electrostatic and hydrophobic interactions which trigger a
conformational transition of CADY to a helical form. Taken
together, these results enable us to propose a structure-mediated
mechanism of CADY and to identify specific criteria for further
design and optimization of CADY peptides.

EXPERIMENTAL PROCEDURES

Materials. Dioleylphosphatidylglycerol (DOPG) and di-
oleylphosphatidylcholine (DOPC) phospholipids were pur-
chased from Sigma-Aldrich (France), and dipalmitoylphospha-
tidylcholine (DPPC) and dipalmitoylphosphatidylglycerol (DPPG)
were from Avanti Polar Lipids (Alabaster, AL). Heparan sulfate
sodium salt extracted from bovine kidney was from Sigma-Aldrich
(France).
Peptides. CADY peptide (Ac-GLWRALWRLLRSLWRL-

LWRA-cya) was synthesized by solid-phase peptide synthesis
using AEDI-expensin resin with (fluorenylmethoxy)carbonyl
(Fmoc) continuous (Pionner; Applied Biosystems, Foster city,
CA) as described previously (33, 42). CADY was purified by
semipreparative reverse-phase high-performance liquid chromato-
graphy (RP-HPLC; C18 column Interchrom UP5 WOD/25M
Uptisphere 300 5 ODB, 250 mm � 21.2 mm) and identified by
electrospray mass spectrometry and amino acid analysis (28).
Oligonucleotides. The siRNA and fluorescently labeled

siRNA (50 FAM) were obtained from Eurogentec (Belgium).
The different sequences are for anticyclin B1: 50-CAUCAUCC-
CUGCCUCUACUTT-30 (sense strand). The stock solution of
siRNA was prepared in RNase-free water.
Peptide andPhospholipid LiposomePreparations. (A)

CADY/siRNA Complex Formation. Stock solutions of pep-
tidewere prepared at 1mg/mL indistilledwater and sonicated for
10 min. CADY/siRNA complexes were formed by incubating
CADY peptide (373 μM stock solution) with siRNA (100 μM
stock solution) for 30 min at 37 �C.

(B) Preparation of Phospholipid Liposomes.Amixture of
phospholipids in chloroform/methanol solution (3/1) was placed
in a rotovapor system to eliminate all of the solvent; then the film
of phospholipidswas hydratedwith distilledwater at the required
concentration, mixed, and sonicated for 20 min using a Brasson
sonicator equipped with a 2 � 10-3 probe (35).
Circular Dichroism Measurements. CD spectra were re-

corded on a JASCO810 (Tokyo, Japan) dichrograph (34, 35) in a
quartz cell with an optical path of 1 mm for peptide in aqueous
solutions. Spectra were obtained from three acquisitions between
190 and 260 nmwith a data pitch of 0.5 nm, a bandwidth of 1 nm,
and a standard sensitivity.
Fluorescence Titrations. Fluorescence experiments were

performed on a PTI spectrofluorometer (39) at 25 �C in a
154 mM NaCl buffer. Intrinsic Trp fluorescence of CADY was
excited at 290 nm, and the emission spectrum was recorded
between 310 and 400 nm, with a spectral band-pass of 2 and 8 nm
for excitation and emission, respectively. FITC fluorescence of
labeled siRNAwas excited at 492 nm, and emission was recorded
between 500 and 580 nm. For peptide/phospholipid interactions
10 μM peptide or the peptide/siRNA complex was titrated by

increasing concentrations of phospholipid vesicles, and fluore-
scence changes in either Trp or FITC fluorescence were recorded.
For the CADY/siRNA interaction 0.5 μMFITC-labeled siRNA
was titrated by increasing concentrations of peptide. All mea-
surements were corrected for the dilution, and curve fitting was
performed by using Grafit software (Erithacus), as already
described (34, 43).
Adsorption and Penetration at the Air-Water Interface.

“Monolayer techniques” are potent tools for studying the inter-
facial properties of membrane-active peptides (44, 45). These
methods allow measurements of adsorption and penetration of a
peptide. Adsorption consists in the peptide-induced surface
pressure (ΔΠ) at the air-water interface as a function of peptide
concentration in the subphase and is therefore indicative of the
air-water interface affinity and amphipathic features of pep-
tides (45). The maximal concentration for which no further
variation of surface pressure is detected corresponds to the
critical micellar concentration (CMC) (45). Any peptide that
can insert into a phospholipid monolayer induces a variation in
surface pressure that is indicative of the affinity of the peptide for
the monolayer at its insertion into the monolayer. Thus the
variation of surface pressure (ΔΠ) as a function of different initial
lipid surface pressures (Πi) allows the extrapolation of the critical
pressure of insertion (cpi) which is indicative of the insertion of
peptides into phospholipid monolayers (46). Adsorption and
penetration at the air-water interface were carried out using
simultaneously microtrough S with the Film Ware 2.41 from
Kibron (Helsinki, Finland) as the analyzer program and an
homemade setup in which surface tension was measured with a
Prolabo (France) tensiometer using the platinum plate of the
Wilhelmy method (45). Adsorption test measurements were
made at equilibrium after injection of aliquots of an aqueous
solution of peptide into the aqueous subphase (0.154 M NaCl
solution), gently stirred with a magnetic stirrer. To determine the
critical micellar concentration (CMC), this procedure was re-
peated until no further increase in surface pressure could be
detected. For penetration measurements of the peptide into
phospholipid monolayers, lipids dissolved in chloroform/
methanol solution (3/1 v/v) were spread at room temperature
onto the air/phosphate buffer (0.154 M NaCl) solution interface
in order to obtain a definite surface pressure. The solvent was
allowed to evaporate for at least 15 min, and when a constant
surface pressure was reached, a small volume of the aqueous
peptide solution was injected into the subphase beneath the lipid
monolayer. Increases in surface pressure (ΔΠ) were recorded for
different initial lipid surface pressures (Πi) in order to determine
the critical pressure of insertion (cpi) of the peptide into the lipid
monolayer (46).
Molecular Modeling. Three-dimensional models of CADY

were calculated using PepLook software (Biosiris_RA, France).
A set of 999 3-D models were sorted as conformations of lower
energy among the (1-2)� 106models calculated by the PepLook
iterative Boltzman-stochastic procedure using CADY sequence,
the CBMN semiempirical force field, and a set of backbone
angles calibrated for optimal structure prediction (47, 48). Pep-
Look enables calculation of peptide structural models of struc-
ture in several conditions: water, apolar solvent, membrane, and
hydrophobicity interface. The interface protocol was used here.
Three types of interfaces were used: plain hydrophobicity inter-
face (no charge) and DOPC and DOPG interfaces. In the
simulation of interfaces, all energy terms are multiplied by a
function C(z) variable along the z axis perpendicular to the
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interface. C(z) simulates water concentration: its value is 1.0 in
water and 0 in apolar media and varies steadily through the
interface (49). Energy terms used are the hydrophobicity con-
straint (49), the lipid constraint, and, for the DOPC and DOPG
interfaces, the electrostatic constraint. This latter constraint is the
product of the peptide atom charge by the charge density of lipids
divided by the dielectric constant of the medium (80 in water, 3 in
a completely apolarmedium). The density of charges is calculated
across the interface as the sum of all lipid charges, taking into
account their relative percentages and theirGaussian distribution
of position at all levels of the interface. The compositions of lipids
were those used experimentally. The PepLook-selected models
are those of minimal intramolecular plus minimal interfacial
energies.
Agarose Gel Shift Assay. CADY/siRNA complexes were

formed in water; a fixed amount of siRNA (1.7 nmol) was
incubated for 30 min at 37 �C with concentrations of CADY
corresponding to a peptide/siRNA ratio of 20/1, 40/1, 60/1, and
80/1; then concentrations of HSPG from 0.1 to 10 μg were added
to the complex solution. Thirty microliters of each sample,
corresponding to 100 pmol of siRNA, was analyzed by electro-
phoresis on agarose gel (1% w/v) stained with GelRed provided
by Biotium Inc. (Canada) and revealed by UV illumination.

RESULTS

Adsorption and Penetration at the Air-Water Interface.
We first investigated the potency of CADY to interact with and

to penetrate into phospholipid monolayers. As expected from its
pronounced amphipathic character; CADY shows a strong
affinity for a lipid-free air-water interface (Figure 1a) (45).
Adsorption of CADY is characterized by a very low critical
micellar concentration (CMC) of 230 nM and a high saturating
surface pressure of 30 mN/m, values which are extremely high
compared to those of other previously described CPPs (<20
mN/m) (35, 36). The presence of phospholipids in the liquid-
expanded states (DOPC and DOPG) at low initial pressure
significantly decreases the CMC of CADY to 180 nM for DOPC
and 100 nM for DOPG, highlighting strong interactions between
CADYand phospholipids. To investigate if CADY/phospholipid
interactions trigger the insertion of CADY into the phospholipid
monolayer, penetration experiments were performed using phos-
pholipids in the liquid-expanded (DOPC andDOPG) and liquid-
condensed (DPPG and DPPC) states. CADY concentrations
close to the CMC were injected into the subphase, and variations
in surface pressure (ΔΠ) were measured from initial pressure
values (Πi) which differed slightly between each monolayer
spreading. Critical pressure of insertion values (cpi) were esti-
mated by extrapolation of the variation of surface pre-
ssure from an initial value of zero (Πi = cpi for ΔΠ = 0) (46).
As reported in Figure 1b, a similar cpi value of 40-42 mN/mwas
obtained for DOPC, DOPG, and DPPG, revealing spontaneous
insertion of CADY peptide into phospholipid monolayers irre-
spective of the nature of headgroups (45, 46, 50). Moreover, the
extrapolated variation of surface pressure for an initial pressure of

FIGURE 1: Adsorption and penetration of CADY at the air-water interface. (a) Variation of the peptide-induced surface pressure (ΔΠ) as a
function of the CADY concentration into the aqueous subphase in the absence ([) or in the presence of DOPC (9) or DOPG (2). (b) CADY
penetration was monitored by following variation of the surface pressure (ΔΠ) as a function of initial surface pressure (Πi) of the DPPG ([),
DPPC (9), DOPG (2), or DOPC (b) phospholipid monolayer. (c) Effect of cholesterol on CADY penetration. Penetration was performed by
following variationof the surface pressure (ΔΠ) as a functionof initial surface pressure (Πi) of the (70/30)DOPC/DOPGphospholipidmonolayer
containing 0% (b), 10% ([), 20% (9), and 30% (2) of DOPC substituted by cholesterol.
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zero (ΔΠ for Πi = 0) (40 mN/m) was higher than that observed
for the free peptide at saturation (30 mN/m) (Figure 1b,c),
indicative of tight interactions between CADY and the different
phospholipids (45). In the case of the liquid-condensed DPPC,
CADY is able to insert with a high cpi value (∼36mN/m) but the
value of surface pressure at low initial pressure (24 mN/m)
indicates a limited interaction of CADY with DPPC. These
results demonstrate that strong CADY/lipid interactions take
place within membrane monolayers, as also reported for the
primary amphipathic peptide Pep-1 (35). Moreover, cholesterol
plays a major role in the control of integrity and fluidity of
plasma membranes and has been involved in the cellular uptake
mechanism of numerous CPPs (42). We investigated the impact
of cholesterol on CADY/monolayer interactions. Penetration
experiments were performed using mixed monolayers containing
DOPC/DOPG (70/30) where DOPCwas substituted by different
concentrations of cholesterol (10%, 20%, 30%). As shown in
Figure 1c, cholesterol does not affect CADY penetration; cpi
values are similar in monolayers with and without cholesterol,
suggesting no direct interaction of CADY with cholesterol
molecules.
Structural Analysis of CADY in its Free and Phospho-

lipid-Associated Forms. The secondary structure of CADY in
water was analyzed by circular dichroı̈sm. For peptide concen-
trations ranging from 37 to 260 μM,CADYCD spectra exhibit a
single minimum centered at 203 nm, characteristic of mainly
random coil conformations. To evaluate whether the interaction
ofCADYwith a cell membrane-mimicking environment had any
effect on its conformation, the CD spectra of CADY were
characterized in the presence of increasing concentrations of
phospholipid vesicles. As reported in Figure 2, CADY/phospho-
lipid mixtures show CD spectra typical of helical conformations
with two minima at 207 and 222 nm and one maximum around
190 nm, indicating that the presence of either DOPG or DOPC
vesicles induces a structural transition of CADY, from random
coil to a helical conformation. However, we observed different
structural behaviors of CADY depending on the nature of the
phospholipids. In the presence ofDOPC,CADYconformational
changes of CADY are optimal for a DOPC/peptide ratio of 20/1
(Figure 2a), whereas the transition of CADY conformation from

random to R-helix is achieved at a 1/1 CADY/DOPG ratio.
Increasing concentrations of DOPG result in a deformation of
the CD spectrum characterized by a modification of the 222/
207 nm ratio and an increase of the band at 228 nm. The ratio of
intensities at 222 and 207 nm can be used to distinguish coiled
coils from isolated helices (g1 for coiled coils and <0.86 for
isolated helices (51)). Thus the modification of this ratio suggests
an increase in helical content and probably helix aggregation. The
increase in the band at 228 nm can be associated with the
contribution of the 4-Trp of CADY upon insertion into phos-
pholipids or to electrostatic interactions between CADY and
phospholipids (Figure 2b).
CADY/Phospholipid Interactions As Monitored by

Fluorescence Spectroscopy. Interactions between CADY
and phospholipid vesicles were analyzed by intrinsic fluorescence
spectroscopy. CADY peptide contains four Trp residues that
constitute very sensitive intrinsic probes. As reported in Figure 3,
binding of CADY to liposome results in a Trp fluorescence
emission blue shift of 17 and 13 nm, associated with a 1.8- and
2-fold increase in fluorescence intensity in the presence of DOPG
andDOPC, respectively (data not shown), indicating a change in
the environment of Trp residues from polar to apolar. The more
pronounced shift observed for DOPG (345-328 nm) in compar-
ison to DOPC (345-332 nm) can be associated with additional
electrostatic interactions of CADY with the charged phospho-
lipids, which modify the environment of Trp residues by, for
instance, affecting the relative orientation ofCADYwithin lipids.
Titration experiments reveal than bothDOPCandDOPG induce
a fluorescence shift with a similar saturation for a lipid/peptide
molar ratio of about 3 (Figure 3b), thereby confirming that
the nature of phospholipid headgroups has no influence on the
fluorescence changes of Trp.
In Silico Structural Modeling of CADY. We previously

proposed using PepLook that CADY adopts a secondary
amphipathic helical conformation within membrane-mimicking
environments, exposing Trp groups on one side, charged residues
on the other, and hydrophobic residues on yet another (39). In
order to better understand the structural variations triggered by
peptide/lipid interactions, the structure of CADYwasmodeled in
three different interfacial conditions: in water, in an uncharged

FIGURE 2: Structural analysis of CADY in the presence of phospholipid by circular dichroı̈sm. Far-UV CD spectra of CADY (50 μM) were
measured in the absence ()) or the presence of increasing concentration ofDOPC (a) orDOPC (b) phospholipid vesicles. Lipid/CADY ratios of
1/1 (9), 10/1 (- -), and 20/1 (þ) were used.
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hydrophobic interface, and in a DOPC and a DOPG interface
using the same PepLook software (47, 48). In water, CADY does
not adopt any specific secondary structure in agreement with the
random coil detected in CD experiments. In contrast, at an
hydrophobic interface, the lowest energy model of CADY
exhibits 20% of helical secondary structure corresponding to
the central “RLLR” motif (Figure 4a). In DOPC and DOPG
interfaces, the lowest energy model of CADY (the prime) is 30%
and 60% helical, respectively (Figure 4b,c). In the presence of
DOPC the helical motif involves mainly the central “RLLRSL”
motif. In DOPG, in addition to the “RLLRS” central core,

4RAL7 and 16RLLW19 residues also fold into a helical conforma-
tion, suggesting that negatively charged lipids stabilize the helical
fold of CADY, in perfect agreement with CD and penetration
measurements. The structural polymorphism of CADY in the
different environments was evaluated by analyzing the averaged
root mean square deviation (RMSD) on a window of nine amino
acids of the 998 additional low-energy structural models versus
the “prime”. As reported in Figure 4d-f, irrespective of the
environment, CADYmajor structural variations take place at its
N-terminus, with a transition at the central “RLLR”motif which
always adopts a helical structure (Figure 4c), while the rest of the

FIGURE 3: Effect of the addition of phospholipid vesicles on the fluorescence on the Trp residues of CADY. (a) CADY (10 μM) was titrated
by increasing concentrationsofDOPG,Trp fluorescencewas excited at 290nm, and the emission spectrumwas recordedbetween 310 and 400nm.
(b) Variation of the CADY fluorescence emission wavelength as a function of the ratio of DOPC/peptide (9) or of DOPG/peptide ([).

FIGURE 4: CADYstructures in different interfacial environments. The structures ofCADYwere calculated using Peplook software in three types
of interfaces: (a) hydrophobicity interface (no charge), (b) DOPC layer interface, and (c) DOPG layer interface. Plots of the averaged RMSD of
the 998 low energymodels versus the prime (lower energymodel) on awindowof nine residues along the sequence formapping the polymorphism
variability at (d) hydrophobicity, (e) DOPC layer, and (f) DOPG layer interfaces.



3398 Biochemistry, Vol. 49, No. 16, 2010 Konate et al.

peptide is less polymorphic. These results infer that CADY has a
marked structural polymorphism and can therefore adopt dif-
ferent conformational states.
SiRNA-Mediated Conformational Changes of CADY.

Wepreviously demonstrated that CADY forms stable complexes
with siRNA and improves their delivery into several challenging
cell lines (39). We therefore evaluated the impact of a small
interfering RNA (21/21 mer) on the secondary structure of
CADY by CD. As reported in Figure 5, upon binding to siRNA,
CADY exhibits a CD spectrum typical of helical conformation
with two minima at 207 and 222 nm and one maximum around
190 nm.We found that the helical fold of CADY is dependent on
the concentration of siRNA with a maximum for a peptide/
siRNA molar ratio of 40/1. At a lower molar ratio (10/1), the
presence of a large ratio of oligonucleotide versus CADY leads to
a deformation of the CD spectra with a decrease in the ellipticity
at 207 nm and an increase at 222 nm, which might be related to
the spectral contribution of the double-stranded siRNA and/or
to electrostatic interactions and helix aggregation as observed in
the presence of DOPG. It should be noted here that the spectrum
of free siRNA in solution does not undergo any change in the
presence of vesicles (data not shown).
Interactions of CADY/siRNA with Phospholipids As

Monitored by Fluorescence Spectroscopy.Binding and inser-
tion of CADY into phospholipids are associated with a blue shift
of the maximum wavelength of Trp fluorescence. As reported in
Figure 6a, similar experiments performed with the CADY/
siRNA complex at 20/1 molar ratio also pointed to a lipid
concentration-dependent fluorescence emission with a blue shift
from 340 to 329 nm and to 331 nm for DOPG and DOPC, res-
pectively. In both DOPC and DOPG, CADY/siRNA complex
binding saturation is achieved at a lipid/peptide ratio of about 3/1
(Figure 3b), These results demonstrate direct interactions be-
tween the CADY/siRNA complex and phospholipids, which are
similar to those of free CADY.

The interaction of CADY/siRNA was investigated using
fluorescently labeled siRNA (FITC-siRNA). CADY binding to
FITC-labeled siRNA induces 70-90% quenching of FITC
fluorescence depending on CADY concentration. Titration

curves reported in Figure 6a (insert) show that saturation was
achieved at a CADY/siRNA ratio of 12 ( 2, with an estimated
dissociation constant of 47 ( 10 nM, values which are in perfect
agreement with the fact that one siRNA molecule interacts with
more than one molecule of CADY, as previously described (39).
As reported inFigure 6b, interaction of theCADY/FITC-siRNA
complex with phospholipid vesicles induces changes in FITC
fluorescence. Upon binding to DOPG, siRNA fluorescence is
increased by approximately 120%, 80%, and 70% for peptide/
siRNA molar ratios of 80, 40, and 20, respectively. In all
cases, saturation is achieved at a lipid/CADY molar ratio of
3/1, as already observed for intrinsic Trp fluorescence, in-
dicating that similar interaction and/or insertion mechanisms
are monitored by the two fluorescence approaches and that
the CADY/siRNA complex remains stable upon interaction
with phospholipids. The increase in FITC fluorescence can be
associated either to partial uncoating of the siRNA due to
peptide/lipid interactions or to changes in the siRNA environ-
ment.
Binding of CADY to siRNA Alters Its Adsorption Pro-

perty at theAir-Water Interface.AsCADYdelivery is based
on the formation of stable complexes with cargoes, the impact of
the peptide/siRNA complex on the air-water interface adsorp-
tion curves was investigated. CADY/siRNA complexes were
prepared by incubating peptide/siRNA ratios of 20/1, 40/1, and
80/1 using a fixed siRNA concentration (3 μM) and varying
CADY concentrations, in water for 30 min at 37 �C, and then
injected into a saline solution as subphase. As reported in
Figure 7, the surface pressure increased only for the 80/1
peptide/siRNA ratio, not for the lower ratios (20/1 and 40/1).
As for free CADY, the adsorption of the 80/1 ratio sample was
characterized by a lowCMCof 400 nM (CMC=230 nMfor free
CADY) and a high saturating surface pressure of 30 mN/m.
These results demonstrate the presence of highly stable complexes
in solution, mainly due to electrostatic interactions between
cationic residues of CADY and anionic charges of the phosphate
backbone of siRNA, which at low peptide/siRNA ratios trap
most of the peptide. In contrast, at the higher ratio of 80/1 siRNA
negative charges are overcompensated by peptide positive
charges, and the excess of CADY can be involved in peptide/
peptide interactions that confer to the complex the ability to
adsorb at the interface.
Formation of CADY/siRNA Complexes Involves

Mainly Electrostatic Interactions. In order to better under-
stand the behavior of the CADY/siRNA complexes within the
cell membrane environment, we evaluated the impact of charged
proteoglycan on complex stability. The stability of CADY/
siRNA complexes at different molar ratios (20/1-80/1) in the
presence of HSPG was analyzed by electrophoresis on agarose
gel. As reported in Figure 8, in all cases, CADY/siRNA com-
plexes are extremely stable in the absence of HSPG, and the
siRNA remains associated to the peptide at low concentrations of
HSPG (0.1 μg). Incubation with higher concentrations of HSPG
dissociates the CADY/siRNA complexes and restores incorpora-
tion of siRNA in the gel. Complex dissociation is dependent on
both the CADY/siRNA ratio and the concentration of HSPG
(Figure 8). For peptide/siRNAmolar ratios ranging from 20/1 to
60/1, complex destabilization by HSPG is concentration-depen-
dent and optimal for 10 μg of HSPG. In contrast, peptide/siRNA
complexes at a molar ratio of 80/1 are highly stable, and even
high concentrations of HSPG (10 μg) barely dissociate the
complex.

FIGURE 5: Influence of the interaction with siRNA on the structure
of CADY. Far-UVCD spectra of CADY (50 μM) were measured in
the absence ()) and in the presence of siRNA peptide/oligonucleo-
tide ratios of 40/1 (O), 20/1 (þ), and 10/1 (9).
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DISCUSSION

Amphipathic peptide-based noncovalent strategy has been re-
ported as an interesting alternative to chemical coupling for the
delivery of different types of cargoes ex vivo and in vivo (7, 10, 12),
and it appears to bemore appropriate for siRNAdelivery, yielding
significant associated biological response (5, 12, 33, 52). We re-
cently proposed a new secondary amphipathic peptide, “CADY”,
that forms stable complexes with siRNA through electrostatic
contacts and improves cellular uptake of biologically active siRNA
in a large variety of challenging cell lines via a mechanism
independent of the endosomal pathway (39). In the present study,
we demonstrate that CADY interactions with lipids and siRNA
trigger a conformational transition of CADY to a helical form and
that this structural polymorphism plays a critical role in its
mechanism of interaction with the biological membrane.

Structural Polymorphism of CADY Plays a Major Role
in Membrane Insertion. Surface pressure and fluorescence
measurements indicate that CADY can spontaneously insert
into lipid monolayers and bilayers used as membrane models,
irrespective of the nature of phospholipids, of their net charge
(neutral PC vs anionic PG), and of their physical state
(unsaturated DO vs saturated DP). Both approaches show that
CADY exhibits a high affinity for DPPG, DOPC, and DOPG
with a similar cpi of 42 mN/m and a binding saturation at a lipid/
peptide molar ratio of 3/1. CADY insertion into membranes
involves hydrophobic and electrostatic contacts. Interactions are
predominantly initiated by the hydrophobicity of CADY, fol-
lowed by interactions between the cationic charges of the four
Arg and the Lys residues of CADY, and the polar head groups of
anionic lipids, which stabilize its conformation within the mem-
brane. The secondary structure of amphipathic peptides and their
structural versatility playmajor roles in themechanism of cellular
uptake (26, 34, 35, 39). Therefore, characterization of the con-
formational changes CADY undergoes upon binding to cargo or
to membrane components is essential to understand the mechan-
ism underlying cellular uptake of CADY/siRNA complexes, as
well as to identify parameters to control CADY efficiency. In
contrast to PPTG1 (40) or Pep-1 (35), which adopt a helical
structure in water, CADY peptide is poorly structured and has a
low tendency to self-associate, at least in the range of concentra-
tions used in this study. Binding to phospholipid vesicles triggers
a conformational transition of CADY from random coil to an
R-helix, inducing segregation along the helical axis of charged
residues, aromatic residues, and hydrophobic residues. Although
CADY binds phospholipids with high affinity, irrespective of
their nature, its helical fold differs for DOPC and DOPG.
PepLook-calculated models of CADY show that the helical
content is dependent on the environment and increases from less
than 5% in water to 20% at a hydrophobic interface and to 30%
and 60% in the presence of DOPC or DOPG, respectively. In all

FIGURE 6: Impact of phospholipid vesicles on CADY/siRNA complexes. CADY/siRNA complexes were formed at a molar ratio of 20/1. (a)
Effect of phospholipid vesicles on the fluorescence on the Trp residues ofCADY in complexwith siRNA.CADY/siRNAcomplexes were titrated
by increasing concentrations of DOPG (2) and DOPC (b), Trp fluorescence was excited at 290 nm, and the emission spectrum was recorded
between 310 and 400 nm.The variation of theCADY fluorescence emissionwavelength is plotted as a functionof the ratio ofDOPC/peptide or of
DOPG/peptide. (Insert) Formation of the CADY/siRNA complex monitored by FITC-siRNA extrinsic fluorescence. FITC-labeled siRNAwas
titrated by increasing concentrations of CADY, and the change in FITC fluorescence emission was measured at 512 nm. (b) Binding of CADY/
siRNA complexes to phospholipid vesicles measured by extrinsic fluorescence. FITC fluorescence was excited at 492 nm, and emission was
measured at 512 nm. CADY/siRNA complexes obtained at ratios of 80/1 ([), 40/1 (9), and 20/1 (2) were titrated by increasing concentrations
of DOPG.

FIGURE 7: Adsorption experiments of theCADY/siRNAcomplex at
the air-water interface. Variation of the peptide-induced surface
pressure as a function of the CADY concentration into the aqueous
subphase in the absence of siRNA ([) or at different peptide/
oligonucleotide ratios: 80/1 (b), 40/1 (2), and 20/1 (9).
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hydrophobic media, the central “RLLRSL” motif of CADY
initiates the helical structure; then electrostatic interac-
tions increase and stabilize the helical conformation at both the
N- and C-terminus by decreasing the repulsion between arginine
residues (Figure 4). Interestingly, the helix-inducing effect by
DOPG gives rise to a deformation in the CD spectrum with an

increase in ellipticity at 207, 222, and 228 nm that can be
attributed to helix aggregation, as described by Lau et al. (51),
or to changes in the orientation of the helix which may be
perpendicular to the membrane plane, as already proposed for
numerous proteins or peptides containing transmembrane helical
domains (54).

FIGURE 8: CADY interacts with siRNA and heparan sulfate. A fixed siRNA concentration of 0.33 nmol was incubated for 30 min at 37 �C in
water with increasing molar ratios of CADY: 20/1 (a), 40/1 (b), 60/1 (c), and 80/1 (d). After complex formation increasing concentrations of
heparan sulfatewere added to the complexes. Sampleswere analyzedbyelectrophoresis ona 1%agarose gel, stainedwithGelRed, and revealedby
UV illumination.

FIGURE 9: Schematic model for the formation and internalization of CADY/siRNA particles. The four steps correspond to (1) electrostatic
interactions between siRNA and CADY, which initiated a partial helical folding of CADY to form the core of the complex (purple), (2)
stabilization of the CADY/siRNA complex by CADY/CADY interactions, corresponding to CADY peripheral, (3) electrostatic interaction of
CADY/siRNA complexes with cell surface proteoglycan, (4) followed by interaction with phospholipids, and (5) then insertion into the cell
membrane mediated by the CADY peripheral and release into the cytoplasmic side of the core complex.
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Stable CADY/siRNA Complexes Penetrate the Phos-
pholipid Membrane. CADY forms stable complexes with
siRNA, with high affinity and that first involve electrostatic
interactions between Arg/Lys of CADY and phosphate groups
of the siRNA, which is followed by an implication of the Trp
residues in the stabilization of the CADY/siRNA complex. We
previously demonstrated that CADY peptide promotes cellular
uptake of small oligonucleotides but not of large plasmid DNA,
in contrast to its parental peptide PPTG1 (40). Conversely,
PPTG1 was reported to deliver large plasmid molecules into
cells but not siRNA delivery (40). Interestingly, the presence
of Trp is the major difference between CADY and PPTG1
sequences, suggesting that Trp residues are essential to stabilize
interactions with small siRNA, whereas electrostatic interactions
are involved in complexation of large DNA by PPTG1. Also, the
fact that PPTG1 presents a major helical fold in solution, but not
CADY, emphasizes the importance of the structural versatility of
CADY, which provides greater flexibility during interaction with
siRNA, which in turn triggers helical folding of CADY.
Model for CADY Cellular Uptake Mechanism. In con-

trast to numerous CPPs, CADY, likeMPGand Pep-1, spontane-
ously inserts into natural membranes and exhibits a marked
structural polymorphism/versatility, both of which are critical
parameters for cellular uptake (34). Upon interaction with lipids,
these peptides adopt a helical (Pep-1, CADY) and a β-structure
(MPG), which has been associated with transient membrane
destabilization favoring translocation of CPP-cargo complexes.
In contrast, commonly used CPPs such as TAT and Arg9 do not
adopt any secondary structure either in solution or in the
presence of lipids and therefore enter the cell mainly by endo-
cytosis (18, 19, 23). Similarly, penetratin does not present any
amphipathic properties, and its structural state seems to be highly
dependent on the experimental conditions including the nature of
the lipids, concentrations, and the cargo (53, 55). Taking into
account the different results on CADY (ref 39, this work), we
propose the following working model for the formation and
internalization of CADY/siRNA particles (Figure 9). First,
formation of CADY/siRNA particles involves mainly electro-
static interactions between siRNA and Arg, which are stabilized
by the implication of the Trp residues. Binding of CADY to
siRNA initiates the helical folding of CADY or increases the
probability of a preexisting helical conformation. Second, stable
CADY/siRNA complexes establish electrostatic interactions
with proteoglycans at the cell surface and/or phospholipids. This
mechanistic step is dependent on the CADY/siRNAmolar ratio,
suggesting the presence of a core particle containing CADY
molecules in direct contactwith siRNA, coveredbyamoredynamic
layer of CADY molecules that form peptide/peptide interactions
and interact with GAG and phospholipids. At low molar ratios
(20/1), CADY peptides are essentially involved in electrostatic
interactions with siRNA forming the “core” of the complex. In
contrast, at a molar ratio of 80/1, several CADY molecules for-
ming the peripheral layer of the complex are directly accessible
to interact with phospholipids. Third, stable CADY/siRNA com-
plexes interact with the phospholipid phase of the membrane and
trigger membrane disorganization, which favors cellular uptake of
the siRNA independently of the endosomal pathway.
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