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ABSTRACT. Pep-1 is an amphiphatic peptide that can form noncovalent complexes with a cargo protein
with subsequent delivery into a live cell. In this study, the behavior of Pep-1 was directly visualized by
fluorescent imaging techniques at the single-molecule level of sensitivity. The interactions of Pep-1 and
two of its labeled fluorescent analogues with large and cell-sized giant unilamellar vesicles and supported
bilayers are reported. The role of the bilayer charge and ionic strength of the medium were examined.
Pep-1 caused fusion and association of vesicles, and it perturbed the vesicle’s membrane. The association
of the peptide with neutral bilayers was promoted by anchoring of the cysteamine moiety. The association
of the peptide with the structural defects of the neutral membrane was very efficient. The electrostatic
forces were shown to be important for the association of the peptide only in low ionic strength solutions
and were completely diminished at physiological ionic strength. Pep-1 did not induce the association to
the model membrane of a number of proteins chosen to exhibit a range of properties. The results suggest
that Pep-1 assisted delivery of cargo in living cells may result from cooperative effects.

The efficient delivery of macromolecules into living cells (2, 4). Pep-1 also appears to mediate the transport of dextrans
is important for therapeutic purposes. Many transfection under conditions where endocytosis is inhibited. (The
techniques have been developed including microinjection, ability of Pep-1 to translocate dextran, which is hydrophilic,
electroporation, and delivery by intermediate agents such ashas suggested that hydrophobicity is not essential for complex
cationic liposomes and viral vectors. The discovery of a class formation and cell uptake. Whether formation of complexes
of peptides, known as cell-penetrating peptides (CR#d) is a necessary step in translocation and how the Pep-1
the ability to mediate translocation of various cargoes both interacts with cargo proteins appear to be unresolved. An
in vitro and in vivo has provided a new approach to delivery important possibility is that the significant excess of Pep-1
(2). Recently, an amphiphatic peptide having 21 residues, often required for protein delivenB(4) may induce fusion
Pep-1, was developed that is able to deliver cargo proteinsand aggregation of the lipid membrar®.(The formation
into several cell lines without the need for covalent coupling of Pep-1 induced pores has not been detected in either cell
(2). Pep-1, known commercially CharioB)( is a synthetic (4) or model membrane$(7), so the specific nature of any
peptide carrier that contains a hydrophobic, tryptophan-rich alterations of the plasma membrane integrity that occur when
domain and a hydrophilic portion that is rich in basic amino Pep-1 delivers cargo protein requires new experiments. In
acids. These domains are separated by a short spacer. Thmost of the previous experiments with Pep-1 the internalized
hydrophilic sequence improves the solubility, and the spacerproteins do not distribute evenly in the cytosol but appear
domain provides a flexible link between the two domains. as punctuated patterr® @, 7) that may indicate an endocytic
The ability of Pep-1 to translocate a cargo protein through rather than nonendocytic pathway of translocation. Two
the plasma membrane has been widely demonstr@tet) (  mechanisms are being currently discussed: the energy-
5). It has been conjectured that a peptide/protein complex isindependent one( 4, 6, 8) and the mechanism where Pep-1
formed by the hydrophobic interactions and that the cargo forms an invagination in the cell membrane that triggers
protein is internalized via the formation of a transient pore endocytic uptake?).

in the plasma membrane)( . o . Experiments in vivo are often difficult to interpret because
[Pep-1 forms complexes due to its hydrophobic interaction of cell treatment, cell autofluorescence, and the heteroge-
with several proteins such as GFE) @nd f-galactosidase  npegus nature of the cell. For example, the translocation of
proteins in a living cell in the presence of Pep-1 may also
This research was supported by Grant RFA-RM-04-001 with involve natural endocytic pathways. It has been shown that
instrumentation from NIH RR 01348. experiments with fixed cells or with reduced temperatures
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sas.upenn.edu. Phone: 215-898-8410. Fax: 215-898-0590. may result in conditions9) where endocytic and nonen-

! Abbreviations: CPP, cell-penetrating peptide; POPC, 1-palimitoyl- docytic pathways cannot be easily distinguished. Therefore,
2-oleoylsn-glycero-3-phosphocholine; POPS, 1-palmitoyl-2-olesiyl- it seemed that there is a need for an evaluation of the

glycero-3-phosphoserine; NBD, nitrobenzoxazole; TCEP, phosphine gherties of Pep-1 in model systems such as vesicles and
hydrochloride; LUV, large unilamellar vesicle; GUV, giant unilamellar . % ", . .
vesicle: DIC, differential interference contrast: TIREM, total internal  11Pid bilayers that are relatively well-defined structurally yet

reflection fluorescence microscopy. share characteristics with cell membranes. Experiments

10.1021/bi700505h CCC: $37.00 © 2007 American Chemical Society
Published on Web 06/13/2007



7964 Biochemistry, Vol. 46, No. 27, 2007 Sharonov and Hochstrasser

Table 1: Amino Acid Sequences and Molecular Weights of the Peptides

molecular mass,

namé sequence Da (MALDI-MS)
Pep-1 Ac-KETWWETWWTEWSQPKKKRKV-Cya 2949.8
AF-Pep Ac-KETWWETWWTEWSQPKKKRKV-AF 3649.6
HL-Pep HL-LC-KETWWETWWTEWSQPKKKRKV-Cya 3377.3

a Abbreviations: Ac, N-terminal acetylation; Cya, cysteamine; HL, Hilyte Fluor 488 dye; AF, Alexa Fluor 488 dye; LC, 6-aminohexanoic acid.

performed on model membranes have shown that Pep-1 haseagent. The mass spectrum of Chariot was also in agreement
a high affinity for lipid bilayers K, ~ 10*—10* (6)] in which with expectations calculated from the amino acid sequence.

the hydrophobic domain of Pep-1 adopts arhelical AF-Pep The conjugation reaction of Chariot (Pep-1) with
conformation , 7). It has been suggested that the membrane hjg|-reactive dye [Alexa Fluor 488 {naleimide (Invitro-
crossing process might not involve formation of a transient gen)] was carried out in accordance with the manufacturer's
transmembrane pore-like structug).(Pep-1 induced trans-  protocol. The conjugate was separated by gel filtration (NAP-
location was observed for negative transmembrane potentialss. Gg Healthcare) with careful monitoring of the elution
and involved transient fusion to the membra®. (The  profile in the whole U\-vis spectral range. The degree of
hypothesis that the transmembrane potential is a driving forcelabeling was determined to be close to one dye/peptide. Both
for translocation has not been widely adopted, and it has spectroscopic analysis and MALDI-MS confirmed the high

even been proposed that Pep-1 does not actually cross theyrity of labeled peptide (labeled/unlabele®:1) and the
membrane but causes a distortion of the bilayer resulting ahsence of nonconjugated dye in the final solution.

from the hydrophobic and electrostatic interactiofs ( It has been reported that properties of Pep-1 are modified

Previous measurements involving Pep-1 in vitro have been by labeling the C-terminus7( 10, 11). This prompted us to
carried out in LUV suspensions or in lipid bilayers at air/ yagiqn an alternative labeling of the peptide. We introduced
water interfaces using bulk fluorescence methods. In the , j3pe) at the N-terminus via a long-chain linker to minimize
present paper, we have concentrated on direct methods o he effect of fluorescent dye on the peptide properties. Hilyte

detection at the single-molepule Ievel._ Noyel imaging Fluor 488 labeled peptide was synthesized and HPLC
methods were used to examine alterations in membranepuriﬁed to >95% by AnaSpec, Inc. (San Jose, CA).

structure, association of fluorescently labeled peptide and . _ :
Large Unilamellar Vesicle (LUV) PreparationLarge

several proteins with supported bilayers, LUVs and GUVs, = X .
and peptide-induced association of proteins to these lipids. Unilamellar vesicles were prepared by the standard extrusion
technique 12). Briefly, 0.1 mL of 10 mg/mL lipids in
MATERIALS AND METHODS chloroform was evaporated by nitrogen flow in a small glass
vial to yield a dry phospholipid film. After drying fol h in
Materials Lipids (POPC, 16:618:1 PC 1-palmitoyl-2-  vacuum, the film was hydrated in 1 mL of 10 mM Hepes
oleoylsnglycero-3-phosphocholine; POPS, 1618:1 PS buffer, pH 7.4, with continuous stirring at room temperature
1-palmitoyl-2-oleoylsnglycero-3-[phosphe-serine]; and  for 1.5 h. After five freeze/thaw cycles the resulting
NBD, 6:0-N-NBD 1-oleoyl-2-[6-[(7-nitro-2,1,3-benzoxadia- multilamellar vesicles were extruded 21 times through
zol-4-yl)amino]hexanoylkn-glycero-3-phosphocholine) were 100 nm polycarbonate membranes (Whatman) by means of
purchased from Avanti Polar Lipids; Hepes buffer, sodium a miniextruder (Avanti Polar Lipids).
chloride, and sucrose were from. Fisher Chemical, and  giant unilamellar Vesicle (GUV) Preparatioifhe GUVs
chloroform was from Acros Organics:(+)-Glucose was  \yere prepared in a standard manner. Briefly, 0 of
from Sigma. 5,5Dithiobis(2-nitrobenzoic acid) (Ellman’s g 5 mg/mL lipid solution in chloroform was deposited on
reagent) was purchased from Pierce Chemical Co. indium tin oxide (ITO) coated glass and subsequently dried
The Alexa Fluor 568 conjugate of transferrin from human py a nitrogen flow and in vacuum for 1 h. The GUVs were
serum, ovalbumin, Texas Red conjugate, the Alexa Fluor grown in an electric field as described in rE8. Two ITO
568 F(ab). fragment of goat anti-mouse I9G, and the coated glass plates separatgdt® mmrubber spacer formed
reducing agent tris(2-carboxyethyl)phosphine hydrochloride the preparation chamber. A 10 Hz sinusoidal voltage was
(TCEP) were from Invitrogen. applied to the electrodes at 0.5 V/mm while the chamber
Glass coverslips and cylinders (Fisher) were cleaned by was filled with either 0.2 M sucrose solution or pure water.
sonication fo 1 h in Piranha solution (3:1 mixture of sulfuric  The electric field was gradually raised up to 1.5 V/mm in
acid and 30% hydrogen peroxide) with sequential extensive steps of 0.1 V, applied every 5 min by means of a function
washing in UltraPure water (Millipore Corp.). generator, based on an NI-DAC board (National Instruments).
Peptide Synthesis and Labelifithe amino acid sequences The growth of the vesicles was visually monitored by
and molecular weights of Pep-1 and two fluorescently labeled differential interference contrast (DIC) microscopy. Vesicle
analogues of Pep-1 are listed in Table 1. formation was continued fal h at 1.5V/mm. The GUVs
Pep-1 The Chariot transfection reagent was purchased Were then gently removed by a syringe and stored .4
from Activemotif (Carlsbad, CA). Although the manufacturer ~ Sample PreparationThe properties of the hilayer were
does not give the sequence and molecular weight, thevaried by mixing neutral and anionic lipids (POPC and
equivalence of Pep-1 and Chariot is widely accepted( POPS) in different proportions. In some experiments the lipid
7, 10). We confirmed the presence of the cysteamine group mixture contained 0.25% NBD-labeled material in order to
at the C-terminus of Chariot by the reaction with Ellman’s visualize the bilayer by fluorescence microscopy.
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One microliter of LUV or GUV suspension was added to optical cross sections in a low-angle epiillumination (or
a 100uL chamber (cell separation glass cylinder located on grazing angle) configuration of excitation which allows
a microscope glass slide). The chamber was filled with a visualization and recording of single molecules far away from
solution having a similar interior osmolarity to the GUV and the interface. Objects are illuminated with a laser beam
then adjusted by addition of an appropriate amount of glucosedirected at a very low angle to the interface; this approach
in NaCl (or KCI), 10 mM Hepes (pH= 7.4) buffer. The permits excitation of relatively thin layers (typically—7
ionic strength of the solution was variable from zero to 10um thickness). The focus depth of our objective is about
physiological (150 mM). Due to differences in the densities 1—1.5um so only molecules localized in the-1.5um cross
of the solutions in the interior and exterior of the GUV, it section appear as diffraction-limited spots. The imaged slices
sank to the bottom of the glass vessel and either attached tacan be separated from the surface by as much asfrs0
the surface or spontaneously ruptured. The extensive agitatioriThe advantage of this method is low background which
of the GUV sample led to the formation of the uniformly allows visualization of single molecules at some distance
supported bilayers used in our experiments. from the interface even in fluorescent solutions.

Microscope The setup, based on a commercial Olympus
IX81 inverted microscope, was in part described previously RESULTS

(14—16). The laser beams from Ar(488 nm) and Kt . . .
. . - Pep-1 Induced Fusion and Sedimentation of LLRGPC/
(568 nm) ion lasers pass through two independent excitation OPS/NBD LUVs (4:1) were immersed in 150 mM KCl

channels. Each channel consists of a quarter-wave plate t . .
q P uffer at a final concentration of & 1019 M. The effect of

generate circularly polarized light, expansion optics, me- g . : ;
chanical PC controlled shutter, and appropriate lenses togddltlon of Pep-1 on the free-floating vesicles was monitored

focus excitation onto the back focal plane of an oil immersion in the graz_ing a_ngle geometry: Immediately after addition
objective (Olympus 68 NA = 1.45). A lens, coupled with of the peptide (final concentration O8/) vesicles tended

a translation stage, was used to align the excitation beami© adgregate into larger ones characterized by higher intensi-

across the objective’s back aperture to achieve easy illumina-U€S Of_ quoreSf:ence a”‘?' smaller coefficients of ('jilfoSIon. .
tion, angle adjustment, and interconversion of the setup Sedimentation of vesicles onto a clean glass mt_erface in
between through-the-objective TIR and epifluorescence the presence and absence of M Pep-1 was monitored
microscopy. The excitation light was filtered by appropriate N t.he TIRFM mode. After incubation for 20 min, the veS|cIe_s
laser band-pass filters and dichroic mirrors (Chroma). Uniformly cover the glass surface; however, some properties
Fluorescence from the sample was collected by the objectivef lipids in the layers were very different in the presence of
and directed to a CCD camera with multiplication-on-chip the peptide.
capability (Roper Scientific, Cascade 512F) by means of a  The fluorescent images of the glass/medium interface taken
beam splitter and an appropriate set of band-pass filtersat 50 ms exposure are shown in Figure 1. The left column
(Omega Optical). With the 1:6 lens the total magnification ~ (Figure 1a,c) shows photobleached samples (0 s). The right
of the microscope was 96 which yields a pixel size in the ~ column of images (Figure 1b,d) are the same areas but after
image plane of the camera 6f167 nm. Time-lapsed image 60 s in the dark. When no Pep-1 was present, no fluorescence
recording and control of the microscope were performed by recovery after photobleaching (FRAP) was detected; vesicles
especially designed LabView (National Instruments) based contact the surface transiently and appear as fluorescent spots
software. The recorded sequences of frames were analyzedn the image (Figure 1d). This indicates that neighboring
by in-house developed software based on MATLAB (The vesicles at the glass surface are not connected. On the
MathWorks Inc.). All experiments were conducted at room contrary, when the peptide was added to the vesicle suspen-
temperature. The binding of the fluorescently labeled peptidession, the lipids form a uniform bilayer on the glass surface.
was detected by measurement of the fluorescence associateéifter photobleaching the fluorescence recovers because of
with the peptide label. diffusion of labeled lipids from nonexposed areas of the
The sensitivity of our microscope was high enough to bilayer (Figure 1b). The kinetics of the FRAP is shown in
detect single fluorophores that were immobilized for more Figure 1e. The diffusion coefficient, determined as described
that 10-20 ms as shown previously with this same setup in ref 19, was ca. 3uim?s, which is typical for a supported
(16). The framing rate in the experiments was-8D ms/ bilayer in the liquid phase20). Therefore, in the presence
frame. Single-step photobleaching was checked in all of the of Pep-1 the vesicles attach permanently to the surface and
experiments if not otherwise specified. The fluorescence fuse into a preformed bilayer.
shown in the figures and discussed in the Results section Experiments on adsorption of fluorescently labeled pep-
was obtained by averaging multiple frames. Usually-50 tides HL-Pep and AF-Pep to the glass surface were also
100 frames or more were averaged. carried out. These peptides readily adsorb to glass. After
TIRFM. In total internal reflection (TIR) geometry excita- several minutes a large enough fraction of the peptide was
tion evanescent field localized within a few hundred na- bound to the glass surface that the concentration of the free
nometers from the surface of interface, and observation of peptide in the sample chamber was significantly reduced.
single fluorescent molecules is possible even in a high This adsorption is understood to be a result of Pep-1 being
fluorescent environmeni{, 18§. We applied this technique a positively charged peptide at pH 7.4 that binds to the
for studying the adsorption to supported lipid bilayers. negatively charged groups of the glass. The sedimentation
Low-Angle Epiillumination The evanescent wave in of the vesicles and Pep-1 adsorption to the glass surface
TIRFM does not penetrate far enough from the glass/mediareduce both their concentrations to an extent that could
interface to permit observations of regions other than the readily affect the results of bulk measurements on dilute
surface. We developed a new excitation scheme for imagingsolutions in glass containers.
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Ficure 1: Formation of the uniform bilayer induced by Pep-1. POPC/POPS (4:1) LUVs labeled with NBD (0.25% molar ratio) were
immersed in buffer in the presence (a, b) and absence (c, d) of\..Rep-1. After photobleaching (a, c) fluorescence recovers (b) when
Pep-1 is present due to diffusion of labeled lipids from nonexposed areas. Without Pep-1 LUVs transiently touch the surface (d), but no
fusion of LUVs was detected. (e) The kinetics of recovery from data in the central area identified by the square in (a). The solid line is fit
to experimental kinetics (triangles) with Pep-1, and the circles are data without Pep-1.

tion geometry by means of optical cross sectioning of the
GUVs. The diameters of the GUVs were in range of-20
30 um, and equatorial cross sections were located at a
distance of 16-15 um from the glass support, eliminating
the effects of undesirable artifacts due to interaction with
charged groups at the glass surface.

The binding of Pep-1 fluorescently labeled at the C-
terminus (AF-Pep) to the GUV membrane was studied in
the grazing angle geometry in various environments and
anionic lipid concentrations. We imaged equatorial cross

. sections of sucrose-loaded GUVs immersed in either neutral
Ficure 2: Perturbations caused by Pep-1 on GUV membranes.

Giant vesicles of POPC/POPSINBD (4:1, 0.25% of NBD) in pure (1© Salf) orionic (7150 mM NaCl) peptide solutions. The
water before (a) and after (b) addition of Pep-1 ayiM2 Changes  1abeled AF-Pep (final concentration QuM) was added to

in the membrane of the GUVs lead to the formation of multiple the sample chamber containing the appropriate buffer and
internal vesicles, often multilamellar ones. equilibrated for 10 min at which point GUVs consisting of
]either neutral (POPC) or anionic (POPC/POPS) lipids were
added into the chamber. The sedimentation of the GUV to
the glass interface and association of the peptide with the
bilayer took place over a period of about 15 min. Randomly
chosen GUVs were first located by differential image contrast

POPS/NBD with pure water inside and outside leads to the (DIC) mic.roscopy tq prevgnt photoblegching of the fluoro-
formation of smaller, often multilamellar vesicles inside the phore during the optical adjustments. Finally, the membrane-

GUV. A similar effect was observed for a sucrose-loaded 20Und peptide fluorescence was measured and the back-
POPC/POPS/NBD 2:1 GUV immersed in glucose solution ground signal subtracted. Measurements were repeated for
Addition of 0.2 uM HL—Pep caused fusion of two GUVs * five to seven GUVs having similar size and then averaged.

and the formation of a smaller vesicle inside. Often smaller T"€ absence of AF-Pep fluorescence on the membrane

vesicles formed on the surface of the membrane. These smalfurface showed that there was no association of the AF-Pep
vesicles migrated slowly on the surface of the GUV. Higher With the neutral membrane in either low or high ionic
concentrations of Pep-+(L0xM) completely disrupt almost ~ Stréngth solution (Figure 3a). The peptide does bind to the
all of the GUVs. The vesicles filled with sucrose solution 2nionic bilayer (Figure 3b) in the ion-free solution; however,

were more stable than those containing pure water, probablythis binding was absent at physiologicgl ionic strength. These
because of the more viscous environment. results demonstrate that AF-Pep-1 binds to the membrane

Pep-1 Adsorption to GUV MembraneSUVs represent solely as a_result of electrostatic at.tra.ction to the bilayer and
an exellent model of a free-standing membrane because theifhat there is no observable association promoted solely by
interaction with the support involves only the lower part of Nnydrophobic interactions.
the vesicle, while most of the surface of a spherical GUV is  The membrane affinity of Pep-1 labeled at the C-terminus
free from any type of interaction with the glass. The is reduced compared with nonlabeled Pe@d1).(The HL-
association of the peptides and proteins to the artificial GUV Pep peptide has a C-terminal cysteamine group similar to
membrane was monitored in the grazing angle epiillumina- the native Pep-1. In contrast to AF-Pep, HL-Pep associates

Pep-1 causes changes in membranes and disruption o
GUVs. The GUVs were used to examine the effect of the
peptide on lipid membrane organization. Figure 2 shows the
equatorial cross section of fluorescently labeled GUVs.
Addition of 1.2uM Pep-1 to the GUV formed from POPC/
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Ficure 3: Association of fluorescently labeled peptides with the surface of a GUV. (a) Equatorial cross section of the DOPC GUV in
0.2 M glucose. The background fluorescence originates from the free-floating peptides; no binding to the GUV surface is observed. (b)
DOPC/DOPS (3:1) in 0.2 M glucose. AF-Pep binds to the charged surface of the GUV. (c) Intensity of fluorescence of bound HL-Pep on
the surface of GUV as a function of the anion content of the lipid. (d) Dependence of the association of HL-Pep to the surface of anionic
DOPC/DOPS (3:1) GUV on ionic strength. Gray bars represent a standard deviation.

with both the charged and to a minor extent the neutral
membrane. The dependence on anionic lipid concentration
of the HL-Pep affinity to the membrane in a low ionic
strength buffer is shown in Figure 3c. Simplified Goeuy
Chapman theory21) predicts that the number of bound
peptides should increase exponentially with the mole fraction
of the negatively charged lipid in the membrane. The
saturation of the charge effect, as shown in Figure 3,
originates from the low concentration of the peptide in the
solution; the peptide adsorbs not only to the charged
membrane but also to the negative groups at the glass surface,
reducing the free peptide in the solution. The weak associa-
tion with the neutral membrane may be caused by the -
interaction of the tryptophan-rich hydrophobic domain of the g re 4: Formation of large clusters of HL-Pep on the surface
peptide facilitated by anchoring of the cysteamine group as of POPC GUV. Three clusters (white spots) are formed upon
proposed in reff. The ionic strength of the solution has a addition of the peptide to the solution. The trajectories associated
significant effect on the binding efficiency. The dependence With the diffusion of the clusters are shown by red, green, and
of measured surface fluorescence versus concentration of €W lines.

NaCl is shown in Figure 3d. At 100 mM NaCl the
concentration of the peptide bound to the GUV surface is

significantly reduced and comparable to its binding to the ) ) i
neutral membrane. Thus the ions efficiently shield the Mostimportantly, no translocation of the peptide through
electrostatic interaction with the bilayer. either the neutral or the symmetrically charged (no trans-

as having a role in peptide partitioning to the membrane; €Xperiments.
however, we did not observe any influence of the TCEP  Pep-1 Adsorption to Supported MembranBse supported
reducing agent on binding in either neutral or physiological bilayer remains stable on the glass surface for sufficient time
ionic strength solutions. to enable repetitive measurements to be made on the same
In some cases, we observed large clusters of the peptidebilayer at different ionic strengths. The measurements were
migrating along the POPC GUV surface (Figure 4). carried out on one region of the sample by gentle exchange
Figure 4 represents the top cross section of the GUV. Bright of the surrounding medium without disturbing the supported
white spots originate from fluorescence of the labeled membrane. Figures 5 and 6 are fluorescence images of the
peptide. The motion of these spots was recorded at 100 mskupported bilayers which consist of a number of bilayer
frame durig 8 s at 20 msexposure time. The high islands having a wide range of sizes. These bilayers are either
fluorescence intensity of the spots arises from clustering of totally exposed (central bilayer in images) or have nonex-
the peptide. The diffusion coefficients obtained by tracking posed areas (i.e., areas located out of the circular excitation

rare event, and it does not occur in every studied GUV. We
associate this clustering with the defects on the membrane.

the Brownian motion were determined to be ca. And%/s beam). Adsorption of & 1078 M HL-Pep onto the neutral
and 0.9um?s for low-intensity (i.e., small) clusters and bilayer (POPC) in both 150 mM NaCl and salt-free buffers
0.3 um?/s for brighter (larger) ones. showed efficient binding only to the membrane edges:

These clusters may occur because of binding of the association with the unperturbed membrane was low. This
hydrophobic domain of the peptide to defects in the lipid conclusion is clear from the fact that only the membrane
packaging on the membrane surface. This clustering is a quitecontour is well pronounced in the fluorescent image of
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' bilayer

Ficure 5: Binding of HL-Pep to neutral POPC (a) and anionic POPC/POPS (3:1) (b, c) supported bilayer§-8M HL-Pep was added
into either physiological (0.15 mM NacCl) (a, b) or zero salt (c) 10 mM Hepes buffer.

10 pm

Ficure 7: POPC supported bilayer in 0.15 M NaCl, Hepes buffer
in the presence of Pep-l/transferrin (20:1). The bright signal
corresponds to the fluorescence of labeled transferrin adsorbed to
the glass surface. No binding to the edge or the surface of the bilayer
is seen.

kDa), ovalbumin (40 kDa) and F(ab(50 kDa) were used
for our studies of the occurrence of peptide/protein complexes
on the surface of the lipid bilayer.

Transferrin does not bind to neutral GUVs or to supported
bilayers at any ionic strength, but it weakly binds to
negatively charged ones (POPC/POPS, 2:1) in pure water.
FIGURE 6: PhOtObleaChing and recovery of the fluorescence of HL- No association with anionic membranes at physi0|ogica| jonic

Pep in POPC/POPS (3:1) supported bilayers: before photobleachin e )
(a): the same area after photobleaching (b): recovery after IDhOtO%trength was detected. Although transferrin is almost elec

bleaching (140 s) (c); after HL-Pep was again added to the sampletrostatically neutral at neutral pH [isoelectric point of the
chamber (d). transferrin is p = 5.9 2)], its positively charged groups

could assist in nonspecific binding to charged membranes.

Figure 5a. The efficiency of binding of the HL-Pep to the The ability of Pep-1 to assist in binding of transferrin to a
negatively charged supported bilayer (POPC/POPS, 2:1) islipid bilayer was examined over a range of peptide/protein
strongly dependent on the ionic strength of the surrounding molar ratios in the range from 20:1 to 80:1. The peptide was
solution. There is almost no nonedge specific fluorescenceincubated with the appropriate amount of protein for 30 min
at high ionic strength (Figure 5b), while peptides efficiently and then added to the sample chamber containing either
associate to the entire membrane when no salt is presentGUVs or supported bilayers. Similar experiments were
(Figure 5c). These data support the importance of the performed with Pep-1 and transferrin added sequentially to
electrostatic forces in the association of the peptide with the sample chamber. The final concentration of transferrin
charged membranes. The peptides that electrostatically attachvas kept at 1.2:M. We did not detect any Pep-1 induced
to the bilayer remain permanently fixed to the membrane association of the transferrin with either the neutral or ionic
surface. After photobleaching of HL-Pep in the exposed areasmembrane in experiments conducted at physiological ionic
the fluorescence recovers solely by diffusion from nonex- strength. Also in pure water, no association of the transferrin
posed areas of the bilayer (Figure 6c). to the POPC bilayer was observed at any concentrations of

However, the fluorescence of the isolated bilayer close to Pep-1. The addition of Pep-1 to negatively charged GUVs
the center of Figure 6a is not recovered because there is nan water did not improve the binding efficiency of transferrin.
peptide left in the solution. After addition of a new aliquot No edge-specific binding to the supported bilayer was
of the peptide the fluorescence appears again on all fragmentsietected either (Figure 7).
of the membrane (Figure 6d). Neither did F(ab)or ovalbumin show any association with

Peptide/Protein Interactionlt has been propose&)(that the membranes in presence (205D:1 peptide/protein molar
Pep-1 forms a complex with the cargo protein and assists inratio, 1.7 x 1078 M final concentration of the protein) or
its translocation through the plasma membrane of the cell. absence of Pep-1 for both neutral and negatively charged
We performed experiments with several mid-sized fluores- membranes at low and physiological ionic strengths.
cently labeled proteins having a range of surface charges Simultaneous monitoring of the fluorescence from the
and exposed hydrophobic regions. Human transferrin (80 labeled peptides HL-Pep and AF-Pep and the labeled proteins
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concentration of the peptide< uM) caused changes in
shape, fusion, and formation of internal vesicles. Headgroup
charge redistribution and/or lateral tensioB5) in the
membrane may be responsible for fusion between two
vesicles and for changes in the local membrane curvature
leading to the formation of invaginations that subsequently
detach into the interior of the GUV. Although the cell

10 um membrane is more stable because of the support of filaments

— and organization of lipids in the membrane by cholesterol,
FIGURE 8: Simultaneous monitoring of HL-Pep at 488 nm (a) and the formation of invaginations triggering endocytic uptake
labeled ovalbumin at 568 nm (b). Fluorescence of the equatorial is one proposed mechanism of peptide/protein internalization
cross sections of a POPC/POPS (2:1) GUV in 0.2 M glucose, .
I:LO mM Hepes buffer in the prgsenge of a mixture of fluorescently As a primary step, entry of the CPP into the cell cytoplasm
abeled HL-Pep and ovalbumin (20:1). . . . -

requires its association to the surface of the lipids. There

clearly demonstrated the absence of protein/peptide associa@® NOW many experiments on model membranes that address

tions: for example, although AF-Pep was efficiently bound the. nature of this association. The aromatic tryptophan
to a negative membrane as proved by its quorescencereS'dueS of the Pep-1 sequence are energetically favorable

: : . for insertion in the neutral lipid membran2g). It has been
detected in the 488 nm channel (Figure 8a), ovalbumin ,
remains free floating in the solution as seen from the shown that the hydrophobic end of unstructured Pep-1 adopts

fluorescence in the 568 nm channel (Figure 8b). A similar ano-helical conformation in the presence of micelles or lipid

effect was detected with neutral membranes: there was no’€Sicles 8), while the C-terminal region remains unstruc-
association of the ovalbumin while HL-Pep was bound to tured. These conclusions were based on fluorescence quench-

the membrane ing of the Pep-1 tryptophans in the presence of phospholipid
In summary .Pep-l does not assist in the binding of any vesicles. A model was proposed in which the helical axis of

of the studied proteins to model membranes over the Wholethe peptide is perpendicular to the membrane _pl_ane and all
. - tryptophans are completely inserted into the lipid core. In
stated range of experimental conditions.

contrast, spin-label data indicate Pep-1 lying flat on the
DISCUSSION membrane surface&’). The extent of partition of the Pep-1
tryptophan residues into the membrane was also examined
Polylysine-induced fusion and aggregation of negatively by means of fluorescence quenching with doxyl-derivatized
charged vesicle23, 24) depend on the charge on the vesicle stearic acid 10). The results showed that the tryptophans
and the polycation and are often accompanied by leakageare located near the water/lipid interface. A study of the
of the vesicle content. Pep-1 has six cationic residues, five tryptophan emission quenching and its blue shift in the
lysines and one arginine, in sequence. Previously, vesiclepresence of lipid vesicles8(10) concluded that Pep-1 is
aggregation and fusion induced by the peptide were detectedanchored via tryptophans to a neutral bilayer. The surface
to be significant only if the peptide concentration exceeded pressure of POPC water/air monolayers is altered by the
6.88uM (6). In our experiments the formation of aggregates addition of the peptide, suggesting that Pep-1 is inserted into
was also detected, and it was easily visualized even at lesgshe monolayerg). DPC/SDS micelles7) associated with
than 1uM concentration of Pep-1. We observed a Pep-1 Pep-1 also show anchored tryptophan residues. Strikingly,
enhanced fusion of vesicles to form a uniform bilayer. Thus, the high affinity of Pep-1 to neutral vesicles was strongly
the peptide not only causes the appearance of larger vesiclesiependent on the presence of phosphine reductént (
due to fusion or aggregation of smaller ones but also results We have found different binding affinities for HL-Pep and
in sedimentation of vesicles and formation of a flat bilayer AF-Pep to the neutral (POPC) membrane. While there is no
on glass. Free lateral diffusion of lipids in the bilayer, association of the AF-Pep to the neutral bilayer, the HL-
confirmed by FRAP experiments, demonstrates that the LUV Pep does bind to the neutral bilayer at all ionic strengths.
membranes form an extended flat bilayer. These results areThe difference in the interaction of these two peptides with
hard to reconcile with previous reports that Pep-1 does notneutral phospholipids in the bilayer suggests that solely
cause leakage of LUVS(7). However, the sedimentation  hydrophobic interactions of aromatic residues are not re-
and fusion of the LUV to a flat bilayer are likely to be sponsible for binding. The unmodified tryptophan-rich
dependent on properties of the material used to form the hydrophobic part of the AF-Pep does not differ from the
sample chamber. The clean glass used in our experimentsame domain of the Pep-1 so binding of those two peptides
bears negatively charged groups that attracts the cationic parshould be similar if it is assumed that the fluorescent label
of the peptide and leads to adsorption of a significant amount of the AF-Pep does not alter properties of the remote residues
of the peptide to the glass surface and sedimentation ofresponsible for hydrophobic interaction. In contrast to AF-
anionic vesicles. The permanent attachment of peptides toPep, the HL-Pep does have modifications at the hydrophobic
glass and/or vesicles fused into a flat bilayer may also end while its C-terminal end, including the cysteamine
influence steady-state fluorescence measurements in bulkresidue, is unmodified. If it is assumed that the six methylene
such as those based on intrinsic fluorescence of tryptophansyroups and the Hilyte fluorescent dye do not themselves
(6, 8, 10). interact with the bilayer, it can be concluded that the
Bilayer destabilization and fusion of low-curvature mem- cysteamine moiety is essential for the peptide association.
branes of giant vesicles induced by Pep-1 were clearly Similar observations were discussed in tdf where the
demonstrated in our observations (Figure 2). Even a low insertion of a carboxyfluorescein group at the C-terminus
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of the peptide significantly reduced partitioning of the peptide present in the solution. The Debye screening length) (
into an LUV membrane. decreases by about three times, from 3 nm to approximately

The binding of HL-Pep was much more efficient at the 1 nm, when the monovalent salt concentration increases from
edges of the supported membrane (Figure 5a). Pep-1 interac10 to 100 mM. We observed a strong dependence on NaCl
tion with the hydrophobic core may be facilitated by the high concentration of the binding efficiency of AF-Pep and HL-
curvature at the membrane edges or at defects where thé?ep to GUVs (Figure 3d). The electrostatic attraction of the
close packing of the lipids is disturbed and the lipid core is peptides to the anionic membranes was completely supressed
more easily accessed from the exterior medium. A similar at a high enough concentration of ions, demonstrating that
explanation was advanced for the enhanced interaction ofthe charged residues of the peptide are kept at distances from
proteins with highly curved SUV membrane&y). charged membranes comparable with the Debye length. The

The efficiency of binding to the unperturbed bilayer, where importance of the Coulomb attraction was also well pro-
the tightly packed hydrophilic heads of the lipids can prevent nounced in refl0, where it was shown that the introduction
access to the core, is much lower. We also observedof anionic lipids into the membrane changes the extent of
formation and migration of large clusters of HL-Pep along partition by an order of magnitude. However, unlike our data,
the POPC GUV surface. A number of diffusion coefficients the partitioning of Pep-1 to anionic LUVs decreases by less
were observed, implying the presence of clusters having than 30% in response to changes of salt concentration from
different sizes. In the example shown in Figure 4, the 150 to 10 mM. We verified that the effect of the ionic
diffusion coefficients are 0.3 and gZm?s. The peptides strength also occurs with supported bilayers, in which case
appear to bind efficiently to defects which have accessible the same bilayer could be exposed to different environments.
hydrocarbons. This is the case for both supported bilayersThe error in the GUV experiments is large because each
or GUVs. Recent data on lateral diffusid2Bf in membranes ~ measurement required a different vesicle. The HL-Pep readily
have predicted an inverse relation between the diffusion associates with the anionic bilayer at zero salt concentration
coefficient and the radius of the diffusing particle. Given (Figure 5c), but almost no binding was detected in high ionic
that the diffusion coefficient of a single lipid in a liquid-  strength solutions (Figure 5b). Therefore, the trend is similar
phase bilayer is about-3 um?s (20), the radius of the  to the results with the GUV membrane model.

cluster is estimated to span-3000 lipid molecules. Pep-1 assisted deliveries of various proteins in the
Self-association of the peptide trough its disulfide bridges cytoplasm of different cell lines were described previously
has also been invoked as a factor in the binding affirig).( in terms of a noncovalent binding of protein and peptide(s)

If this were the case, we could expect TCEP reductant to (2, 4, 32 33). These investigations were based on a statistical
influence binding. However, TCEP had no effect on the analysis of the translocation capacity of labeled proteins in
interaction of HL-Pep with the GUV membrane in any of live cells at various peptide/protein ratios. It has been reported
the environments that were examined in the present work.that cargoes having a range of surface charge and hydro-
The importance of nonspecific electrostatics as a driving phobicity were successfully transferred into living celts (
force for peripheral membrane association has been well4, 5) with a labeling ratio from 68:1 for a short peptide
established (see, for instance, 28j. The Coulomb attraction  (2) to 6000:1 for quantum dots5)X. The formation of
is long-range compared with hydrophobic interactions. It may complexes was verified in vitro by size exclusion chroma-
serve as the initial step in peptide associatifr8Q), where tography R) and bulk steady-state spectroscopy by means
the electrostatic attraction is followed by a hydrophobic of intrinsic tryptophan quenchin@). The formation of stable
interaction or anchoring. We clearly observed electrostatically complexes requires strong interaction forces. Originally, it
enhanced binding of both HL-Pep and AF-Pep peptides. Thehas been suggested that noncovalent, hydrophobic interac-
addition of acidic lipids results in the peptides being strongly tions are responsible for the formation of stable peptide/cargo
attached to the membrane in low ionic strength environments.complexes regardless of the specific peptidyl sequedée (
The electrostatic interaction is so efficient that almost all of Later it has been proposed that Pep-1 can establish a variety
the peptides remain bound to the membrane surface permaof electrostatic and/or hydrophobic and/or hydrophilic in-
nently so that the effect saturates (Figure 3c). The FRAP teractions with the cargad).
experiments (Figure 6) confirm that after photobleaching the In the present work the ability of Pep-1 to induce
recovery appears exclusively in the bilayers having regions adsorption of several proteins such as human transferrin,
that were not exposed to the excitation beam: the bilayer ovalbumin, and F(abfragment of goat anti-mouse IgG was
shown in the center of Figure 6a was totally exposed and tested. All of these proteins have multiple hydrophobic
shows no recovery. The experiment demonstrates that theresidues on their surfaces. Transferrin is almost electrically
peptide associates with the charged bilayer for longer thanneutral, while ovalbumin has a negative charge §p4.7
the duration of the experiment. The population of the (22)] and may form complexes with positively charged
prebleached areas of the bilayer is maintained by the peptides through both hydrophobic and electrostatic interac-
diffusion of fluorescent peptides permanently attached to the tions. We did not detect assisted binding for any of these
lipids of the membrane. However, the binding capacity is proteins to either anionic or neutral membranes at any of
not saturated, because after addition of a new aliquot of thethe tested ionic strengths, even those where the peptide is
HL-Pep all membranes again become associated with thestrongly associated with the membrane (Figure 7).
peptide (Figure 6d). Our data indicate that close to 100% While the sensitivity and time resolution are adequate to
partitioning of Pep-1 to charged membranes occurs. This detect single fluorophored ), none were detected. We did
conclusion is in agreement with previous repof6)( not detect any peptide-induced adsorption, but this does not
The exponentially decaying electric field originating from necessarily imply that peptide/protein complexes are absent
the charged bilayer is shielded by counterions if they are in the solution. Freely diffusing species are not detected
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because of fast diffusion. For instance, efficient complexation Translocation of a single CPP may not require multiple
of the cationic tail of Pep-1 with anionic ovalbumin would copies. Whether a transient pore, invaginations promoted by
be expected, but this association may compensate the chargebe peptide, or other membrane alterations are responsible

required for binding to the membrane, thus preventing the for translocation is not yet clear.

association and immobilization of preformed complexes to
the membrane surface.

We conjecture from single-molecule measurements that
Pep-1 (no cargo) interacts in a cooperative manner with the

Translocation of fluorescently labeled peptides and protein/ membrane that then would influence translocation of cargo.
peptide complexes through the GUV membrane did not occur It is likely that Pep-1 causes the formation of invaginations
in our experiments. Although a transmembrane potential is that trigger the endocytic uptake as proposed in7ref

supposed to be an efficient driving force for translocation

(6), it is unlikely that the gradient influences the association ACKNOWLEDGMENT

of the peptide to the membrane upon which the overall
efficiency of translocation must depend.
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Chariot peptide.

In the present study, we concentrated on several aspect?E':ERE’\'CES

of the interaction of a cell-penetrating peptide Pep-1 with 4
model membranes at the single-molecule level. In contrast
to previously published data in bulk media, we performed
single-molecule imaging experiments, which allow us to
eliminate concentration-dependent effects and possible phe-
nomena caused by the interaction with the glass walls of 3
the measuring cell.

The effectiveness of Pep-1 in inducing changes in lipid
membranes, undergoing association with neutral and charged
bilayers, and assisting in the binding of proteins to the
membrane was visualized by direct fluorescent imaging
methods. Membranes of large and giant unilamellar vesicles
and flat supported bilayers were used as models. Native
Pep-1 and two designed fluorescent analogues of Pep-1 with

labeling chosen to minimize possible alteration of the peptide 6

functionality were used in the experiments.
We discussed the various mechanisms of hydrophobic and/

or electrostatic attraction of the peptide with charged and 7.

neutral membranes. Direct comparison of the Pep-1 peptide

analogues labeled at C- (HL-Pep) and N- (AF-Pep) termini g
reveals the significant difference in the adsorption. Sum-
marizing our observations on the interaction of the peptide
with neutral membranes, we can conclude that the tryptophan
interaction {7, 10, 32) is certainly not the only mechanism

responsible for peptide association. The primary anchoring
of the cysteamine moiety is identified as a necessary step in

the process of association. The electrostatic attractive forces 10-

are shown to be important in the binding of the peptide, but
they are almost completely diminished at physiologically

important ionic strengths and perhaps do not play an 1L

important role in the association of the peptide with the
surface of living cells.

It has been shown that Pep-1 is a strong perturber of lipid 12.

membranes and causes changes in the membrane of cell-
sized giant vesicles, induces sedimentation of LUVs to a
glass surface, and leads to fusion of vesicles into a flat lipid

bilayer. Furthermore, it was also demonstrated that defects 14.

in the lipid organization of the membrane are very efficient
in enabling association with the peptide. We did not detect
any translocation of the peptides through the membrane. No
Pep-1 induced binding to LUVs or GUVs was detected for
the proteins human transferrin, ovalbumin, and F{ab)

The translocation ability of peptide/cargo complexes is

widely discussed in the literature, and almost all models 47

require many copies of Pep-1 to be associated with the cargo.
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