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ABSTRACT: Cell-penetrating peptides (CPPs) comprise a group of arginine-rich oligopeptides that are able
to deliver exogenous cargo into cells. A first step in the internalization of CPPs is their binding to the cell
surface, a reaction likely to involve membrane phospholipids and/or heparan sulfate proteoglycans (HSPGs).
The present work characterizes the interaction of R9, one of the most efficient CPPs, with either heparan
sulfate (HS) or lipid vesicles composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG). Isothermal titration calorimetry shows
that R9 binds to HS with high affinity. Assuming that HS hasn independent and equivalent binding sites
for R9, we find an association constant of 3.1× 106 M-1 at 28 °C. At this temperature, the reaction
enthalpy is∆H°pep ) - 5.5 kcal/mol and∼7 R9 molecules bind per HS chain, which is equivalent to
∼0.95 cationic/anionic charge ratio.∆H°pep decreases in magnitude upon an increase in temperature, and
the reaction becomes entropy-driven at higher temperatures (g37 °C). The positive heat-capacity change
entailed by this reaction (∆C°P ) +167 cal mol-1 K-1) indicates the loss of polar residues on R9-HS
binding, suggesting that hydrophobic forces play no major role on binding. Calorimetric analysis of the
interaction of R9 with POPC/POPG (75:25) vesicles reveals an association constant of 8.2× 104 M-1 at
28 °C. Using a surface partition equilibrium model to correct for electrostatic effects, we find an intrinsic
partition constant of∼900 M-1, a value that is also confirmed by electrophoretic mobility measurements.
This corresponds to an electrostatic contribution of∼33% to the total free energy of binding. Deuterium
nuclear magnetic resonance (NMR) shows no change in the headgroup conformation of POPC and POPG,
suggesting that binding takes place at some distance from the plane of the polar groups.31P NMR indicates
that the lipid bilayer remains intact upon R9 binding. The fact that R9 binds with greater affinity to HS
than to anionic lipid vesicles makes the former molecule a more likely target in binding this CPP to the
cell surface.

New therapeutic approaches such as gene- or protein-based
therapies rely on the efficient uptake of exogenous macro-
molecules by living cells. Because of their size and hydro-
philicity, most macromolecules of therapeutic interest are
unable to cross biological membranes by passive diffusion.
As a consequence, the success of such therapies depends, to
a great extent, on the development of efficient macromo-
lecular delivery systems.

Cell-penetrating peptides (CPPs),1 a group of oligopeptides
capable of introducing proteins and peptides into cells, are
a promising class of molecular transporters (for recent
reviews, see refs1-3). Their transport properties have been
demonstrated bothin Vitro and in ViVo for a variety of

hydrophilic macromolecules (4-8). Two of the best studied
CPPs include the peptide derived from the transcriptional
activator of the HIV-1 virus, commonly referred to as Tat
peptide, and theDrosophila Antennapedia homeodomain
peptide, known as penetratin. Both peptides represent the
transduction domain of the proteins from which they derive
(9, 10). The high arginine content of these peptides appears
to be related with their membrane translocation properties,
because deletion (or replacement by alanine) of a single
arginine results in severely reduced internalization (9, 11).
This is further supported by the enhanced uptake of arginine
homopolymers, whose levels of translocation are increased
several fold over those of Tat when the oligoarginine contains
6-12 arginines (12, 13). Medium-length polymers of argi-
nine are also significantly more effective at entering cells
than are similar length polymers composed of lysine,
ornithine, or histidine (12). Modifications in the amino acid
side chain (11), peptide backbone (14), or linearity of the
oligoarginines (15) do not significantly alter cellular uptake,
suggesting that the guanidinium moiety plays a critical role
in the translocation process.

Despite the general acceptance of CPPs as macromolecular
transporters, their mechanism of internalization remains
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poorly understood. Earlier work reports an energy-indepen-
dent, nonendocytic pathway of cellular uptake, suggesting
that these peptides are able to translocate across the cell
membrane passively, driven by their concentration gradient
(9, 10, 16). Such observations have, however, been ques-
tioned by recent work showing that cell fixation, a typical
procedure used in the previous studies, causes relocation of
the peptides to the cytoplasm and nucleus and results in
apparent cell-membrane translocation (17, 18). Since then,
a number of other studies have reexamined the internalization
mechanism of CPPs using living cells, demonstrating that
endocytosis is definitively one of the pathways of cellular
uptake (19-23). On the other hand, it is also becoming
clearer that the internalization mechanism may depend on
the chemical nature of the peptide and that some of these
CPPs may use more than a single mechanism of internaliza-
tion. In a study using analogues of several well-known CPPs,
Thorén et al. (24) show that, while the Tat analogue is taken
up by living cells mainly via endocytosis, the oligoarginine
analogue appears to use an alternative pathway, because its
uptake is observed at 4°C and in the presence of metabolic
inhibitors, two conditions that are known to abolish endocy-
tosis.

The efficient internalization of retroinverso peptides and
peptoids shows that the cellular uptake of CPPs is not
mediated by a chiral receptor (11, 12, 25, 26). When this is
combined with the ability of CPPs to translocate into a large
variety of cell types, it suggests that an ubiquitous, nonspe-
cific molecular target mediates the binding of these molecules
to the cell surface. Heparan sulfate proteoglycans (HSPGs),
a group of sulfated polysaccharides anchored to cell-surface
polypeptides, are potential receptors for CPPs. Present at the
surface of most eukaryotic cells and in the extracellular
matrix, these polyanionic molecules mediate the interaction
of many pathogens with their host cells (27-29). They have
been implicated in the internalization of several CPPs,
including the full Tat protein (30, 31) and the oligoarginine
R9 (22), although there is also evidence showing that their
presence is not required for the uptake of the Tat peptide
(32, 33). Another possible target for CPPs are the lipids found
in the cell plasma membrane. Anionic phospholipids have
been suggested to form a complex with penetratin leading
to its import via the formation of inverted micelles (26, 34).
In addition to their potential involvement in binding CPPs
to the cell surface, anionic phospholipids may also be
involved in the escape of the peptide and its cargo from
endosomal compartments. These lipids have been shown to
mediate DNA release from cationic lipid-DNA complexes
at the endosome level (35), thereby avoiding enzymatic
degradation of DNA in lysosomes. In a similar manner, they
could mediate the release of the CPP cargo before reaching
lysosomal compartments and explain the well-documented
biological effects of CPPs. In another model, the formation
of a transient transmembrane pore-like structure has been
proposed for the cell-penetrating peptide Pep-1 (36).

In the present study, we use isothermal titration calorimetry
(ITC) to characterize the thermodynamic equilibrium be-
tween the oligoarginine R9, the most efficient CPP presently
known, and the two classes of molecular targets mentioned
above, namely, heparan sulfate (HS) and membrane phos-
pholipids [1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidyl-
choline (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphatidylglycerol (POPG)]. In both cases, the association
reaction is also followed with static light-scattering measure-
ments. In addition, the structure of the lipid bilayer in the
presence of R9 was studied with phosphorus-31 nuclear
magnetic resonance (NMR) spectroscopy, combined with
deuterium NMR of selectively deuterated lipids.

MATERIALS AND METHODS

Materials. HS, fraction I, sodium salt [from porcine
intestinal mucosa, average molecular weight (MW), 14 200
Da; sulfur content, 6.44%] was purchased from Celsus
Laboratories (Cincinnati, OH). The oligoarginine R9 was
prepared using standard Fmoc-solid-phase peptide synthesis
(37). POPC and POPG were obtained from Avanti Polar
Lipids Inc. (Alabaster, AL). For solid-state NMR measure-
ments, the lipids were deuterated at the headgroup moiety
(i.e., at theR carbon of the choline (POPC) and the glycerol
residue (POPG), respectively). All other chemicals were of
analytical or reagent grade. Tris buffer (10 or 50 mM tris-
(hydroxymethyl)aminoethane and 100 mM NaCl at pH 7.4)
was prepared from 18 MΩ water obtained from a NANOpure
A filtration system.

Preparation of Lipid Vesicles.POPC was dried from a
stock solution in chloroform under a gentle stream of nitrogen
followed by high vacuum overnight. The amount of POPC
was weighed and mixed with a defined volume of a POPG
stock solution in chloroform to yield a POPC/POPG molar
ratio of 75:25. The solvent was removed in a rotary
evaporator, and the thin lipid film was exposed to high
vacuum overnight and weighed again. The lipids were
resuspended in buffer (50 mM Tris and 100 mM NaCl at
pH 7.4) with gentle vortex mixing leading to multilamellar
vesicles (MLVs) with a final lipid concentration of 20-30
mM. Small unilamellar vesicles (SUVs) were produced by
sonication of the lipid suspension using a titanium-tip
ultrasonicator (Branson Sonifier, Danbury, CT) under a
nitrogen atmosphere (at 4°C), until an almost clear solution
was obtained (20-30 min). Titanium debris from the
sonicator tip was removed by sedimentation in an Eppendorf
5415 C benchtop centrifuge (Vaudaux-Eppendorf AG,
Schonenbuch, Switzerland) at 16000g for 5 min. Large
unilamellar vesicles (LUVs) were prepared by extrusion of
MLV suspensions using a hand extruder (Avanti). After five
consecutive freeze-thaw cycles, MLVs were extruded 11
times through two stacked polycarbonate membranes with
pore diameters of 100 nm (Whatman, Clifton, NJ).

Right-Angle Light Scattering.Static light-scattering mea-
surements were performed in a Jasco FP 777 spectrofluo-
rimeter (Japan-Spectroscopic, Tokyo, Japan). Typically, a
2.8 mL solution of R9 was titrated with HS or anionic lipid
vesicles, at 1 min intervals, under constant stirring. In the
HS measurements, a 30µM R9 solution was titrated with 5
µL aliquots of 500µM HS. For the lipid titrations, 10µL
aliquots of POPC/POPG (75:25) sonicated vesicles (26 mM
total lipid) were injected into R9 (8 µM). In both cases, the
scattering intensity at 365 nm (with the excitation wavelength
set to 350 nm) was measured and recorded as a function of
time. The temperature was set to the values indicated in the
captions of the figures.

ITC. All measurements were made with a MicroCal VP-
ITC calorimeter (MicroCal, Northampton, MA). To avoid
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air bubbles, all solutions were degassed under vacuum prior
to use. Lipid titrations were performed by injecting 10µL
aliquots of POPC/POPG (75:25) sonicated vesicles (18.2 mM
total lipid) into the calorimeter cell (Vcell ) 1.4037 mL)
containing R9 (40-60 µM), at constant time intervals of 5
min. For the HS titrations, the R9 concentration in the
calorimeter cell was typically 95µM and 5µL aliquots of
200 µM HS were injected every 6 min. To minimize the
error associated with diffusion from the syringe during
baseline equilibration, the first injection was set to 2.5µL
and the associated heat was not included in the data analysis.
A control titration, in which lipid vesicles or HS were titrated
into pure buffer, was used to correct for the heat of dilution.
Raw data were processed using Origin graphing software
provided with the instrument. The temperature was set as
indicated in the captions of the figures. At all temperatures,
the binding of R9 to lipids and HS is reflected in a strong
exothermic reaction. Near the end point of the titration
(approximate charge neutralization of R9), an additional small
endothermic peak is observed, which is less than 10% of
the exothermic reaction. At low temperatures or high salt
concentrations (g200 mM NaCl), no such effect is seen. We
attribute this additional reaction to the formation of larger
aggregates (38).

NMR Spectroscopy.All spectra were acquired at a
magnetic field strength of 9.4 T. For the2H NMR measure-
ments, a quadrupole echo sequence was employed using a
recycle delay of 250 ms.31P NMR spectra were recorded
using a Hahn echo sequence with broadband proton decoup-
ling (WALTZ-16) and a recycle delay of 6 s. The chemical-
shielding anisotropy,∆σ, was measured as full width at 10%
maximum intensity. Multilamellar lipid samples were pre-
pared using typically 25 mg of total lipids and 100-150µL
of deuterium-depleted water. The peptide was added before
vortexing the lipid film.

Electrophoretic Mobility.The electrophoretic mobility,u,
of POPC/POPG (75:25) MLVs was measured in a Rank
Brothers Mark II instrument (Bottisham, Cambridge, U.K.),
in the presence of various concentrations of R9. The lipid
vesicles (1.25 mM total lipid) were inserted into the
cylindrical cell (Vcell ) 4 mL), and 10µL aliquots of a R9

solution (188.8µM) were added at regular time intervals.
Theú potential was calculated fromu using the Helmholtz-
Smoluchowski equation (39). Samples were prepared in Tris
buffer (10 mM Tris and 100 mM NaCl at pH 7.4), and all
measurements were done at room temperature (23°C).

RESULTS

Binding of R9 to Anionic Lipid Vesicles: Calorimetric
Studies.The interaction of R9 with anionic lipid vesicles was
studied by ITC. After the usual protocol for lipid-into-peptide
titrations (40), a diluted solution of R9 (60 µM) was filled
into the calorimeter cell (Vcell ) 1.4037 mL) and small
aliquots (10µL) of a concentrated vesicle suspension (18.2
mM total lipid) were injected at regular time intervals (5
min). Figure 1A shows a representative calorimetric trace
obtained at 28°C by titration of R9 with POPC/POPG (75:
25) sonicated vesicles. The corresponding titration curve is
shown in Figure 1B, where the reaction heats are plotted as
a function of the lipid/peptide molar ratios. The heats of
reaction were obtained by integration of the titration peaks

shown in Figure 1A and are corrected for the heats of dilution
of the lipid vesicles (∼ -1.3 µcal) obtained in a separate
lipid-into-buffer titration (not shown).

The sigmoidal shape of the titration curve lends itself to
a simple interpretation (40, 41). Initially, a large excess of
free R9 is present in the calorimeter cell, and most of the
injected lipid binds to the peptide. As a consequence, a
relatively constant heat of binding (∼ -15 µcal) is observed
in the first few injections, which, when normalized per mole
of bound lipid, is equal to the lipid molar binding enthalpy,
∆H°lip. In the present case, only the POPG at the surface of
the sonicated vesicles is assumed to bind to R9 (Vide infra)
and a∆H°lip = -0.45 kcal/mol is found. As the titration
proceeds, the free R9 concentration decreases and the binding
heats decrease in parallel. At the inflection point of the
titration curve, approximately half of the total lipid and
peptide are in the bound state, and the ratio of the added
POPG (outside) to total peptide is therefore a good estimate
of the binding stoichiometry. In Figure 1B, the inflection
point occurs at a POPGouside/R9 molar ratio of n = 5.5.
Finally, saturation of R9 is eventually achieved, and further
injections entail no more heat events besides the heat of
dilution of the lipid vesicles. Under such conditions, the
peptide molar-binding enthalpy,∆H°pep, is easily deter-
mined from the total heat released in the titration and the
amount of peptide in the calorimeter cell. A∆H°pep = -2.4
kcal/mol is determined from Figure 1B. As expected, a

FIGURE 1: Titration of anionic lipid vesicles into R9. (A) Calori-
metric trace obtained at 28°C by titration of POPC/POPG (75:25)
sonicated vesicles (18.2 mM total lipid) into a solution of R9 (60
µM). Each peak corresponds to the injection (at 5 min intervals)
of 10 µL of lipid vesicles into the calorimeter cell (Vcell ) 1.4037
mL), except for the first peak where only 2.5µL was injected. (B)
Heats of reaction (integrated from the calorimetric trace) plotted
as a function of the POPG/R9 molar ratio. Only the POPG in the
outer monolayer of the lipid vesicles (67%) 3.08 mM) is
considered to be available for binding. The solid line is the best fit
to the experimental data ([) using the complex formation model,
and the dashed line corresponds to the surface partition equilibrium
model (cf. Table 1 for parameters). Buffer, 50 mM Tris and 100
mM NaCl at pH 7.4.

2694 Biochemistry, Vol. 44, No. 7, 2005 Gonçalves et al.



similar value is obtained when∆H°lip is multiplied by the
binding stoichiometry (∆H°pep ) n∆H°lip = -2.5 kcal/mol).

Analysis of the Titration CurVe with Specific Binding
Models. While simple and straightforward, the previous
analysis does not provide a full thermodynamic characteriza-
tion of the binding event. For that reason, the data have to
be treated with appropriate binding models. The first model
considered here is acomplex formation model, in which each
POPG molecule acts as a ligand (L) and the peptide R9 is
assumed to haven equivalent and independent binding sites.
This can be described according to (42-44)

In eq 1, [L] and [L]b are the concentrations of free and bound
POPG lipid, respectively, [P]t is the total concentration of
R9, andK is the microscopic binding constant. Because of
the lack of evidence showing translocation of R9 across the
lipid membrane (Vide infra), only the POPG in the outer
leaflet of the lipid bilayer is considered to be available for
binding. On the basis of simple geometric considerations,
this is assumed to represent 67% of the total POPG present
in sonicated vesicles (45). Because of mass conservation,
[L] b ) [L] t - [L] can be expressed as a function of the total
(accessible) POPG, [L]t, and the total R9 concentrations, [P]t

(38), which, in turn, may be linked to the calorimetric data
using the following equation:

whereδQi is the heat released in injectioni, δ[L] b,i is the
change (increase) in the bound POPG concentration upon
injection i, andV is the volume of the calorimeter cell (46).
The solid line in Figure 1B is the best least-squares fit to
the data using eqs 1 and 2 and the following set of
parameters:n ) 5.5, K ) 7.5 × 104 M-1, and ∆H°pep )
-2.6 kcal/mol. A summary of the thermodynamic parameters
found with this binding model is presented in Table 1.

Despite the good agreement between the experiment and
theory, the complex formation model does not take into
consideration the electrostatic effects sensed at the membrane
surface. To account for such effects, we have treated the
data with an alternative binding model, thesurface partition
equilibrium model. Used to describe the binding of a variety
of other charged molecules to lipid membranes (47-51), this

model assumes that the peptide (P)partitions into the lipid
membrane (M) according to

where [P]b is the concentration of bound R9, [M] t is the
concentration of total accessible membrane lipid (POPC and
POPG), [P]s is the concentration of free R9 at thesurfaceof
the membrane, andKP is the chemical partition coefficient.
This model has the advantage that, by replacing the R9 bulk
concentration, [P], by its interfacial concentration, [P]s, it
accounts for the enhanced R9 surface concentration induced
by the negative electrostatic potential of the lipid membrane.
Using the Gouy-Chapman theory of the electrical double
layer (for reviews, see ref52), it is possible to calculate [P]s

for each point of the titration curve and to determine the
partition constant,KP, and the effective charge of R9 sensed
at the membrane surface,zP. Our calculations also include
Na+ binding and pH changes at the membrane surface (53).
The dashed line in Figure 1B is the best theoretical fit to the
experimental data with∆H°pep ) -2.3 kcal/mol,KP ) 900
M-1, andzP ) +3.9. The free energy of peptide binding,∆
G°pep, can be calculated from the partition coefficientKP

according to∆G°pep) -RT ln 55.5KP, where the factor 55.5
represents the molar concentration of water and corrects for
the cratic contribution to the binding event (42). The
thermodynamic analysis is summarized in Table 1. Two
conclusions may be taken from Table 1: (i) the effective
charge of R9 is lower than the theoretical value of+9; this
is in parallel to the binding stoichiometry given by the
complex formation model, which indicates an average of 4.9
( 0.7 POPG molecules bound per R9, whereas the effective
electric charge of R9 at the membrane surface found with
the surface partition equilibrium model iszP ) +3.9 ( 0.6;
and (ii) the partition constant,KP, in the electrostatic
attraction/chemical partition model is approximately 2 orders
of magnitude smaller than the microscopic binding constant,
K, in the complex formation model. Because electrostatic
effects were taken into account in the determination ofKP,
this indicates thatelectrostaticsplay a major role in the
interaction between R9 and POPC/POPG (75:25) vesicles.

Electrophoretic Mobility Studies. Theú potential, defined
as the electrostatic potential at the hydrodynamic plane of
shear (2 Å from the membrane surface), can be calculated
from the measured values of electrophoretic mobility,u, by
the Helmholtz-Smoluchowski equation (39). Becauseú is
related to the surface charge density of the lipid membrane,
it decreases when R9 binds to the membrane and neutralizes
the anionic lipid charges. Such decline inú may be predicted
using the Gouy-Chapman theory and the surface partition
equilibrium model presented above (54). We measured the
ú potential of POPC/POPG (75:25) MLVs in the presence
of various amounts of R9, and we obtain a good agreement
between the experimental results and the theoretical predic-
tion using the parameters derived from the calorimetric
studies (results not shown).

Static Light-Scattering Studies.A turbid solution is
obtained when sonicated POPC/POPG (75:25) vesicles are
mixed with R9. Upon addition of the peptide, the lipid
vesicles aggregate and/or fuse and the increase in turbidity
may be used to follow the association reaction. Figure 2

Table 1: Thermodynamic Parameters for R9 Binding to POPC/
POPG (75:25) Sonicated Vesicles at 28°Ca

Complex Formation Model
binding

stoichiometry
(n)

K
(M-1)

∆H°pep
(kcal/mol)

∆G°pep
(kcal/mol)

T∆S°pep
(kcal/mol)

4.9( 0.7 (8.2( 0.6)× 104 -2.5( 0.3 -6.8( 0.1 4.3( 0.3

Surface Partition Equilibrium Model
peptide

charge (zP)
KP

(M-1)
∆H°pep

(kcal/mol)
∆G°pep

(kcal/mol)
T∆S°pep

(kcal/mol)

3.9( 0.6 900( 82 -2.3( 0.3 -6.5( 0.1 4.2( 0.3

a Data represent the average( standard deviation of 3-5 measure-
ments. Buffer, 50 mM Tris and 100 mM NaCl at pH 7.4.

[L] b

[P]t
)

nK[L]

1 + K[L]
(1)

δQi ) ∆H°lip δ[L] b,iV ) ({∆H°pep}/{n}) δ[L] b,iV (2)

[P]b
[M] t

) KP[P]s (3)
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shows scattering intensity data when small aliquots of lipid
vesicles (26 mM total lipid) are titrated into a 8µM R9

solution ([) or into pure buffer (]). As in the studies
described above, the POPG/R9 molar ratios were calculated
assuming that only the POPG at the outside of the vesicles
binds to the peptide. The scattering intensity of the R9

solution increases almost linearly upon addition of sonicated
vesicles, reaching a maximum value at a POPGoutside/R9 molar
ratio of 12.3( 0.7. Interestingly, a decrease in scattering is
observed beyond this point, indicating that some of the larger
aggregates/complexes are brought back into solution upon
addition of more lipid. The residual scattering intensity can
be attributed to the intrinsic scattering of the lipid vesicles,
because a similar increase is observed when sonicated
vesicles are titrated into pure buffer (]).

The maximum light scattering occurs at a POPGoutside/R9

molar ratio, which is more than twice as large as the
stoichiometry derived from the complex formation model
with n ) 5.5. As mentioned above, R9 carries 9 positive
charges and only about 60% of those are electrically
neutralized withn ) 5.5. A full neutralization on thesame
phospholipid vesicle may not be possible for steric reasons,
because the guanidinium side groups of an extended chain
alternate in opposite directions. However, intervesicle bridges
may be formed at sufficiently high lipid concentrations,
explaining the scattering maximum at POPGoutside/R9 ) 12.3.

Deuterium and Phosphorus-31 NMR Studies.Solid-state
NMR was used to get further structural information about
the interaction between R9 and anionic lipid membranes
(Figure 3). NMR spectra were obtained with POPC/POPG
(65:35) suspensions mixed with R9 at a POPG/R9 ratio of
6:1, which is close to the stoichiometric parameters deduced
above. The phosphorus-31 NMR spectra shown in Figure
3A is typical for a lipid bilayer with a separation of∆σ )
-47.5 ppm between the low- and high-field edges. This
chemical-shielding anisotropy is not different from that of a
POPC/POPG (65:35) bilayer in the absence of R9 with ∆σ
) -45 ppm at 25°C (55). Despite the strong electrostatic
interaction between R9 and POPG, it is still possible to
resolve two separate resonances for POPG and POPC at the
90° edge of the spectrum.

The lipid-peptide interaction was further studied with
deuterium NMR and headgroup deuterated lipids.R-CD2-
POPC (POCD2CH2N(CH3)3) or R-CD2POPG (POCD2-
CHOHCH2OH) were mixed at the above-mentioned ratio
with their nondeuterated counterpart. The deuterium NMR
spectra of the multilamellar liposomes in the presence of R9

(POPG/R9 = 6) are shown for membranes withR-CD2POPC/
POPG (POPC/R-CD2POPG) in Figure 3B (and Figure 3C).
The quadrupole splittings, i.e., the separations between the
most intense peaks in the powder-type spectra, are|∆νR| )
9.4 and 10.7 kHz forR-CD2POPC andR-CD2POPG,
respectively. Surprisingly, these values are virtually identical
to those observed in control experiments in the absence of
peptide (56). The deuterium spectra thus support the above

FIGURE 2: Right-angle static light scattering obtained by titration
of lipid vesicles into R9. Each data point corresponds to the injection
of 10 µL of POPC/POPG (75:25) sonicated vesicles (26 mM total
lipid) into a solution of R9 (8 µM). Only the POPG in the outer
monolayer of the lipid vesicles (67%) 4.4 mM) is assumed to be
available for binding. The open symbols represent a control titration
where the same suspension of sonicated vesicles is injected into
pure buffer (10 mM Tris and 100 mM NaCl at pH 7.4). The
injections were done at 1 min intervals, at room temperature, under
constant stirring.

FIGURE 3: Solid-state NMR spectra of multilamellar POPC/POPG
(65:35) dispersions in the presence of R9. The POPG/R9 molar ratio
is 6:1 in all spectra. (A)31P NMR spectrum. (B)2H NMR spectrum
where POPC is selectively deuterated at theR segment of the
choline moiety (POCD2CH2N(CH3)3), while POPG remains pro-
tonated. (C) 2H NMR spectrum where POPG is selectively
deuterated at theR segment of the glycerol headgroup (POCD2-
CHOHCH2OH), while POPC remains protonated (see the text for
numerical values of quadrupole splittings and chemical-shielding
anisotropies). The exact composition of sample B was 16.91µmol
of POPC, 10.24µmol of POPG, 1.7µmol of R9 and 100µL of
deuterium-depleted H2O, leading to a POPG/R9 molar ratio of 6.02.
The NMR samples were prepared without salt, and electrostatic
attraction is high. Under these conditions, virtually all of the peptide
is bound to the membrane surface and the extent of bindingXb )
nR

b/nL
o is 0.55 if nR

b denotes the total number of bound arginine
residues andnL

o denotes the total number of lipid molecules.
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conclusion that the lipids remain organized in a bilayer
structure.

It should also be realized that the deuterium NMR spectra
are much more sensitive to conformational changes than
phosphorus-31 NMR. Because exactly the same quadrupole
splittings are recorded with and without R9, it can be
concluded that no conformational changes occur in the POPC
and POPG headgroups upon binding of R9. As detailed in
the caption to Figure 3, the ratio of bound arginine residues
to total lipid molecules is about 0.55; i.e., each second lipid
headgroup should see a cationic arginine. For a large variety
of cationic molecules, including amphipathic peptides, quite
dramatic changes in the quadrupole splittings of the choline
headgroup were observed, even at much smaller binding
ratios. For example, the adsorption of the monovalent cationic
local anesthetic dibucaine to a POPC membrane changes the
quadrupole splitting linearly from+6 to-3 kHz as the extent
of binding increases from 0 toXb ≈ 0.3 (57). The strong
binding of R9 to the lipid membrane without eliciting a
corresponding response of the choline dipole is not caused
by a lack of sensitivity in the measurement but reveals a
new type of binding mechanism (cf. below).

Binding of R9 to HS: Calorimetric Studies.ITC was
further used to study the interaction between R9 and HS.
Figure 4 shows a representative calorimetric trace (Figure
4A) and the corresponding titration curve (Figure 4B)
obtained at 5°C by titration of R9 (95µM) with 5 µL aliquots
of HS (200µM). The integrated heats shown in Figure 4B
represent the net heats of each injection obtained after
subtracting the heats of HS injected into pure buffer. As in

the lipid-into-R9 titration, nearly constant heats are observed
at the beginning of the titration (∼ -70 µcal). They indicate
an almost complete binding of the injected HS caused by
the large excess of free R9 in the calorimeter cell. The molar
heat of reaction is∆H°HS ) -70 kcal/mol. On the other
hand, at the end of the titration, virtually all R9 is in the
bound state, because the heats measured for the last injections
are very small and reflect the heat of dilution of HS. Under
these conditions,∆H°pep = -9.0 kcal/mol is determined by
dividing the total heat released in the titration (∼ -1200µcal)
by the total amount of peptide in the calorimeter cell (133.4
nmol). The ratio∆H°HS/∆H°pep ) 7.8 yields the number of
R9 peptides bound to 1 HS molecule.

A long polymer such as HS may be described as a
macromolecule withn independent and equivalent binding
sites for a ligand like R9. Referred to as thecomplex
formation modelin the previous section, this model is again
described mathematically by eq 1, where, in the present case,
L represents R9 and P represents the HS polymer chain. A
full thermodynamic analysis of the HS-R9 binding equilib-
rium was done using this binding model. The solid line
shown in Figure 4B is the best least-squares fit to the
experimental data ([) using eqs 1 and 2 with the following
set of thermodynamic parameters:n ) 7.0,K ) 3.8 × 106

M-1, and ∆H°pep ) -10.3 kcal/mol. As in the previous
studies, the binding stoichiometry,n, is defined as the number
of ligand molecules bound per macromolecule; it is ap-
proximately equal to the inverse of the HS/R9 molar ratio
found at the midpoint of the titration curve (∼0.15 in Figure
4B). The thermodynamic parameters obtained with this
binding model are summarized in Table 2.

The influence of temperature on the HS-R9 interaction
was also investigated (cf. Table 2). The enthalpy of binding,
∆H°pep, is exothermic at all temperatures investigated, but it
decreases in magnitude with increasing temperature as
demonstrated in Figure 5A. As a consequence, while driven
by enthalpy at low temperatures (e28 °C), the reaction
becomes entropy-driven at higher temperatures (g37 °C);
this is confirmed by the observed increase in entropy with
temperature (Table 2). The slope of the straight line shown
in Figure 5A describes the heat capacity change,∆C°P, of
the HS-R9 interaction, which is equal to+167 cal mol-1

K-1 (with respect to R9). As expected for a charge neutral-
ization reaction,∆C°P is large andpositiVe (58, 59). Inspec-
tion of Table 2 further reveals that the binding constant
decreases with temperature, as a consequence of the exo-
thermic character of the HS-R9 interaction. The solid line
in Figure 5B describes the predicted temperature dependence
of the microscopic binding constant,K, based on the van’t
Hoff relation d ln K/d T ) ∆H°pep/RT2 and taking into
account the temperature dependence of∆H°pep (Figure 5A).
Within the accuracy of the measurements, a good agreement
between experimental data and theory is obtained.

Smooth titration curves as shown in Figure 4 are obtained
at low temperatures or at high salt concentrations (e.g., 15
°C and 250 mM NaCl). Under some conditions, a small
endothermic reaction was found to be superimposed, starting
at the end of the exothermic complex formation. It can be
attributed to an aggregation of the R9-HS complex, presum-
ably caused by cross linking of HS molecules via R9 bridges.
Aggregation is reflected by a turbidity increase in static light
scattering (data not shown) and has been observed before

FIGURE 4: Titration of HS into R9. (A) Calorimetric trace obtained
at 5 °C by titration of HS (200µM) into R9 (95 µM). Each peak
corresponds to the injection (every 6 min) of 5µL of HS into the
calorimeter cell (Vcell ) 1.4037 mL), except for the first peak, where
only 2.5 µL was injected (see the text). (B) Heats of reaction
(integrated from the calorimetric trace) plotted as a function of the
HS/R9 molar ratio. The solid line is the best fit to the experimental
data ([) using the binding model described by eq 1 with the
parameters listed in Table 2. Buffer, 10 mM Tris and 100 mM
NaCl at pH 7.4.

Interaction of R9 with Anionic Lipid Vesicles and HS Biochemistry, Vol. 44, No. 7, 20052697



for the reaction of the TAT protein transduction domain with
HS (38). Titration isotherms, which displayed an endothermic
contribution were therefore evaluated up to the midpoint of
the exothermic complex formation. This was possible
because of the large binding constant, producing a sharp
titration midpoint.

DISCUSSION

The present work characterizes the interaction of R9 with
HS and lipid vesicles at the thermodynamic and mechanistic
level. The bilayer membrane is composed of POPC and
POPG, two phospholipids commonly found in biological
membranes. Both HS and POPG are potential cell-surface
targets for the cationic R9, and investigating the underlying
binding equilibrium is relevant for an overall understanding
of the internalization mechanism of CPPs.

Thermodynamics of R9 Binding to HS. In comparing
arginine-rich CPPs with their lysine-rich analogues, it was
concluded that "arginine thus appears crucial for the cell-
surface binding and internalization of CPPs, and there exists
a specific interaction between the guanidinium group of
arginine and a hydrogen-bond acceptor moiety in the plasma
membrane” (24). This is supported by the rather extensive
literature, which exists on the interaction of polycationic
peptides with different types of glycosaminoglycans (60-
63). However, the available quantitative data are mainly
concerned with the interaction with heparin, whereas for HS,

only a few reports exist (38, 64). This is surprising because
heparin is located mainly in the cell interior, whereas HSPGs
are ubiquitously distributed across the outer surface of cell
membranes. The two species will exhibit different binding
properties because HS has a lower extent of sulfation than
heparin (heparin∼ 2.7 sulfate groups per disaccharide, and
HS ∼ 1.0 sulfate per disaccharide) (65).

The calorimetric data presented here shows that R9 has a
strong affinity for HS. A binding constant of 3.1× 106 M-1

is found at 28°C (Table 2), which is equivalent to a
dissociation constant of 0.3µM. Although this value is
slightly higher than theKd ) 0.1 µM measured by affinity
chromatography for the R9-heparin binding equilibrium (22),
this difference can be explained by the lower extent of
sulfation of HS when compared to heparin (65).

As anticipated from the structure of the reacting molecules,
electrostaticsis a major component of the R9-HS interaction.
Binding stoichiometries close to charge neutrality are
obtained when the molar R9/HS ratios are converted to charge
ratios. Relying on the sulfur content (6.44%) provided by
the manufacturer to estimate the number of sulfates and
considering that one carboxylate group is present per HS
disaccharide (65), we estimate an average of∼60 anionic
charges per HS molecule. As a consequence, the molar R9/
HS ratios of 5 and 7 found in the static light scattering (data
not shown) and calorimetric studies (Table 2) correspond to
electric charge ratios of 0.75 and 1.05, respectively, values
that are very close to charge neutralization. Also supporting
the involvement of electrostatics in the association reaction
is the large and positive change in heat capacity of this
reaction (∆C°P ) +167 cal mol-1 K-1) (58, 59).

The HS employed in this study has a MW of 14.2( 2
kDa, corresponding to about 30.6( 4.3 disaccharide units
(MW ∼ 464). Because each HS molecule binds 7-8 R9

peptides, the arginine/disaccharide ratio is in the rage of 1.9-
2.7. If each disaccharide unit carries 1 sulfate and 1 carboxyl,
an arginine/HS ratio of 2 would lead exactly to charge
neutralization. A ratio of 2 has been found in early circular
dichroism (CD) studies for the polylysine-HS system (62).
However, for the polyarginine-HS system, the same study
reports a ratio of∼1 only. The authors indicate that the
evaluation of the CD spectra was difficult because of turbid
solutions.

Electrostatics is not the only force providing stability to
the R9-HS complexes. Considering the well-known ability
of the guanidinium group to form hydrogen bonds with
sulfate and carboxylate groups (66), it is very likely that
hydrogen bondingis the second major type of interaction
taking place in the R9-HS binding equilibrium. This would
explain the favorable∆H°pep found at all temperatures
(Table 2), a fact that is not commonly observed in purely
electrostatic interactions involving polyelectrolytes. As a

Table 2: Thermodynamic Parameters for R9 Binding to HSa

temperature (°C) binding stoichiometry (n) K (M-1) ∆H°pep(kcal/mol) ∆G°pep(kcal/mol) T∆S°pep(kcal/mol)

5 7.4( 0.8 (4.1( 0.8)× 106 -9.5( 1.3 -8.4( 0.1 -1.1( 1.3
15 7.9( 0.5 (3.1( 0.2)× 106 -6.7( 0.4 -8.6( 0.1 1.8( 0.3
28 6.9( 0.8 (3.1( 0.8)× 106 -5.5( 1.2 -8.9( 0.2 3.4( 0.1
37 10.2( 0.9 (1.3( 0.2)× 106 -3.0( 0.3 -8.7( 0.1 5.7( 0.3
45 8.7( 0.8 (1.8( 0.1)× 106 -2.9( 0.3 -9.1( 0.1 6.2( 0.3

a Data represent the average( standard deviation of 3-5 measurements. Buffer, 10 mM Tris and 100 mM NaCl at pH 7.4.

FIGURE 5: Temperature dependence of (A) the reaction enthalpy,
∆H°pep, and (B) the binding constant,K, for R9 binding to HS.
Linear regression analysis of the experimental data in A yields
∆H°pep (kcal/mol) ) -9.854+ 0.167T (°C) (s). The solid line in
B is the predicted temperature dependence ofK using the above
regression formula for∆H°pep(T).
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result of an increase in entropy because of counterion release,
these are usually accompanied by small and, in many
instances, unfavorable binding enthalpies (67). We are
presently studying the salt dependence of the R9-HS
association constant to discriminate the electrostatic from the
nonelectrostatic component of this reaction.

In a related study, synthetic peptides having the general
sequence RnW were titrated with heparin (MW 4800) (64).
For R9W, a binding constant of 7.6× 106 M-1 was found,
rather similar to the results observed for the binding of R9

to HS. As the number of arginines decreased, the binding
affinity remained fairly constant untiln ) 4. In parallel, the
maximum number of ligands,q, per heparin increased, and
the product of the two numbers remained also constant.
Independent of the length of the polycation RnW, the same
number of arginine residues was always bound at the
saturation limit. While R9 is an excellent CPP, shorter Rn

such as R4 or R5 are not. Because the binding affinities of
these molecules to heparin are very similar, the differences
in their transport affinity cannot be explained by simple
thermodynamic arguments. Using confocal microscopy, we
have shown for mouse fibroblasts that the transport of the
TAT protein transduction domain across the biological
membrane is coupled with an aggregation phenomenon or
patch formation at the membrane surface and that HS is
necessary for this process (68).

Even though not the primary purpose of this work, we
may speculate that R9 has the right length to link together a
sufficient number of HS-carrying membrane proteins. This
may induce aggregate formation on the surface of the living
cell, followed by a still unknown translocation mechanism.
Shorter arginine chains do not seem to have this capability,
but this has yet to be tested underin ViVo conditions. We
are presently studying the effect of R9 on in ViVo cell cultures.

A purely physical-chemical mechanism has been pro-
posed for the transport of R8 across the lipid membrane (69).
In these experiments, the polarity of the arginine residues
was attenuated by ion-pair complex formation. In addition,
an electric gradient was postulated to drive the complex
across the membrane.

Thermodynamic and Structural Aspects of R9 Binding to
Anionic Lipid Vesicles.The characteristic sigmoidal shape
of the calorimetric titration curve (Figure 1) and the increase
in scattering intensity observed when R9 is mixed with
POPC/POPG (75:25) vesicles (Figure 2) are unequivocal
evidence that R9 binds to anionic lipid vesicles. Treating the
calorimetric data with the complex formation model used in
the analysis of the R9-HS equilibrium, we find an associa-
tion constant of 8.2× 104 M-1 at 28 °C (Table 1). This
value is 2 orders of magnitude smaller than that found for
the R9-HS interaction (Table 2), and binding to HS is thus
strongly favored if both HS and POPG should be present at
the cell surface. A similar conclusion has been made for the
Tat peptide, which also binds with greater affinity to HS
than to anionic lipid vesicles (38, 51).

Further thermodynamic characterization of the interaction
of R9 with lipid membranes was achieved by treating the
data with a surface partition equilibrium model. More
realistic than the previous one, this model considers that R9

partitions into the membrane from its surface, without
assuming a specific interaction between the peptide and
lipids. It takes into consideration the electrostatic accumula-

tion of R9 at the surface of the anionic lipid membrane, and
the partition coefficient is calculated with the enhanced
surface concentration. For POPC/POPG (75:25) membranes
at 28°C, the partition coefficient was found to beK ) 900
M-1.

Related studies have been performed for shorter polyargin-
ines measuring the change in theú potential of phosphati-
dylserine vesicles. The measured or extrapolated concentra-
tions of R5, R3, and R2 required to reverse the charge of a
PS vesicle were 2× 10-4, 3 × 10-3, and 3× 10-2 M (70).
If the ú potential is reduced to zero, the concentrations of
the polycation in the diffuse double layer and in bulk solution
are approximately equal and the partition coefficient is given
as the inverse of the corresponding concentration, i.e.,K )
5000 M-1 (330 and 33 M-1) for R5 (R3 and R2). Increasing
the chain length of the Rn cation hence increases the
association constant. The results obtained withú-potential
measurements refer to pure PS vesicles and are thus not
directly comparable to the measurements presented here.
However, the same authors have shown for polylysine and
mixed PC/PS and PC/PG vesicles that a reduction in the
surface charge reduces the association constants by up to 2
orders of magnitude.

Knowledge of the intrinsic partition constant and the R9

surface concentration allows a discrimination between the
electrostatic and nonelectrostatic components of the reaction.
Such an analysis is readily made using the following
relationship:

where∆G°pep,T represents the total free energy of binding,
-RT ln KP is the nonelectrostatic (hydrophobic and/or
hydrogen-bonding) component of∆G°pep,T, and - RT ln-
([P]s/[P]) is the electrostatic component of∆G°pep,T. On the
basis of the data shown in Table 1, we find that∆G°pep,T )
-6.1 ( 0.05 kcal/mol, which can be divided into an
electrostatic binding affinity of-2.1( 0.09 kcal/mol and a
nonelectrostatic component of-4.1 ( 0.05 kcal/mol.
Calculated for a 1µM bulk concentration of R9, these values
show that only∼33% of the total binding free energy has
an electrostatic origin. This contrasts with the data published
earlier for the Tat peptide, where∼77% of the free energy
of binding is attributed to electrostatics (51). Two possible
reasons may explain such difference. First, R9 is inherently
more hydrophobic than the Tat peptide. This is explained
by the greater hydrophobicity of arginine than lysine, and it
is a consequence of the higher arginine content of R9 when
compared to Tat (9 versus 6 arginines). Second, it may also
reflect the already mentioned special hydrogen-bond proper-
ties of the guanidinium group, which will contribute to a
greater nonelectrostatic free energy of binding by interacting
with the membrane hydration layer (Vide infra).

In addition to the partition constant,KP, the surface
partition equilibrium model estimates the effective charge
of the peptide,zP. As shown in Table 1, azP ≈ +4 is found
for R9; this value is smaller than the formal charge of+9
calculated based on the number of charged residues in the
peptide. Different effective and formal charges have also
been reported for other CPPs (51, 71), demonstrating that
not all of the charges in these peptides are available for
binding. It reflects the polyelectrolyte behavior of R9, because

∆G°pep,T) -RT ln KP - RT ln([P]s/[P]) (4)
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the closely spaced arginines in the peptide attract counterions
to its vicinity (counterion condensation), which may not be
fully released if the alternative ions bind with moderate or
relatively weak affinity. In addition, the high curvature of
the sonicated vesicles may prevent a simultaneous approach
of all arginines to the membrane surface (51).

Even though R9 binds tightly to anionic lipid vesicles, the
deuterium NMR data show no change of the POPC and
POPG headgroup conformation when R9 is added to POPC/
POPG (65:35) membranes (parts B and C of Figure 3). This
is quite a surprising result, because it is well-known that
charged molecules shift theP--N+ dipole of the phospho-
choline headgroup away or toward the aqueous phase,
depending on whether they are negatively or positively
charged (72). Documented for a large number of chemically
distinct compounds, this effect is easily revealed in2H NMR
spectra by a change in the quadrupole splittings of the
specifically deuterated phospholipid headgroups (73-75).
Until now, only two exceptions to this general rule have been
reported, one being pentalysine (76) and the other being the
Tat peptide (51). In both cases and similarly to what we show
here for R9, the cationic peptides bind to the lipid membrane
but binding is not accompanied by a reorientation of
phosphocholine headgroup (51, 76). This suggests that these
polycationic molecules interact differently with the lipid
membrane than, for example, amphipathic peptides such as
melittin (74, 77) and that the charged guanidinium residues
cannot interact with the phosphocholine dipole. As an
alternative mechanism, we therefore suggest hydrogen bond-
ing of R9 and its analogues to the hydration layer around
the lipid headgroup. This hydration layer has an extension
of about 1-3 nm, and detailed analysis of the related
hydration forces with osmotic experiments has been given
by Parsegian and co-workers (78). The hydration layer is
also reflected in the rate of motion of the phospholipid
headgroups, which is almost a factor of 100 times slower
than the motion of the free headgroup molecules in bulk
water (79). To reconcile the strong binding of R9 to the lipid
membrane deduced from ITC with the unchanged headgroup
conformation, we suggest that R9 cannot penetrate between
the lipid headgroups but binds at some distance from the
headgroups to the hydration layer.

Further structural information regarding the R9-lipid
membrane equilibrium was obtained using phosphorus-31
NMR. This technique is highly sensitive to lipid polymor-
phism, leading to quite different spectra depending on
whether lipid bilayers, hexagonal phases, or micellar phases
are present (55). The phosphorus NMR spectum shown in
Figure 3A is typical of a homogeneous lipid bilayer,
providing clear evidence that the POPC/POPG (65:35)
membrane is not disrupted upon R9 binding. Also reported
for the Tat peptide (51), this observation does not corroborate
the formation of nonbilayer structures such as inverted
micelles, observed for selected lipids in the case of penetratin
(34).

HS is a regulatory polysaccharide, which, underin ViVo
conditions, is bound to a variety of integral membrane
proteins (80). A logical step would therefore be to test R9

binding to an integral HSPG. Unfortunately, no well-defined
model system suited for physical-chemical measurements
is known. As an alternative, we have investigated the binding
of R9 to live mouse fibroblasts using the cytosensor micro-

physiometer. We have applied this method previously to
study the metabolic influence of the TAT-PTD peptide and
observed a concentration-dependent inhibition of the cellular
metabolic activity (68). Analogous experiments with R9

reveal a similar activity of this peptide on the extracellular
acidification rate. Control experiments to prove the specificity
of R9 binding to HS on the membrane surface are in progress.

Conclusions.R9 is the chemically simplest and, at the same
time, one of the most efficient CPPs. Two different mech-
anisms have been investigated for the translocation of CPPs
across the cell membrane, namely, (i) the binding of the
cationic CPPs to negatively charged lipids, inducing the
disruption of the membrane integrity by formation of
nonbilayer structures and (ii) the complex formation of CPPs
with HS.

The ITC experiments reveal a strong binding of R9 to
anionic lipid vesicles, while, on the other hand, the deuterium
and phosphorus NMR studies demonstrate that the bilayer
remains intact. In agreement with earlier results obtained with
the TAT protein transduction domain (38, 51), it can be
concluded that a passive diffusion of CPPs through the lipid
bilayer is highly improbable.

Binding of R9 to HS is characterized by a binding constant
that is 2 orders of magnitude larger than that associated with
the binding to POPG. Complex formation is driven by
electrostatics, and the HS employed in this study can bind
up to 7 molecules of R9. Consequently, the microscopic
binding constants for the individual R9 will vary for statistical
reasons with the degree of saturationi according toKi )
{K(n + 1 - i)}/i. Hence, the ratio between the first and last
binding constant will be{K1}/{Kn} ) n2. However, R9 will
bind sequentially only at very low HS concentrations. At
high HS concentrations, as probably encountered on the cell-
membrane surface, R9 can cross link several HS molecules
inducing capping phenomena or protein clustering. R9

binding on the cell surface is also not limited to HS but may
occur also with other glycosaminoglycans. Because of the
high affinity of R9 for HS, this could constitute the first step
in an endocytic or related pathway of R9 translocation.
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