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ABSTRACT. Cell-penetrating peptides (CPPs) have been extensively studied during the past decade, because
of their ability to promote the cellular uptake of various cargo molecules, e.g., oligonucleotides and proteins.
In a recent study of the uptake of several analogues of penetratin, F&(}&nd oligoarginine in live
(unfixed) cells [Thote et al. (2003Biochem. Biophys. Res. Commun. 3000-107], it was found that

both endocytotic and nonendocytotic uptake pathways are involved in the internalization of these CPPs.
In the present study, the membrane interactions of some of these novel peptides, all containing a tryptophan
residue to facilitate spectroscopic studies, are investigated. The peptides exhibit a strong affinity for large
unilamellar vesicles (LUVs) containing zwitterionic and anionic lipids, with binding constants decreasing

in the order penetratir R/W > TatP59W> TatLysP59W. Quenching studies using the aqueous quencher
acrylamide and brominated lipids indicate that the tryptophan residues of the peptides are buried to a
similar extent into the membrane, with an average insertion deptHl6f11 A from the bilayer center.

The membrane topology of the peptides was investigated using an assay based on resonance energy transfer
between tryptophan and a fluorescently labeled lysophospholipid, lysoMC, distributed asymmetrically in
the membranes of LUVs. By determination of the energy transfer efficiency when peptide was added to
vesicles with lysoMC present exclusively in the inner leaflet, it was shown that none of the peptides
investigated is able to translocate across the lipid membranes of LUVs. By contrast, confocal laser scanning
microscopy studies on carboxyfluorescein-labeled peptides showed that all of the peptides rapidly traverse
the membranes of giant unilamellar vesicles (GUVs). The choice of model system is thus crucial for the
conclusions about the ability of CPPs to translocate across lipid membranes. Under the conditions used
in the present study, peptide-lipid interactions alone cannot explain the different cellular uptake
characteristics exhibited by these peptides.

The promising prospect of using oligonucleotides and membrane has been sugges@dgnd a similar uptake route
polypeptides for therapeutic applications has made the has also been proposed for the Tat peptigelq search of
delivery of large and hydrophilic molecules to the cytoplasm an understanding of the physicochemical properties of CPPs,
and nucleus of cells an increasingly important issue. Due to peptide-lipid interactions in lipid model systems have been
the barrier properties of the plasma membrane, the cellularstudied. Especially penetratin, the two tryptophan residues
uptake of such molecules is inherently poor, necessitating of which enable fluorescence spectroscopy studies, has been
the development of efﬁcient delivery vectors. In recentyears, thoroughly investigatedle—24). Although translocation of
cell-penetrating peptides (CPRsalso denoted protein trans-  penetratin across a protein-free lipid bilayer was reported
duction domains, have been widely used as carriers of arangq13), the mechanism of cellular uptake has remained a puzzle.
of compounds I—4). Members of this interesting class of
peptides include penetratin, which constitutes the third helix
of the Antennapedia homeodomais, (6), Tat(48-60), 1 Abbreviations: CD, circular dichroism; CPP, cell-penetrating

. - . L peptide; DA, distribution analysis; DFQP, depth-dependent fluorescence
derived from the HIV-1 Tat proteir/( 8), and oligoarginines quenching profiles; DOPC, 1,2-dioleogh-glycero-3-phosphocoline;

(9—11). The common properties of CPPs have been reportedpopg, 1,2-dioleoyknglycero-3-phosphoglycerol; DSPE-PEG(2000),
to be a rapid, energy-independent, and apparently nonen-1,2-distearoysnglycero-3-phosphoethanolamine-N-[poly(ethylene gly-

; ; _ col)2000]; EDTA, ethylenediaminetetraacetic acid; EQgPC, egg phos-
docytotlc Uptake’ mdependent of cell type, even when hatidylcholine; FAB-MS, Fast atom bombardment mass spectrometry;

conjugated to cargo molecules such as oligonucleotides aanTIR, Fourier transform infrared spectroscopy; GUVs, giant unilamellar
polypeptides I—4). This implies a yet unknown mechanism  vesicles; HEPES, N-(2-hydroxyethyl)-piperazine{®-ethanesulfonic
of uptake, possibly taking place via direct interaction with acid); HPLC, high-performance liquid chromatography; LysoPE,

P - : : 1-palmitoyl-2-hydroxysn-glycero-3-phosphoethanolamine; LysoMC,
the membrane lipids. A model in which penetratin enters (N-7-hydroxy-4-methylcoumarin-3-acetyl)-1-palmitoyl-2-hydross-
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Recently’ it was _Shown that cell ﬁ)_(atif)n’ commonly used Table 1: Names and Amino Acid Sequences of Peptides Studied in
for studies of the intracellular localization of fluorophore- This worle

labeled compounds, leads to an artificial uptake of peptide

. . . . name sequence
associated with the plasma membrag@g, 26). Likewise, senetratin AC-ROIKIWEQNRRMKWKKNH
the results of flow cytometry analysis, which is also TatP5oW Ac-GRKKRRORRRPWQ-NH
frequently employed in studies of c_ellular uptake, can be  Tat ysPsOW Ac-GKKKKKQKKKPWQ-NH
misinterpreted if one does not consider that the measured RW Ac-RRRRRRRW-NH
fluorescence intensity stems from the entire cells, including  Ac-18A-NH, Ac-DWLKAFYDKVAEKLKEAF-NH »
the outside of the plasma membrangs, 26). Since CPPs a peptides used for confocal microscopy studies were not capped in

are typically highly basic peptides with a high affinity for the N-terminus. Instead, they were conjugated to carboxyfluorescein.
the cell surface, a substantial amount of peptide added to
cells will remain associated with the plasma membranes evenfrom endosomal vesicles. Furthermore, at least for oligo-
after extensive washing with buffe2). Unfortunately, most  arginines, live cell studies suggest that an uptake pathway
of the studies of CPPs found in the literature are based onnot involving endocytosis may be predominaft 27). In
cell studies using fixed cells and/or flow cytometry analysis neither case, the mechanisms by which CPPs aid the delivery
and may thus be prone to artifacts as described above, callingf hydrophilic macromolecules are fully understood. Studies
for a reevaluation of most findings fundamental for our of peptide-lipid interactions in model systems can thus give
understanding of CPPs. Future cell studies should thereforevaluable clues.
be performed using live (unfixed) cells. In the present study, the interactions of penetratiWWR

In live CHO and Hela cells, uptake via endocytosis has TatP59W, and TatLysP59W (Table 1) with phospholipid
now been reported for Tat(48-60) and oligoargini2é)( vesicles have been investigated. As discussed above, these
and similar observations were also made for VP22, anotherpeptides exhibit vastly different uptake characteristics in live
CPP @5). In a live cell study published recently, we cells 7), ranging from endocytotic uptake (penetratin) to
compared the cellular uptake of carboxyfluorescein-labeled nonendocytotic (RNV) or no uptake at all (TatLysP59W).
penetratin and some of its analogues with that of oligo- First, the binding of the peptides to negatively charged
arginine and Tat in V79 and PC-12 cel®7}. In the Tat- vesicles was investigated and quantified using fluorescence
(48—60) and heptaarginine analogues, denoted TatP59W andspectroscopy. Knowledge of the extent of binding is of vital
R/W, respectively, a tryptophan residue was inserted in orderimportance for the design of experiments as well as a proper
to be able to take advantage of the useful spectroscopicinterpretation of the results. Furthermore, large differences
properties of tryptophan for a comparison of the same in affinity for the cell surface were observed for TatP59W
peptides in lipid model systems, without the carboxyfluo- and TatLysP59W47), making a comparison of the extent
rescein tag. Penetratin was apparently internalized viaof membrane association of these peptides particularly
endocytosis, since incubation at low temperature or with interesting. Due to the propensity of the CPPs investigated
depletion of intracellular ATP inhibited the cellular uptake to induce vesicle aggregation, vesicles containing 5 mol %
of the peptide. For RV, cell internalization was not inhibited  of poly(ethylene glycol)-conjugated lipid (DSPE-PEG) were
under such conditions, suggesting a different, energy- used. The inclusion of DSPE-PEG was found to prevent
independent uptake mechanism. TatP59W exhibited inter- peptide-induced vesicle aggregation, which would otherwise
nalization properties somewhere between those of penetratindrastically increase the optical density of the sample and thus
and RW, in that its cellular uptake was inhibited by depletion severely disturb the measured fluorescence signal. The
of intracellular ATP, but not by incubation at low temper- peptides exhibited a strong affinity for vesicles containing
ature. This suggests that competing uptake pathways arethe zwitterionic lipid dioleoylphosphatidylcholine (DOPC)
involved. Strikingly, TatLysP59W, an analogue in which the and the negatively charged lipid dioleoylphosphatidylglycerol
arginine residues of Tat were substituted for lysines, was (DOPG). The binding data were analyzed according to a
not internalized at all. In fact, it exhibited a very low overall model based on the GowyChapman theory in combination
affinity for the cell surface, contrary to the parent peptide with a two-state surface partition equilibrium, separating the
TatP59W. The same observation was made for arginine-to-electrostatic and the hydrophobic contributions to the binding
lysine substitution in penetratin, indicating a key role for free energy 2). To further characterize the interaction of
the arginine residues in the cellular uptake of CPPs, asthe peptides with lipid bilayers, the depth of membrane
proposed earliery 11). insertion was investigated, using the aqueous quencher

Uptake via endocytosis has been considered undesirableacrylamide as well as brominated lipids for the quenching
for the delivery of gene-targeted drugs, leading to entrapmentof tryptophan fluorescence. The results indicated that the
of drug molecules in endosomal vesicles and subsequentiryptophan residues of the CPPs investigated penetrate to a
degradationZ8). Nevertheless, there are numerous examples similar extent into the lipid bilayers of vesicles composed
where CPPs have been successfully employed to deliverof DOPC/DOPG (60/40). The calculated penetration depth
oligonucleotides, PNAs, and polypeptides to the cytoplasm of the tryptophan residues wasl0—11 A from the bilayer
and nucleus of live cells, leading to a biological response center for all the peptides. A key question for the under-
(see ref29—31 and references therein). Thus, although it standing of the mechanism of internalization in cells is
is obvious from live cell studies that endocytosis plays a whether the peptides are able to translocate across protein-
significant role in the internalization of at least some of the free lipid membranes. This important issue was addressed
CPPs, the fate of internalized cargo molecules is not limited using two different types of lipid model systems: large
to endosomal compartments. One could speculate that someinilamellar vesicles (LUVS), prepared by extrusion, and giant
CPPs act by mediating the escape of conjugated moietiesunilamellar vesicles (GUVs). For the study of peptide
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translocation in LUVs £100 nm in diameter), a method thesis was carried out on an Fmoc-PAL-PEG-PS support,
based on resonance energy transfer between tryptophamesulting in an amidated carboxyl terminus after cleavage
residues and a lipid-anchored probe was employed. The assafrom the resin. After the synthesis was complete, peptides
used here is a variant of a recently proposed method usingused for spectroscopic studies were capped with an acetyl
methylcoumarin conjugated to lysophosphatidylethanola- group at the amino terminus. In the case of carboxyfluores-
mine, lysoMC B83), using vesicles with the probe exclusively cein-labeled peptides, this end was left open for labeling with
located in the inner leaflet of the lipid bilayer. The extent of carboxyfluorescein. For the labeling reaction, a 1-fold excess
energy transfer from tryptophan in the exogenously added of carboxyfluorescein succinimidyl ester was added along
CPPs to lysoMC-labeled vesicles was compared with that with resin-bound peptide to dimethylformamide, and the
of two reference compounds: tryptophan octyl ester, known reaction container was subjected to 24 h of gentle shaking.
to readily equilibrate across lipid bilayers, and the nontrans- Penetratin was cleaved from the resin with trifluoroacetic
locating peptide Ac-18A-NK None of the CPPs examined acid:1,2-ethanedithiol:water:triisopropylsilane (94:2.5:2.5:1)
were able to translocate across the membranes of the smallefor 2 h. For the Tat analogues and\WR, a solution of
vesicles (LUVs) for any of the lipid compositions tested. trifluoroacetic acid:water:triisopropysilane (95:2.5:2.5) and
However, the opposite result was obtained for giant vesicles,a cleavage time fo4 h was used. After precipitation by
several microns in diameter: when carboxyfluorescein- addition of cold ether, the peptides were collected by
labeled peptides were added to GUVs sitting on a coverslip, centrifugation, washed twice with ether, dried, dissolved in
translocation to the interior of the vesicles was observed for water, and lyophilized. Preparative reversed-phase HPLC
penetratin, RV, TatP59W, and TatLysP59W by use of (Kromasil C8 column, Eka Chemicals) was used to further
confocal laser scanning microscopy. Our study thus indicatespurify the peptides (isocratic elution: water/trifluoroacetic
that the translocation properties of a peptide may dependacid/2-propanol or water/trifluoroacetic acid/acetonitril). Pep-
sensitively on the membrane model system. The implications tide concentrations in aqueous solutions were determined by
for the mechanism of uptake of the peptides investigated areUV absorbance at 280 nm, using a molar extinction coef-

discussed.

MATERIALS AND METHODS
Materials. 1,2-Dioleoylsnglycero-3-phosphocoline (DOPC)

ficient for tryptophan of 5690 M cm™* (34). Stock solution
concentrations were found to correspond~@0—80% of
the weighed amount of peptide, which was the basis for
calculation of peptide concentrations in our previous study

and egg phosphatidylcholine (EggPC) were purchased fromof the membrane binding of penetratiby].

Larodan. 1,2-Dioleoysnglycero-3-phosphoglycerol (DOPG),
tryptophan octyl ester (TOE), poly(ethyleneimine) [50%
(w/v) aqueous solution], and melittin were obtained from
Sigma. 1-Palmitoyl-2-stearoyl{67, 9-10, and 11+12)-
dibromosn-glycero-3-phosphocholine {67-diBrPC, 9-10-
diBrPC and 1+12-diBrPC) was obtained from Avanti Polar
Lipids. 1,2-Distearoybknglycero-3-phosphoethanolamine-N-
[poly(ethylene glycol)2000] (DSPE-PEG) was from BioTrend.
Polar lipid extract of soybean lecithin, consisting of a mixture
of phosphatidylcholine (45.7%), phosphatidylethanolamine
(22.1%), phosphatidylinositol (18.4%), phosphatidic acid
(6.9%), and others (6.9%), was obtained from Avanti Polar
Lipids. Soybean phosphatidylcholine (Epikuron 200) was
obtained from Lucas Meyer. N-(7-Nitrobenz-2-oxa-1,3-
diazol-4-yl)-1,2-dipalmitoylsn-glycero-3-phosphoethan ola-
mine (NBD-PE), 7-hydroxy-4-methylcoumarin-3-acetic acid
succinimidyl ester, and 5-(and-6)-carboxyfluorescein suc-
cinimidyl ester were purchased from Molecular Probes.
L-Tryptophan was from Merck. Oligonucleotide (GTAGAT-
CACTGTAGTACACT), labeled with fluorescein in the 5
end, was from MedProbe. Ac-18A-NH18 residue amphi-
pathic class A peptide) was obtainedrfr& J Ross Pedersen

Synthesis of LysoMQ@.ysoMC, N-(7-hydroxy-4-methyl-
coumarin-3-acetyl)-1-palmitoyl-2-hydroxgr-glycero-3-p hos-
phoethanolamine, was synthesized by reacting 7-hydroxy-
4-methylcoumarin-3-acetyl-succinimidyl ester with 1-palmitoyl-
2-hydroxysn-glycero-3-phosphoethanolamine  (lysoPE)
(Alexis). A 20 mg sample of the probe was incubated with
two equivalents of DIPEA and 20 mg of the lysolipid in 1.8
mL methanol in an Eppendorff tube for 24 h at room
temperature. The product was purified by preparative reversed-
phase HPLC (Kromasil C8 column, Eka Chemicals), using
a 40 min gradient of 570% acetonitrile in acetate buffer
(pH 6). The identity of the fluorescently labeled lipid was
confirmed by FAB-MS and the purity further confirmed by
analytical thin-layer chromatography. After purification, the
product was lyophilized and stored-aR0 °C. The reaction
yield was approximately 60% with respect to lysoPE. For
preparation lysoMC-labeled vesicles, a stock solution of
lysoMC dissolved in chloroform containing 1% methanol
was used.

Prevention of Peptide Adsorption during Fluorescence
Spectroscopy Studie®/e recently showed that adsorption
of penetratin to cuvette walls, standard propylene pipet tips

AS. Standard Fmoc-protected amino acids were obtainedand to Teflon magnetic stirrer bars can lead to serious errors

from Nova Biochem (Arg, Lys, Met, Trp, Phe), Alexis
Corporation (GIn, Asn) and Perseptive Biosystems (lle). In

in spectroscopic measurementb); We have now also
observed substantial adsorption to quartz cuvette walls for

all fluorescence experiments except the study on giantthe Tat peptides and;R/ used in this work (data not shown).

vesicles (vide infra), the buffer used was 10 mM HEPES, 5
mM NaOH, 1 mM EDTA, and 0.1 M NaCl (pH 7.4).
Deionized water from a Milli-Q system (Millipore) was used.
For circular dichroism measurements 5 mM sodium
phosphate buffer (pH 7.4) was used.

Peptide SynthesiPeptides (penetratin, TatP59W, TatLys-
P59W, and RW) were synthesized on a Pioneer Peptide

Adsorption to plastic and glass was also observed by Chico
et al. for penetratin and Tat(4&0) (35). As was shown in

ref 15, adsorption of the positively charged peptide penetratin
can be prevented by preadsorption of poly(ethyleneimine),
a cationic polymer, to the surface of the interior cuvette walls.

The use of poly(ethyleneimine) proved to be very effective

also for the prevention of adsorption of\R, TatP59W, and

synthesizer (Perseptive Biosystems). Fmoc solid-phase syn-TatLysP59W (data not shown). Modification of the surface



3474 Biochemistry, Vol. 43, No. 12, 2004 Thoren et al.

of the interior cuvette walls was accomplished by leaving whereF, andF are the fluorescence intensities in the absence

the cuvette filled with a 1% (w/v) solution of poly- and in the presence of quencher, respectively, [Q] is the

(ethyleneimine) in deionized water for 30 min, followed by molar concentration of quencher, akgy is the Stern-

thorough rinsing with deionized water. The polymer is not Volmer quenching constari{sy was calculated as the slope

desorbed by repeated washings with aqueous solutions.  of the Sterr-Volmer plot, which is linear for acrylamide
Preparation of Large Unilamellar Vesicles (LUV€hlo- concentrations up to 0.1 M4Q, 42).

roform solutions of lipid were mixed to obtain the desired Brominated Lipid Quenching ExperimerBepth-depend-

ratio of zwitterionic and negatively charged lipids, and the ot fluorescence quenching of tryptophan was performed in
solvent was removed under reduced pressure with a rotary | jy/g composed of DOPC, DOPG, and either (6,7)-

evaporator. The dry phospholipid film was placed in high (9,10)-, or (11,12)-BrPC at molar ratios of 30:40:30. BrPC-

vacuum fo 2 h to remove trace amounts of chloroform.  c,ncenirations were determined by Fourier Transform In-
Vesicles were prep_ared by dlspersmn of _the lipid film in ¢, (FTIR) spectroscopy on the carbonyl bonds (the
butfer. The dispersion was subj_ected to five freetteaw carbonyl stretch vibration has an absorption band at 1740
cycles 86) befor_e extrusion 2.1 times through two 100 nm cm™Y) using a Bruker IFS 66v/S FTIR spectrometer equipped
ponca'rbonate filters on a LllposoFast-P.neumanc eXt.rUderwith a nitrogen cooled MCT-detector. A sample cell with

(Avestin, Can_aqla) to obtaln_ large umlame_llar vesicles sodium chloride windows was used. All measurements were
(LUVs). The lipid concentration was determ|_ned _by_ the performed using lipids in chloroform solutions and spectra
Stewart assay3(7). A homogeneous liposome size distribu- were corrected for chloroform background intensity. FTIR

tion ar.ound 100. nm was confirmed by dynam|p light has proven to be a fast and reliable method for determination

scat‘;erlng analysis, using a Malvern Instrument Series 703201‘ phospholipid concentrations (Persson et al., unpublished

:\::gll;?né:r?trsr)elator and a PCS100 spectrometer (Malvern experiments). Fluorescence intensities in absence of quencher
: (Fo) were measured in DOPC/DOPG (60/40) vesicles.

S (r:é:jcuolﬁra%?ggf?ﬁ'{)c:Iegc?r'ghg?;%éfe?) V;'j?f m;a- Spectra were recorded between 315 and 400 nm with an
u P polari gJ increment of 1 nm and an integration time of 2 s, using an

quartz cell. All spectra were taken between 190 and 260 nm excitation wavelength of 280 nm. The peptide to lipid molar

iggtrgct)igﬁgt\?vderfeofﬁl\tjla;ﬁgdr?rl:g?i (;’3r::t(r)'r?gé':trr]zﬁOiefvgiesggn' ratios were approximately 1:100, and peptide concentrations
' P were 1uM (for penetratin, melittin, TOE, and Ac-18A-N

uM. Results are expressed as mean residue ellipticilies [
(deg cni/dmol). Reference CD spectra used for comparison or 2uM (for TatP_59W, TatlysPSOW, andR). D_ata were
corrected for vesicle background, and the total intensity was

of the acquired spectra were taken from Perczel eGa). ( calculated as the sum of all measured points in each

Fluorescence Fluorescence was measured on a Spex spectrum. Depth-dependent fluorescence quenching profiles
Fluorologz-3 spectrofiuorometer (JY Horiba) using axi (DFQPs) were fitted to data in Matlab using the distribution

1 cm quartz cell thermostated at 250. The band-pass of .
the excitation slit was adjusted to obtain an optimal signal- analysis (DA) method4g, 44) as well as the parallax method

to-noise ratio without photodegradation. (PM) (45-47)

Binding ExperimentsA solution containing large unila- ’
mellar vesicles (5@M lipid concentration) was titrated with DA: In Fo __S exd — (h—hy) )
microliter aliquots of peptide stock solution (10M). After : 'F(h) o2 202
each addition of peptide, a spectrum was recorded between .
315 and 400 nm with an increment of 1 nm and an integration . 0o 2 2
time of 2 s, using an excitation wavelength of 280 nm. The PM: “'F(h) =aCR = (h=h)Th=h, <R
spectra were corrected for buffer and liposome background. =
Several titrations were performed for each peptide and used In—> =0 h—h.> (3)
together for the construction of binding isotherms. The F(h) m

spectral data was analyzed using Matlab (The MathWorks
Inc.). For singular value decomposition of the titration spectra In the equations abovéy is the fluorescence intensity in
(see Appendix, eq Al), the Matlab commasdd was absence of quenchdt(h) is the intensity in the presence of
employed, and for least-squares projection of titration spectraquencher at the distante(A) from the bilayer center, and
on reference spectra (eq A3), thanv command was used. hy, is the average insertion depth of the tryptophan residues.
Acrylamide Quenching Experiment&or acrylamide In DA the DFQP data are fitted with a Gaussian function
guenching experiment89), an excitation wavelength of 295 whereo denotes the dispersion, which is related to the in-
nm instead of 280 nm was used in order to reduce the effectdepth distribution of the tryptophan chromophores, Siisl
of acrylamide absorbancé@. Aliquots of acrylamide were  the area under the quenching profile, which is related to the
added fron a 4 M stock solution to JuM of peptide in the guenchability of the tryptophan moiety. The parallax method
absence or in the presence of DOPC/DOPG (60/40) vesiclesfits data to a truncated parabola, aRdis the radius of
and the fluorescence at 350 nm was monitored after eachquenching 44, 48—50). Even though the brominated lipids
addition. The data were corrected for dilution and vesicle used contain no double bonds, they form bilayers of equal
background intensity and analyzed according to the Stern thickness to POPC5(), with a hydrocarbon core 0f29 A

Volmer equation 41): and a total bilayer thickness 649 A. The brominated lipids
behave much like ordinary lipids with one unsaturated bond
EJ = 14 K JQ] 1) since the bulkiness of the bromine atoms have similar effects

F S on lipid packing as a cis double bors?j. Wiener and White
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(53) state that the carbonyl group can be thought of as atherefore used as a measure of the fraction of lysoMC
marker of the hydrocarbon/headgroup boundary and accord-remaining in the outer leaflet. The supernatant was transferred
ing to their measurements, a DOPC bilayer has a hydrocarborto another Eppendorff tube containing an SbPC pellet, and
core of approximately 30 A. It is therefore reasonable to a new cycle (resuspension of the pellet followed by
assume that the average bromine distances from the lipidequilibration for 15 min and separation by centrifugation)
bilayer center, as determined by McIntosh and Holloway was initiated. The procedure was repeated until the decrease
(51), are valid also in the vesicles used in this study. Average in fluorescence intensity of the supernatant upon raising the
bromine distances from the bilayer center (h) were thus takenpH was minute, corresponding t01% of the decrease
to be 11.0, 8.3, and 6.5 A for (6,7)-BrPC, (9,10)-BrPC and observed in symmetrically labeled vesicles. This was con-
(11,12)-BrPC, respectively. sidered to correspond to a negligible amount of lysoMC in
Asymmetric Labeling of LUV&arge unilamellar vesicles  the outer leaflet.
with lysoMC present in the inner leaflet only can be prepared Vesicles with lysoMC present exclusively in the outer
by removing lysoMC from the outer leaflet of symmetrically leaflet were prepared by adding an appropriate amount of
labeled LUVs. This is accomplished by mixing vesicles lysoMC from a stock solution in buffer to lysoMC-free
containing 1 mol % lysoMC symmetrically distributed vesicles. LysoMC stock solutions were prepared by evapora-
between the inner and the outer leaflet with an excess oftion of a chloroform solution of lysoMC in a stream of inert
large lipid particles, serving as acceptors for lysoMC lipids, gas. Trace amounts of chloroform were removed by placing
which are water-soluble and readily redistribute between the sample in high vacuum for 2 h. The lipid film was
vesicles. After equilibration, the lysoMC vesiclesi00 nm subsequently dissolved in buffer. LysoMC solutions were
in diameter) are separated from the large lipid particles prepared and used the same day.
(several microns in diameter) by centrifugation. Determination of Peptide Translocation in LUMa.two
Large lipid particles were prepared from soybean phos- separate experiments, peptide or TOE was added from stock
phatidylcholine (SbPC), which was dispersed in buffer at a solution to vesicles either asymmetrically labeled with
concentration of 20 mg/mL by extensive vortexing. Exami- lysoMC (see above) or devoid of lysoMC. Spectra were
nation of the dispersion by microscopy showed that it recorded between 300 and 500 nm, using an excitation
consisted predominantly of large lipid particles with an wavelength of 260 nm (in order to minimize direct excitation
undefined structure (520 um) and multilamellar vesicles, of lysoMC) and corrected for vesicle background. The
generally somewhat smaller in size (data not shown). Prior contribution of the tail of the tryptophan emission spectrum
to mixing with the lysoMC vesicles, trace amounts of small to the measured emission spectrum was eliminated by
lipid particles and liposomes, comparable to the lysoMC subtracting the appropriate fraction of the tryptophan emis-
vesicles in size, were removed from the SbPC dispersion bysion spectrum measured when bound to the lysoMC-free
centrifugation (5000, 25 °C, 5 min). The supernatant was vesicles, thereby making the tryptophan emission peak
removed and replaced with buffer. The pellet was resus- vanish. The increase in lysoMC fluorescence due to reso-
pended and centrifuged (50 @f)025 °C, 15 min). The nance energy transfer from tryptophan was then calculated
fluorescence ofa-tocopherol, which is present in most by comparing the lysoMC fluorescence intensity at 460 nm
soybean lipid extracts, was used as an indicator for thein the absence and in the presence of the tryptophan-
presence of small lipid particles and liposomes in the containing compound.
supernatant. After each centrifugation, the fluorescence Preparation of Giant Unilamellar Vesicles (GUV§iant
intensity of the supernatant was measured using an excitatiorvesicles were formed from a polar lipid extract of soybean
wavelength of 290 nm and an emission wavelength of 335 lecithin (Avanti Polar Lipids), consisting of a mixture of
nm, to detect the presence of-tocopherol. The cycle phosphatidylcholine (45,7%), phosphatidylethanolamine
(resuspension of the pellet in fresh buffer followed by (22,1%), phosphatidylinositol (18,4%), phosphatidic acid
centrifugation) was repeated until a negligible fluorescence (6,9%), and others (6,9%). Giant unilamellar vesicles (GUVs)
(<0,1% of the initial value) was detected in the supernatant. were prepared using a dehydration/rehydration technisdje (
Symmetrically labeled lysoMC vesicles at 2 mM concen- 55). In short, a dry phospholipid film was prepared by rotary
tration (1.5 mL) were added to SbPC pellets30 mg per evaporation of a chloroform solution of lipid. The lipid film
pellet) in Eppendorff tubes, and the pellets were resuspendedwas swelled by careful addition of buffer solution (5 mM
After equilibration for 15 min, the tubes were centrifuged Tris, 10 mM KsPO,, 10 mM KH,POy, 90 mM KCL, 1 mM
(50 00@, 25°C, 15 min). After centrifugation, the lysoMC  MgSQ,, 0.5 mM EDTA, 1 mM NaN, pH 8.1) and left in a
fluorescence in a fraction of the supernatant was examinedrefrigerator overnight. Glycerol (1% v/v) was added to the
and compared to the fluorescence in the symmetrically solution, which was then placed in an ultrasonic bath for 15
labeled lysoMC vesicles. To distinguish the fraction of min. 5uL of the resulting lipid dispersion (1 mg/mL) was
lysoMC present in the outer leaflet of the vesicles from the placed on a cover slip glass and the solution was dehydrated
lysoMC located in the inner leaflet, sodium hydroxide was in a vacuum desiccator for 20 min. The dry lipid film was
added to the surrounding solution, raising the external pH rehydrated with 0.5 mL buffer in order to swell the lipid
to 11. This results in an immediate decrease in the fluores-film. Multilamellar vesicles (MLVs) as well as GUVs were
cence intensity at 400 nm, as the methylcoumarin headgroupformed within minutes.
of the lysoMC molecules in the outer leaflet is deprotonated Confocal Laser Scanning Microscof®eptide transloca-
(see Results). With time, the fluorescence intensity decreasesion across GUV membranes was assessed using a laser
further, as hydroxide ions leak into the vesicle interior and scanning confocal unit (MRC1024, BioRad) mounted on the
lysoMC in the inner leaflet is deprotonated. The signal side port of an inverted microscope (TE-300, Nikon). The
decrease immediately after addition of sodium hydroxide was dyes used in the experiment (carboxyfluorescein and fluo-
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0,06

rescein) were excited using a fiber-coupled Ar laser (488
nm). The samples were imaged using a 40’ Plan Fluor
objective (Nikon) with a numerical aperture of 0.75. In
combination with the applied confocal pinhole, this resulted
in a depth of field (or longitudinal resolution) of 2m. A

0,05

0,04

522DF35 filter (emission 505540 nm) was used. The signal 7:5; 0,03
was collected by usma 5 frame Kalman collection filter. :
Relative fluorescence was measured using LaserPix software T 0,02
(Bio-Rad).

0,01
RESULTS

0,00

Binding Isothermsln our recent study of the uptake of a
number of cell-penetrating peptides in live cel®r), we

found large variations between the peptides regarding their g re 1: Binding isotherms for the association of penetrafij, (

affinity for the plasma membranes in the two cell lines tested.
While penetratin, RV, and TatP59W all associated strongly
with the cell membranes, TatLysP59W did not bind signifi-
cantly to the cells, and was not internalized. To further
investigate this finding, a comparative study of the binding

R/W (@), TatP59W Q), and TatLysP59WK) with DOPC/DOPG/
DSPE-PEG (65/35/5) vesicles. The membrane-bound peptide to
lipid molar ratio,r, is plotted against the free peptide concentration,
C:. The solid lines correspond to theoretical binding isotherms
calculated according to a model combining the Ge@hapman

equation theory with a surface partition equilibrium (see Discus-
of penetratin, TatP59W, TatLysP59W, aneMR (Table 1) sion).

to a membrane model system (large unilamellar vesicles)

was performed, using fluorescence spectroscopy. The mem-peptide, within experimental errors, account for the spectral
brane binding of peptides containing an intrinsic tryptophan data (data not shown). This was the case for all peptides
residue is assessed from an increase in quantum yield andinder investigation. The analysis thus yields the correspond-
blue shift in emission wavelength accompanying the transfer ing concentrations of free and membrane-bound peptide,
of the indole chromophore from an aqueous environment to denoted C; and C,, respectively (see Appendix). The

a nonpolar environment. In this way, we recently studied membrane-bound peptide to lipid molar ratio, r, can then be
the membrane binding of penetratin to vesicles composedcalculated for each point of a titration:

of the zwitterionic lipid dioleolyphosphatidylcholine (DOPC)
and the anionic lipid dioleoylphosphatidylglycerol (DOPG)
and found that the affinity of penetratin for the vesicle
membranes was highly dependent on the fraction of nega-
tively charged lipids in the membrane, reflecting the impor- wherelL is the concentration of accessible lipid. Since the
tance of electrostatic interactions between the peptide andpeptides associate exclusively with the outer leaflet of LUVs
the membranel®). By inclusion of a tryptophan residue in  (vide infra),L was taken as 54% of the total lipid concentra-
R,W, TatP59W, and TatLysP59W, a similar approach was tion, which corresponds to the theoretical fraction of lipid
possible here, though precautions had to be taken toin the outer monolayer of spherical vesicles with a diameter
circumvent artifacts from light scattering, which causes of 100 nm, assuming a bilayer thickness of 4 nm. Figure 1
diminution of excitation light and an apparent shift in the shows binding isotherms versusC, for penetratin, TatP59W,
emission spectrunbg). At elevated peptide to lipid molar  TatLysP59W, and RV for vesicles composed of DOPC/
ratios, penetratin has been shown to induce vesicle aggregabOPG/DSPE-PEG (60/35/5). All four peptides exhibit a
tion (14), which leads to a large increase in turbidity. For strong affinity for the vesicle membranes, decreasing in the
R;W, TatP59W, and TatLysP59W, the peptide-induced order penetratin> R,W > TatP59W > TatLysP59W.
vesicle aggregation is even more extensive than for penetratinnspection of the binding isotherms reveals that at a low
and occurs at a much lower peptide-to-lipid ratio, obviating degree of binding, the free peptide concentration is very low.
a proper binding analysis. Vesicle aggregation can, however, This reflects a strong electrostatic attraction between the

r=—

. (4)

be prevented by incorporation of poly(ethylene glyedipid
conjugates g7), which provide steric hindrance for inter-
bilayer contact. The presence of Pk conjugated to

negatively charged membrane and the positively charged
peptides (penetratin and, W formally carry seven positive
charges and the Tat peptides carry eight positive charges).

distearoylphosphatidylethanolamine (DSPE-PEG) in vesiclesAs is often observed for peptides carrying a net charge, there
composed of DOPC and DOPG has been shown to inhibitis a marked curvature with increasing reflecting the
vesicle aggregation induced by the peptides examined heredecreased electrostatic attraction between the peptide and the
(Thoren et al., unpublished experiments). Vesicles containing membrane as more and more peptide binds. The binding data
5% DSPE-PEG were thus used in this study of the membranewere analyzed according to a model separating electrostatic
affinity of the peptides. The binding was monitored by and hydrophobic contributions to the binding free energy
titrating a solution containing liposomes with peptide stock (see Discussion and Table 6).

solution and collecting a tryptophan emission spectrum at Acrylamide Quenchinglhe access of the neutral, water-
each point of the titration. Analysis of the binding data was soluble quencher acrylamide to the tryptophan residues of
performed as described previoushyp). By projection of the penetratin, RV, TatP59W, and TatLysP59W at iM
titration spectra on membrane-bound and free peptide refer-concentration was examined in the absence and in the
ence spectra, recorded in separate experiments (see Appresence of vesicles. For penetratinV\R and TatP59W, a
pendix), it was found that two species, free and bound lipid concentration of 20M was used. At this peptide to
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3.0 Table 3: Quenching Efficiencies$(h)/Fo) in Percerit
peptide
254 brominated TatLys- Ac-18A-
lipid penetratin TatP59W P59W RW TOE  NH;
2,0 (6,7)-BrPC 64 61 65 56 73 63
(9,10)-BrPC 69 64 67 61 72 69
" (11,12)-BrPC 83 79 82 78 87 82
we 1154 aF(h) is the tryptophan fluorescence intensity in vesicles containing

lipids brominated at the levédi, andF, is the tryptophan fluorescence
intensity in the absence of quencher measured in DOPC:DOPG (60:

40) vesicles.
0.5 Table 4: Average Insertion Depths Determined by the Distribution
Analysis (DA) and Parallax Methods (PM), Together with the
0.0 Respective Methods Fitting Parameters
000 002 004 006 008 010 0,12 DA PM-2
fakaviamidel (1) _ pepide  ha(R)  od) s @A) R@A
Ficure 2: Stern-Volmer plots of fluorescence quenching of penetratin 10.2 27 3.2 10.9 58
peptides by acrylamide in solution (open symbols) or in the presence TatP5oW 9.9 27 36 10.9 6.2
of DOPC/DOPG (60/40) vesicles (closed symbols). Penetrimin ( TatLysP59W 9.9 25 30 107 58
R/W (#), TatP59W @), and TatLysP59W &£). The peptide RAW 101 27 41 113 66
concentration was &M, and the lipid concentration was 2001 TOE 96 21 21 102 50
for penetratin, RV, and TatP59W, and 4Q@M for TatLysP59W. Ac-18A-NH, 10.3 2.9 35 10.9 5.9

Table 2: Tryptophan Emission Maxima and Stekfolmer . . .
Quenching Constantdg,) for Peptides, TOE, and Free Tryptophan by acrylamide, with &sy of 9—15 M™% In the presence of

(Trp) at 1.0uM Concentration in Buffer and in the Presence of DOPC/DOPG (60/40) vesicles, the peptides and TOE exhibit
DOPC/DOPG (60/40) Vesicles a blue shift in tryptophan fluorescence, indicative of transfer
buffer DOPC/DOPG (60/40) of the tryptophan residue to the less polar environment of
peptide  Amax(MMP Ksv (MY Amac(nm) Ksy(M~Y) naf the vesicle memb_rane. A strong decreasggqis qbserved
nenetrafin 350 1.6 337 17 045 for all of the p(_aptldes, as well as TOE, indicating that the
RW 351 12.7 339 23 0418 tryptophan residues are more protected from the quencher
TatP59W 350 11.6 338 22 019 acrylamide. To facilitate a comparison of the different
TatLysP59W 350 9.4 337 22 021 peptides, a normalized accessibility factor (naf) was calcu-
ﬁgéfA'NHz ggg ig'g ggg i; 8'12 lated as the ratio of the StertVolmer quenching constant
Trp 351 16.3 351 165 101 Inthe presence of vesicles and the quenching constant in

aFor TatLysP59W, a lipid concentration of 48 was used. For buffer (40). For RW, TatP59W, TatlysP59W, af‘d AC-18A-
the other compounds, the lipid concentration was 200 ® Tryptophan NH_, a naf value of-0.2 was obtalned', while a slightly lower
emission maximum using an excitation wavelength of 295 nm. value was calculated for penetratin (Table 2). For free
¢ Normalized accessibility factor, calculated as the ratis&fin buffer tryptophan, on the other hand, no change in the fluorescence
and in the presence of vesiclésIryptophan octyl ester. emission maximum oKsy is observed upon addition of

vesicles, indicating that it does not interact with the vesicles

lipid molar ratio, the binding study presented above showed to any appreciable extent in the concentration range used.
that the peptides effectively completely bound to the vesicles. For TOE, the reduction of the acrylamide quenching was
For TatLysP59W, which showed a weaker affinity for the larger than for the peptides examined.
vesicles, a lipid concentration of 400M was used. Quenching by Brominated Lipid§he membrane insertion
Importantly, at the peptide to lipid molar ratios used, none depth of the tryptophan residues in penetratin, TatP59W,
of the peptides investigated induced vesicle aggregation (light TatLysP59W, and RV was examined and compared to the
scattering data not shown), which would otherwise influence tryptophan depth in TOE and Ac-18A-NKused as reference
the measured fluorescence intensities. Figure 2 shows-Stern compounds in the translocation studies). Depth-dependent
Volmer plots of acrylamide quenching of penetratin\\R fluorescence quenching data are presented in Table 3 as
TatP59W, and TatLysP59W in buffer and in the presence percentage of the fluorescence intensity in DOPC/ DOPG
of DOPC/DOPG (60/40) vesicles. For comparison, the (60/40) vesicles. All investigated peptides exhibit comparable
amphipathic class A peptide Ac-18A-NHTable 1), tryp- guenching patterns with most pronounced quenching in (6,7)-
tophan octyl ester (TOE) and free tryptophan were also BrPC vesicles, whereas TOE shows similar degrees of
included in the study. The calculated Stelolmer quench- guenching in (6,7)- and (9,10)-vesicles. Table 4 shows the
ing constantsKsy, eq 1) for all the compounds investigated determined average membrane insertion depthgresented
are summarized in Table 2. In buffer, the peptides all exhibit as the distance from the bilayer center of the tryptophan
a tryptophan fluorescence maximum near 350 nm (Table 2),residues in each peptide calculated using the distribution
which is the maximum wavelength for free tryptophan, analysis and parallax methods (se Materials and Methods).
indicating that the tryptophan residues are fully exposed to Included in Table 4 are also the fitting parameters for both
the water solvent. In accordance with this, the tryptophan methods. Figure 3 exemplifies graphically the fitting to data
residues of the peptides examined were readily quenchedby showing the depth-dependent quenching profiles for
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Pt PPt is obtained also when bound to DOPC/DOPG/DSPE-PEG
] (60/35/5) vesicles. The arginine-to-lysine substitution in
05 TatLysP59W did not affect the peptide secondary structure,
04 as the CD spectra of TatP59W and TatLysP59W are very
z ] similar. A random coil spectrum has previously been reported
= 034 for Tat(47-57) (YGRKKRRQRRR) when bound to POPC/
£ 2] POPG vesiclesql).
] Peptide Translocation in LUVSA key question for the
0.1 understanding of the mechanism of uptake of cell-penetrating
o0det N peptides is whether the peptides can enter cells via direct
0 2 4 6 8 10 12 14 16 18 20 interaction with the membrane lipids. To determine whether

Distance from bilayer centre (A) CPPs are able to access the inner leaflet of large unilamellar
Ficure 3: Depth-dependent quenching profiles of TatP59W, fitted vesicles, i.e., translocate across pure lipid bilayers, we have

to data using the distribution analysis (solid line) and parallax employed a method based on resonance energy transfer

(dashed line) methods. The boundary between the hydrocarbon cor . L ;
region and the interfacial region of the bilayer is indicated by the ?RET)' RET is the nonradiative transfer of excited-state

gray area. energy from a donor to an acceptor, which results in
guenching of the fluorescence of the donor. The efficiency
:g of energy transfer, E, is often calculated according to
T E—1— 0 5
TR ®
k;
2 where Fy and Fq is the unquenched and quenched donor
§ fluorescence intensity, respectivel1j. If the acceptor is
S fluorescent, energy transfer can also be detected as an
= increase in the fluorescence of the acceptor, according to
= - (41
-40 T T T
200 220 240 260 e e
Wavelength (nm) E= ODA(AD X)[FAD(/IA m) — (6)
FicUrRE4: Circular dichroism spectra of penetratin (solid line}\R ODD(lDeX)l FAAA"™

(dashed line), TatP59W (solid bold line), and TatLysP59W (dotted
Ilne_) in the presence Qf _DOPC/ DQPG/D'SPE-PEG (65/35/5) where Oa(lab) and OQ(AeXD) are the 0ptica| densities of
vesicles at a peptide to lipid molar ratio of 1:100. the acceptor and the donor at the donor excitation wave-

TatP59W as derived by DA and PM. The difference in length, respectivelyi-a andFap denote the fluorescence of

. , ._the acceptor in the absence and in the presence of donor,
membrane insertion depth computed by the two methods is . : .
) . respectively, at a wavelength suitable for the detection of
small, typically~1 A or less. All peptides have an average

; . ©~ acceptor emissioni{™s). Direct contribution from donor
tryptophan insertion depth of A1 A, whereas the tryp fluorescence at this wavelength must be corrected for (vide

tophan moiety in TOE seems to be inserted somewhat deeperrnfra). For a donoracceptor pair separated by a fixed

The same measurements were also performed with the . r : .
cationic hemolytic peptide melittin (GIGAVLKVLTTGLPAL- gféi?c;ﬁgt?f transfer efficiency is related to the distance,

ISWIKRKRQQ-NH,), the tryptophan insertion depth of

which has been extensively investigated eard& 49, 58— R06
60). Fitting of the data with DA and PM yielded average Epor=———— (7)
membrane insertion depths of 10.2 and 10.9 A respectively. P RE+ 18

Peptide ConformationThe secondary structure of pen-
etratin, RW, TatP59W, and TatLysP59W in buffer and whereR, is the Faster distance, at which the efficiency of
bound to DOPC/DOPG/DSPE-PEG (60/35/5) vesicles was transfer is 50%.
investigated by circular dichroism. In buffer, all peptides  Recently, Wimley and White presented an innovative
were found to adopt a random coil conformation (data not implementation of quenching of tryptophan fluorescence by
shown). Figure 4 shows the circular dichroism spectra of energy transfer33), using a novel fluorescent lysolipid,
the peptides in the presence of DOPC/ DOPG/DSPE-PEGIlysoMC, which is a conjugate of methylcoumarin and
(60/35/5) vesicles at a peptide to lipid molar ratio of 1:100. lysophosphatidylethanolamine (lysoPE). Tryptophan and
Penetratin has a circular dichroism spectrum characteristicmethylcoumarin constitute an excellent donacceptor pair
of ana-helix, in line with our previous findings for penetratin ~ with a good spectral overlap between emission from mem-
bound to DOPC/DOPG vesicles at low peptide to lipid molar brane-associated tryptophan residues and methylcoumarin
ratios (L5), where a helical content of approximately 60% absorbance, which has its maximum~a335 nm 33). An
was observed. Penetratin has also been reported to adopt B, value of approximately 25 A has been estimat8a).(
f-sheet conformation under certain experimental conditions, The theoretical considerations of RET in membrane systems,
e.g., during vesicle aggregatiob4j and in experiments using  where the donor and acceptor are not separated by a fixed
deposited phospholipid bilayerg4). By contrast, for RV, distance, are not triviabR). However, by careful examina-
TatP59W, and TatLysP59W, a random coil type of spectrum tion of the concentration-dependence of tryptophan quench-
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ing by lysoMC, it was shown that RET between tryptophan this study, asymmetrically labeled vesicles were prepared
and lysoMC according to eq 5 is well described by eq 7 and used within 4 h.
under the experimental conditions used. The use of a Peptide translocation was studied by monitoring RET in
lysophospholipid as an anchor for the methylcoumarin moiety samples with tryptophan-containing peptides added exog-
provides several advantages compared to fluorescentlyenously to inner leaflet-labeled vesicles. Sifgis about
labeled diacyl phospholipids. Since lysophospholipids are equal to the thickness of the hydrocarbon core of the lipid
water-soluble and can readily be exchanged between vesicleshilayer and both donor (tryptophan) and acceptor (lysoMC)
preparation of asymmetrically labeled vesicles, i.e., vesicles are present at low concentrations in the membranes, trans-
with probe present exclusively in one of the leaflets of the membrane energy transfer should be weak, provided that the
lipid bilayer, is facilitated. For diacyl phospholipids to be tryptophan does not penetrate deeply into the membrane. A
asymmetrically incorporated into vesicles, methods based onsmall extent of RET is thus expected for compounds that do
rapid dilution of an organic solution of lipid into an aqueous not cross the membrane. On the other hand, if the tryptophan-
solution containing vesicles are frequently employed. This containing molecule is able to translocate across the mem-
can lead to an incomplete incorporation of the proB®).( brane and reach the inner leaflet, an efficient energy transfer
Furthermore, since lysophospholipids are exchangeableshould be observed. As reference compounds, tryptophan
between vesicles, the stability of the transbilayer asymmetry octyl ester (TOE) and Ac-18A-Niwvere used. TOE readily
of the probe can be examine83). binds to and equilibrates across lipid bilaye38)( Ac-18A-

The method used to determine peptide topology irB&f  NH; is largelya-helical when bound to lipid bilayers, with
is based on comparison of the quenching of tryptophan the helix axis oriented parallel with the bilayer plane, and
emission in two sets of liposomes: symmetrically labeled does not translocate across the membr&3e§4—67). As
(lysoMC present in both leaflets) and asymmetrically labeled mentioned earlier, energy transfer can be detected either as
(lysoMC present in the outer leaflet only). Here, we have a decrease in the fluorescence intensity of the donor or as
instead used an assay based on LUVs with lysoMC presentan increase in the fluorescence intensity of the acceptor
in the inner leaflet only. By using a protocol involving molecule. When using inner leaflet-labeled vesicles to assay
transfer of lysoMC in the outer leaflet to acceptor particles, tryptophan topology, we find that measurements of the
which are subsequently separated from the LUVs, vesiclesincrease in acceptor fluorescence are more sensitive, and
with an almost complete asymmetry can be obtained (Perssorcalculations according to eq 6 should thus be performed.
et al., unpublished experiments). We accomplish this by However, since adsorption to surfaces is encountered for
mixing LUVs (100 nm diameter) symmetrically labeled with peptides 15) as well as for TOE (Persson et al., unpublished
lysoMC (1 mol %) with large lipid particles, several microns experiments), the exact concentration of donor in each sample
in diameter (see Materials and Methods). The lipid particles is uncertain. In the analysis here, the RET efficiency is
are added in excess and serve as a reservoir for lysoMC,calculated simply as the percent increase in acceptor
which equilibrates between the outer leaflets of the unila- fluorescence. To allow a direct comparison between the
mellar vesicles and the lipid particles. After equilibration, efficiency of energy transfer in the samples, it is thus
the vesicles are separated from the particles by centrifugationdesirable that the ratio of donor and acceptor concentration
and a small fraction of the vesicles is examined by is approximately equal in the samples, making the contribu-
fluorescence spectroscopy. The emission spectrum of me-tion from the first factor (OR/ODp) on the right-hand side
thylcoumarin is bimodal under our experimental conditions, of eq 6 constant. Therefore, the peptide to lipid molar ratios
corresponding to the neutral form of the chromophore and were chosen so that the peptides would be essentially bound
its tautomer aniong3). The neutral methylcoumarin species to the vesicles with an approximately equal concentration
has an emission maximum at approximately 400 nm, while of membrane-associated tryptophan residues. The small
the tautomer anion has an emission maximuny460 nm. deviations in donor concentration are not crucial for the
The spectral properties of lysoMC can be utilized to assessexperiment, since when multiple donors and acceptors are
the asymmetry of the probe in the vesicles after separationused, it is ultimately the acceptor concentration that deter-
from the lipid particles, by selectively deprotonating lysoMC mines the energy transfer efficiencg1j. Thus, Ac-18A-
molecules in the outer leaflet. This is accomplished by NH,, R;W, TatP59W, and TatLysP59W, which contain one
exogenous addition of sodium hydroxide, thereby raising the tryptophan, were added at a peptide to lipid molar ratio of
pH in the surrounding solution to 11. The change in pH 1:275, while penetratin, with two intrinsic tryptophan
causes diminution of the emission peak at 400 nm for residues, was examined at a peptide to lipid molar ratio of
lysoMC present in the outer monolayer. The “washing” 1:550. TOE was consequently added at a TOE:lipid ratio of
procedure involving equilibration with lipid particles and 1:275. Figure 5 shows the bimodal emission spectrum of
separation by centrifugation is repeated until a negligible inner leaflet-labeled lysoMC vesicles in the absence (lower
amount of lysoMC remains in the outer leaflet of the vesicles, trace) and in the presence of TOE (upper trace) or Ac-18A-
indicated by a lack of decrease in fluorescence intensity at NH, (middle trace). Although an excitation wavelength of
400 nm upon addition of sodium hydroxide. Under the 260 nm was used in order to minimize direct excitation of
experimental conditions used here, this is typically achieved lysoMC (33), the fluorescence intensity in the absence of
after four or five cycles. A prerequisite for the use of donor is substantial. In the presence of a membrane-bound
asymmetrically labeled vesicles in RET measurements of tryptophan-containing compound, the lysoMC fluorescence
peptide topology is, of course, that the lipid-anchored probe intensity increases, due to RET. For calculation of the extent
remains in the same leaflet during the time course of the of energy transfer, the increase in lysoMC fluorescence at
experiment. This condition is met by lysoMC, the spontane- 460 nm was used. Since the tryptophan emission spectrum
ous flip-flop of which is slow {i, ~ days) 83). Throughout overlaps in part with that of lysoMC and has a small, but
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80 Figure 5, vesicles were formed from the same soybean lipid
704 extract as in the giant vesicle study (vide infra). The emission
obtained at wavelengths below 350 nm does not stem from
lysoMC but from the soybean lipid extract and is not
50 observed in vesicles formed from synthetic lipids. The
404 calculated values of the extent of energy transfer for the
compounds examined are summarized in Table 5. As
expected, the addition of TOE to asymmetrically labeled
204 vesicles was found to result in a large increase in lysoMC
fluorescence intensity, approximately 38% at a TOE to lipid
molar ratio of 1:275. The addition of the nontranslocating
200 w0 a0 a0 500 peptide Ac-18A-NH to asymmetrically labeled vesicles
Wavelength (nm) yielded an increase in lysoMC fluorescence of approximately
FiIGURE5: Detection of translocation across the membranes of large 6%- As shown in Table 5, penetratin,W, TatP59W, and
unilamellar vesicles (LUVs) by resonance energy transfer (RET) TatLysP59W all yielded values close to that of Ac-18A-
using tryptophan as donor and the fluorescent lysophospholipid NH,, ranging from 5% to 8%, indicating that none of the
lysoMC as acceptor. The figure shows the emission spectrum of peptides examined was able to translocate across the lipid

LUVs containing lysoMC exclusively located in the inner leaflet, .
formed by removing lysoMC from the outer leaflet of symmetrically membranes. The extent of energy transfer was also examined

labeled vesicles (1 mol %). Spectra were recorded in the absencel a§ymmetrically labeled vesicles Cont.aining lysoMC ex-
(lower trace) and in the presence of TOE (upper trace) or Ac-18A- clusively in the outer leaflet, corresponding to 0.5 mol % of
NH, (middle trace). The tryptophan emission contribution to the the total amount of lipids (data not shown). For all of the

spectrum has been subtracted, as described in the text. The additioﬁbeptides the extent of energy transfer was found to be much

of TOE results in a large increase in lysoMC fluorescence due to s . .
RET, indicating translocation across the membrane. Only a minor larger than in inner leaflet-labeled vesicles, with values

extent of RET is obtained upon addition of Ac-18A-MHvhich ranging from 45 to 55%, further supporting the conclusion

remains in the outer leaflet of the vesicle membranes. Penetratin,that the peptides are located in the outer leaflet.

R,W, TatP59W, and TatLysP59W all yielded results similar tothat  There is, of course, a possibility that translocation of

of Ac-18A-NH,, indicating that none of the peptides is able to o htides across lipid bilayers requires specific lipid composi-

translocate across the membranes of LUVs. . - . - . .
tions in terms of charge density and lipid packing, especially

Table 5: Determination of Translocation of Peptides and TOE considering the suggested translocation mechanism involving

across the Membranes of Large Unilamellar Vesicles by Resonance Inverted micelles. To investigate the influence of lipid

Fluorescence (A.U.)

Energy Transfer in Inner Leaflet-Labeled LysoMC Vesiéles composition on the membrane topology, the lysoMC experi-
peptide A (NMP E (%)° ment was also performed using vesicles composed of DOPC/
. DOPG (60/40), EggPC/DOPG (60/40) and 100% DOPG. In
penetratin 336 5 A .
RW 338 8 all cases, similar results to those presented in Table 5 were
TatP59W 337 8 obtained (data not shown).
TatLysP59W 338 6 Peptide Translocation in Giant VesicleBhe ability of
Ac-18A-NH, 333 6

peptides to translocate across vesicle membranes was also
TOE 333 38 . - ; )

examined in giant vesicles. The vesicles were prepared by a
a Polar extract of lipid soybean lecithin (see Materials and Methods). dehydration/rehydration technique, known to produce both

Peptide:lipid molar ratios were 1:275, except for penetratin (peptide: _. . . . .
lipid ratio 1:500).? Tryptophan emission maximum using an excitation giant unilamellar vesicles (GUVs) and multilamellar vesicles

wavelength of 260 nnf Calculated as 100(Fap/Fa — 1) at 460 nm (MLVs) (54, 55)-. The Un“ame”alr Ve.SiC|eS obtained by this
after correction for tryptophan emissighTryptophan octyl ester. method are typically 300 um in diameter $5) and can

thus readily be examined by microscopy. To determine the
nonzero intensity at 460 nm, its contribution to the lysoMC localization of peptides added to the solution, the peptides
spectrum must first be subtracted. This was accomplishedwere labeled with carboxyfluorescein. In our previous study
by using the following procedure. First, the background of the interaction of penetratin with giant unilamellar vesicles
spectrum of the lysoMC vesicles is subtracted from the using fluorescence microscopy3d), we showed that the
spectrum measured after addition of the tryptophan-contain-peptide was able to translocate across the vesicle membranes
ing compound. In the resulting spectrum, the lysoMC and reach the interior of the vesicles. In the present work,
contribution stems exclusively from RET. At wavelengths we compared the translocation ability of penetratin with that
below 350 nm, however, only emission from tryptophan and of R;W, TatP59W, and TatLysP59W using confocal laser
vesicle background is observed. By comparing the signal atscanning microscopy, to see if there was any correlation
the wavelength of maximum tryptophan emission intensity between their ability to translocate across the membranes of
(see Table 5) with the fluorescence intensity of the tryp- giant vesicles and their cellular uptake efficiency.
tophan-containing compound when bound to unlabeled The majority of the GUVs formed after addition of buffer
vesicles at the same concentrations, the extent of quenchind0.5 mL) were found to be associated with MLVs on the
of the tryptophan moeity is obtained. The corresponding surface of the coverslip, but several GUVs that were not
portion of the membrane-bound tryptophan emission spec-attached to MLVs were also obtained, both floating in the
trum in the absence of quencher can then be subtracted fromsolution and sitting on the surface. The latter are denoted
the total emission spectrum in labeled vesicles, yielding a free-standing GUVs in the text. After equilibration for 15
spectrum containing solely emission from the lysoMC min, a small volume of peptide stock solution (20) was
vesicles, as in Figure 5. In the experiments presented incarefully added at the top of the droplet on the coverslip,
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Ficure 6: Detection of translocation of carboxyfluorescein-labeled —~go-|
peptides across the membranes of giant vesicles using confocal lasel 2
scanning microscopy. (A) Bright field image of an ensemble of
giant vesicles on the coverslip surface. Several regions of interest
(ROIs) are defined, in which the averaged fluorescence intensity
(in arbitrary units on a scale ranging from 0 to 255) is measured.
In the figure, ROI 1 is located in the surrounding buffer, ROI 2 is
defined as the inside of a free-standing giant unilamellar vesicle
(GUV), ROI 3 is defined as the inside of a GUV attached to a
multilamellar vesicle (MLV), and ROI 4 is placed inside an MLV. vl)\‘
(B) Time course of the fluorescence intensity in the ROIs in a focal
plane located inside the interior of the vesicles. A small volume of
peptide stock solution was carefully added at the top of the droplet 0 '
on the coverslip, without perturbing the vesicles on the surface. 0
With time, the measured fluorescence intensities increase as peptide

diffuses to the vesicles in the observed region. FiGure 7: (A—E) Confocal laser scanning microscopy images of
GUVs after addition of peptide and equilibration. Peptides were

| . th icl idi th i f added to yield a final concentration of 4M. (A) R;W, (B)
eaving the vesicles residing on the coverslip surface r4ipsgwy, (C) TatLysP59W, and (D) penetratin. (E) Fluorescence
undisturbed. This allowed us to monitor the time course of intensity profile corresponding to the white line indicated in (A).

peptide translocation as the added peptide molecules diffused

into the focal plane (containing the vesicles) from the point locates rapidly across the vesicle membranes to the inside
of addition of peptide. An increase in fluorescence intensity of the vesicles. The same phenomenon was observed for the
was typically observed 1015 min after peptide addition.  other peptides investigated. After the time course measure-
Figure 6 shows the time course of the fluorescence intensityment, several vesicles in the sample were imaged and the
of a sample after the addition of TatLysP59W, to yield a fluorescence intensities of the inside and the outside of the
final concentration of 4M. In the imaged liposomes (Figure  vesicles were compared. Figure 7B shows fluorescence
6A), several regions of interest (ROIs) are defined, and the images of free-standing GUVs in the presence efWR

plot (Figure 6B) shows the averaged fluorescence intensity TatP59W, TatLysP59W, and penetratin, respectively. In all
in arbitrary units (on a scale ranging from 0 to 255) in the cases, there is a strong peptide fluorescence emanating from
defined ROIs. In the experiment presented in Figure 6, ROI the vesicle membranes. The intensity profile (Figure 7E)
1is placed in the surrounding buffer, while ROI 2 is defined measured along the white line in Figure 7A shows that the
as the inside of a free-standing GUV and ROI 3 is located R;W fluorescence intensity in the interior of the vesicles is
in the interior of a GUV attached to an MLV. ROI 4 is placed roughly equal to the intensity in the surrounding buffer,
inside an MLV. At the start of the experiment, a low but suggesting that the peptide has equilibrated across the vesicle
nonzero background intensity is obtained. At about 6 min membranes. Similar observations were made for all of the
after initiation of the measurement, the fluorescence intensity other peptides. Notably, TatLysP59W exhibited a somewhat
starts to increase. This is most evident in the MLV (ROI 4), stronger fluorescence intensity in the aqueous solution,
where a substantial amount of peptide binds to the many suggesting a slightly weaker affinity for the membranes.
lipid bilayers. Interestingly, the fluorescence intensities in  Control experiments using photobleaching were performed
the surrounding buffer and inside the GUVs (ROt+3) to ensure that the fluorescence intensity observed in the
increase simultaneously, suggesting that the peptide transinterior of the vesicles was not due to out-of-focus fluores-
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cence from membrane-associated peptide. When exciting a
region inside the vesicles with the highest laser intensity for
30 s, rapid photobleaching was observed. With time, the
fluorescence intensity in the interior of the vesicle was
recovered, reaching the level observed prior to photobleach-
ing within minutes (data not shown). The same phenomenon
was observed for the fluorescence in the surrounding buffer.
In another set of experiments, the focal plane was set to the
level of the membrane facing the buffer (the “top” of the
vesicle), and the fluorescence intensity in the membrane was
measured. Then the focal plane was moved to the equatorial
plane of the vesicle, and the sample was subjected to B
excitation with the highest laser intensity for 30 s. Im- 80

mediately after photobleaching, the focal plane was returned
to the membrane level and the fluorescence intensity was . /
measured. No photobleaching of the peptide associated with
the membrane was observed, showing that the fluorescence
observed inside the vesicles was from peptide present in the
aqueous interior of the vesicles.

The integrity of the vesicle membranes was examined
using a fluorescently labeled 20-mer oligonucleotide. After
addition of oligonucleotide (kM final concentration), the
fluorescence inside the vesicles and in the buffer was
examined. The strongly anionic oligonucleotide did not bind 0 0 : 10 15 20
to the negatively charged vesicle membranes and, conse- Distance (um)
quently, a strong and uniform fluorescence was obtained in Ficure 8: (A) Confocal laser scanning microscopy image of GUVs
the agueous solution. As to the vesicles, large variations after addition of a fluorescein-labeled 20-mer oligonucleotide. (B)
between different kinds of vesicles were observed: MLVs Fluorescence intensity profile corresponding to the white line
were apparently more or less completely permeable to thendicated in panel A.
oligonucleotide, as a strong fluorescence was observed
throughout the inside of MLVs. In some cases, the fluores-
cence intensity was even higher than in the surrounding
buffer. Likewise, GUVs associated with MLVs exhibited
strong fluorescence, showing that no intact barrier exists.
Free-standing GUVSs, on the other hand, were generally less

permeable to oligonucle(_)tide, since the_ fluorescence inSidewere all found to associate strongly with vesicles composed
was clearly weaker than in the surrounding aqueous solution nopc/DOPG/ DSPE-PEG (60/35/5), i.., containing 40%
(Figure 8A), as illustrated by the line profile (Figure 8B). o4atively charged lipid. To compare the extent of binding
of the different peptides, we analyzed the binding isotherms
according to a binding model separating electrostatic and

Membrane BindingThe binding of the peptides penetratin, hydrophobic contributions3@). Although simplistic, this
TatP59W, TatLysP59W, andiR/ to vesicle membranes has Model, based on the Gotfhapman theory, has been
been examined. By using vesicles with 5% of PEG-lipid successfully applled_ to describe the membrane association
conjugates, vesicle aggregation induced by the peptides carPf @ number of peptides3g, 61, 68—71).
be avoided (Thomeet al., unpublished experiments), which 1 he surface charge density, of membranes composed
would otherwise prevent proper spectroscopic measurementQf Zwitterionic and anionic lipids is given by
of the binding. The inclusion of hydrophilic PEG chains is X (1= %)+ 2
assumed to have no significant effect on the overall affinity o= (eJA) AL N % (8)
of the peptides for the liposomal membranes, as the binding 1+ (AJA)
data for penetratin obtained here agree quite well with our
previous study on penetratin and vesicles without the PEG-where g, is the elementary chargéy the area per lipid
lipid conjugate 15). The binding isotherms presented differ molecule, Ap the effective area of the peptide in the
though, due to differences in the calculation of the membrane-membranez, the effective charge of the peptide, aKg
bound peptide to lipid molar rati@, In our previous study,  the mole fraction of anionic lipid in the membrarfg. was
we assumed access of penetratin to both the inner and theassumed to be equal for DOPC, DOPG, and DSPE-PEG and
outer leaflets of the vesicle membrane, while only the outer was set to 70 A The actual value ofs is not known for
leaflet is considered accessible in this work, in light of the the peptides investigated here. However, simcaever
LUV translocation study. Also, differences in the determi- exceeds 0.055 in our experiments, the contribution from the
nation of peptide concentration somewhat influence the correction term for peptide insertionA{A.)r, is small
calculations, see Materials and Methods. The binding compared to unity. The choice & is thus not critical for
parameters for penetratin agree well with those obtained for the calculations. We have used &pof 100 A2, which is
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the binding of penetratin to DOPC/DOPG/ DSPE-PEG
(60/37.5/2.5) (Persson et al., unpublished experiments).
The binding of basic, hydrophilic peptides to membranes
containing acidic lipids involves a complex interplay between
electrostatic attraction, hydrophobic interactions and dehy-
dration effects. Penetratin, TatP59W, TatLysP59W, ajWl R

DISCUSSION
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Table 6: Summary of Parameters for Peptide Binding to Vesicles of @1iSM not included in the binding model (Persson et al.,
DOPC/DOPG/ DSPE-PEG (60/35/5) unpublished experiments), the fit to the experimental data

is quite good. For all four peptides, the calculagdalue

i —1ya b

peptld_e Ko M) % is smaller than the formal charge. This effect is attributed to

pr\R/etrat'” 3%%6 5.5i7 discrete charge effect3g, 74), separation of charges in the

TatP59W 34 5.0 peptide {5, 76) and effects of associated counteriofi8)(
TatLysP59W 5 4.5 Notably, the Tat peptides, which have a formal charge of
aSurface partition constanttEffective peptide charge. +8, were found to have a smaller effective charge than
penetratin and RV, which carry seven positive charges. The

the estimated insertion area of Tatf457) in lipid mono- Ky values are moderate, reflecting a weak hydrophobic

layers of POPC and POP®1). The reduction of the surface interaction between the peptides and the vesicle membranes.
charge density due to counterion binding is accounted for Ke for penetratin differs from the binding constant (80!

by includingXxa which denotes the mole fraction of anionic We reported earlierl). As mentioned above, this is mainly
lipid associated with N& Xy is calculated by assuming a due to the fact that we in this study have established that

Langmuir adsorption isotherm penetratin remains in the outer leaflet of LUVs, while the
peptide was earlier assumed to have access to the inner leaflet
KnaCmNa of the vesicles, based on a study using giant vesidl8g (
Na=TT K C 9) For TatP59W, the measurd€, is slightly higher than the
Na™M,Na value reported for Tat(4757) (61). The differences can be
whereKya is the Na binding constant, taken as 0.6 #for ascribed to the amidation of the C-terminus in TatP59W,

DOPG (72) and assumed to be equal for DSPE-PBga which increases t_he over_all hydrophobicity of the peptide,
is the concentration of sodium ions in the close proximity PUt also to the slightly different amino acid sequences of
of the membrane surfac€w . is connected to the bulk ~ the two peptides. The peptide binding can be further
equilibrium Concentratiorceq:,\.a and the surface potential, characterized in terms of the total free energy of binding

10, Via a Boltzmann distribution according to

_ C
Cuina = Coqna@XP1oF/RT) (10) AG = —RT[In 55.5+ In K, + |n(€“”) (14)
f
whereF is the Faraday constarR the gas constant, and
the absolute temperature. where In 55.5 provides the cratic contributiofi7), which
The surface potential can be determined by combining eq amounts to—2.4 kcal/ mol, InK, provides the hydrophobic
8 with the Gouy-Chapman equation contribution to the binding energy and @/Cr) = —z,Fyo/

RT provides the electrostatic contribution, evaluated at
o’ = 200&OerRTZCiyed(e_‘FWRT— 1)  (11) infinite low degree of binding where the surface potential
[ 1o has the value it would have in the complete absence of
charged peptide. The calculated value for the electrostatic
free energy contribution is thus directly related to the
effective peptide chargg and is very similar for RV (—7.2

where €, is the permittivity in a vacuume, denotes the
relative dielectric permittivity of waterCieq is the bulk

Colr‘ce””a}“r?” of t?gdth e'ed;o“t’.te' andz; (;? t'tsl Si%”ed 1 keal/mal) and TatPS9W-(7.1 kcalimol), slightly higher for
vaiency. 1he peptide concentration immediately above the penetratin 8.1 kcal/mol) and somewhat lower for TatLys-
membrane surface;y, can be calculated according to P5OW (~6.4 kcal/ mol)

_ - For penetratin, the experimentally determined hydrophobic
Cy=0C;ex Fy /R 12
M 1 eXp( % vod/RT) (12) contribution to the binding energy amountstat.0 kcal/

which accounts for the electrostatic attraction between the Mol- This hydrophobic energy contribution can be viewed

peptide and the membrane. The membrane binding can nowS & combination of partitioning of the peptide from the
be described by a surface partition equilibrium aqueous phase into the membrane and the formation of inter-

or intramolecular hydrogen bonds as the peptide forms a

r=K.Cnu (13) secondary structure. Assuming that the two tryptophan
residues of penetratin penetrate to a similar extent into the
whereK, is the surface partition constant. membrane, the data from the study of quenching by

Since both the effective peptide charggand the surface  brominated lipids indicate a tryptophan position approxi-
potential are unknown, the above set of equations must bemately 10 A from the bilayer center. From this observation
solved by iteration. By assuming a value fr eqs 8-12 alone, however, we cannot determine the position of the
were solved for each pair ofandC; values, and the resulting  peptide as a whole within the interfacial region, nor to what
Cwu values were plotted against This procedure was extent the peptide penetrates into the hydrocarbon region of
repeated for a range & values in search of thg, that the membrane. For penetratin, a significant favorable energy
corresponds to the best fit to the experimental data accordingcontribution is obtained from the formation of anhelical
to eq 13. Table 6 shows the optimal valuezpandK, for structure. Our previous study of penetratin binding to DOPC/
the peptides under investigation and the correspondingDOPG vesicles indicated a helical contente60%, regard-
theoretical binding isotherms are shown as solid lines in less of DOPC/DOPG ratidlf), at low peptide to lipid molar
Figure 1. Although it is possible that the inclusion of DSPE- ratios where no vesicle aggregation occurs. A similar CD
PEG slightly influences the peptide binding by some mech- spectrum was obtained in vesicles containing 5 mol % DSPE-
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PEG in the present study (Figure 4). The formation of an quenching constant&§y) for Ac-18A-NH, agree well with
a-helix can compensate for the increase in free energy published datag4). The quenching constants for Ac-18A-
associated with partitioning of the relatively hydrophilic NH,, penetratin, RV, TatP59W, and TatLysP59W in buffer
peptide into the membrane. The charged arginine and lysinewere found to be 6690% of that of free tryptophan. The
residues especially give unfavorable contributions to the Ksy values are comparable kKxsy values obtained for other
partitioning of the peptide into the membrane interfac®.( moderately hydrophobic peptides, e.g., melittin (12.5'M
The experimental values for the hydrophobic free energy (87) and nisin {1). Together with the finding that the
of binding for RW, TatP59W, and TatLysP59W in our study peptides exhibit an emission maximum close to that of free
are —3.4, —2.1, and—1.0 kcal/mol, respectively. The CD tryptophan, this shows that the tryptophan residues are readily
data indicate that none of the three peptides forms an orderedaccessible to the solvent, indicating that the peptides are not
structure upon association with the vesicle membranes.aggregated when dissolved in buffer. Addition of DOPC/
Partitioning of the entire peptides, which are rich in arginine DOPG (60/40) vesicles, on the other hand, is accompanied
and lysine residues, into the bilayer thus seems unlikely. It by a blue shift in tryptophan fluorescence and an increase
has been suggested that highly charged hydrophilic peptidesn intensity. The tryptophan residue is protected from
without a significant fraction of hydrophobic residues, e.g., quenching by acrylamide, as evidenced by a strong decrease
oligolysines {9, 80), do not penetrate the interface of lipid in Ksy, indicating that the tryptophan is inserted into the lipid
membranes but assume a position several Ahgstrabove bilayer. For acrylamide concentratior®.1 M, the Sters
the lipid headgroups. This is attributed to a dehydration effect Volmer plots exhibit an upward curvature (data not shown),
that would occur when the charged peptide approaches theindicating the presence of static quenchidd)( The devia-
membrane interfaceB0—83). Nevertheless, in the case of tion from linearity is, however, smaller for membrane-bound
R/W, TatP59W, and TatLysP59W, the blue shift and increase peptides, indicating that the static quenching is prevented
in quantum yield observed for the tryptophan residues of by peptide insertion into the bilayer. When calculating the
these peptides is indicative of transfer from the aqueous phasenormalized accessibility factor (naf) for the various peptides,
to the less polar environment of the lipid bilayer. Further- very similar results are obviously obtained (Table 2), which
more, our measurements of the quenching of tryptophanwould suggest a similar extent of shielding from acrylamide
fluorescence by acrylamide and by brominated lipids (Tables quenching. However, the reduction of the quenching con-
2 and 4) suggest that the tryptophans ofAR TatP59W, stants upon peptide binding cannot be taken as a direct
and TatLysP59W all penetrate into the vesicle bilayers) measure of the relative accessibility of the tryptophan
A from the bilayer center, as for penetratin. One could residues to the solvent. Other factors may also influence the
speculate that the C-terminal part of these peptides, containtesults, such as the slower translational diffusion of the
ing the hydrophobic tryptophan residue and the amidated peptide when it is associated with the vesicle membrane and
C-terminus, dips down into the membrane interior, while the changes in tryptophan fluorescence lifetimes upon membrane
highly charged N-terminal part is localized somewhere in binding ©5). Assuming that these factors contribute ap-
the membrane interface. This would result in less unfavorable proximately equally to the reduction of the acrylamide
energy contributions than transfer of the entire peptide into quenching constants for the peptides investigated, the data
the membrane interface. In this context, it is worth mention- suggest that the tryptophan residues of the various peptides
ing that for class A amphipathic helixes, a “snorkel” model are inserted into the bilayer to a similar extent. The smaller
has been proposed, to explain the observation of penetratiomaf value for penetratin could reflect its stronger membrane
of the helix into the hydrophobic interior of lipid bilayers affinity, leading to a smaller population of free peptide.
despite a high content of positively charged amino acid Without detailed fluorescence lifetimes data for the peptides,
residues®4, 84). In this model, extension of the hydrocarbon however, a quantitative analysis of the quenching process is
chains of arginine and lysine residues toward the headgroupnot possible. Th&sy values obtained for penetratin in buffer
region of the bilayer permits their charged moieties to be and the presence of DOPC/DOPG vesicles are close to the
located in a polar environment although the helix axis resides quenching constants reported earlier for penetratin in Tris
in the hydrocarbon region of the lipid bilayer. Such an buffer and associated with EggPC/phosphatidylserine LUVs
arrangement would aid the penetration of the C-terminal part (22), but differ from those reported in another study of
of R;W, TatP59W, and TatLysP59W into the lipid bilayers. penetratin association with POPG/ POPC small unilamellar
The lysine-substituted Tat peptide has a weaker membranevesicles 18).
affinity than its parent peptide, mainly due to the weaker  The studies of the quenching of tryptophan fluorescence
hydrophobic contribution. Differences in membrane affinity by brominated lipids yield more information and are in
between oligoarginines and oligolysines have been reportedagreement with the acrylamide quenching data for all
earlier (79, 85). Indeed, computer simulations have suggested peptides investigated. A tryptophan insertion depth of 10
that there exists a strong and specific interaction between11 A from the bilayer center was obtained, according to both
arginine residues and the phosphate group of membraneDA and PM analysis. The tryptophan moiety of TOE is
lipids (86). seemingly inserted somewhat deeper, on an average residing
Quenching ExperimentShe presence of intrinsic tryp- 9.6 A from the bilayer center according to distribution
tophan residues in the peptides allows comparison of theanalysis and 10.2 A according to PM. This is deeper than
peptides by fluorescence quenching experiments. As refer-what has been reported previously by Ladokhin et al., using
ence compounds, a well characterized 18-residue amphipathivesicles composed entirely of brominated lipids (3013.3
class A peptide (Ac-18A-Np) and tryptophan octyl ester A) (60) and Abrams, using spin-labeled phospholipids
(TOE) were used. First, the neutral, water-soluble quencherincorporated into DOPC vesicles (13.5 A)7j. At this point
acrylamide was used (Table 2). The measured Stéatmer we cannot explain this discrepancy, but note that the
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membranes used in this study are anionic whereas those usedonfirmed that neither TOE, Ac-18A-NHnor penetratin
in previous studies have been zwitterionic. As a control of induced flip-flop (data not shown). Given the very similar
the accuracy of our measurements, melittin was investigated.RET results (Table 5), this is concluded to be the case also
The tryptophan penetration depth of melittin is in excellent for the other peptides.
agreement with results from a study on vesicles very similar The second, and most probable explanation for the
to ours containing 60% anionic DOPGY) as well as with observed RET for the peptides examined, is instead trans-
other results 48, 49, 59, 60). Yau et al. have shown that membrane energy transfer. The lysoMC method relies on
four tryptophan analogues, including the tryptophan chro- the assumption that the tryptophan residues in the compounds
mophore indole, as well as a tryptophan-containing tripeptide investigated reside near the membrane interface rather than
show a strong preference for the membrane interfacial regiondeep in the hydrocarbon core of the membrane. A shallow
residing close to the glycerol group88]. The authors bilayer penetration of tryptophan yields a small trans-
hypothesize that there might exist a balance between themembrane energy transfer to lysoMC molecules located in
hydrophobic effect pushing the tryptophan residue toward the opposite leaflet of the membrane. Tryptophans located
the hydrocarbon region and electrostatic interactions makingat the bilayer center, on the other hand, would be equally
the hydrated headgroup region favorable. It has beenquenched by lysoMC present in either leaflet. To be able to
established that aromatic residues, particularly tryptophan andaccurately interpret the quenching data, it is therefore
tyrosine, in integral membrane proteins are often found at desirable to establish the penetration depth of the tryptophan
the lipid/water interface89—91). The aromatic residues have residues in the compounds investigated. Deeply buried
been suggested to function as “floats” that position trans- tryptophans generally have an emission maximum below 320
membrane helices within the bilay&2). Nevertheless, there  nm, while interfacial tryptophans exhibit emission maxima
are numerous reports on amphipathic peptides that insert theilat wavelengths between 321 and 339 r88, @8). All the
tryptophan residues into the hydrocarbon core region of the compounds examined here, including TOE, fall into to the
membrane. These peptides predominantly bind with an orien-latter category. The emission maximum wavelength may not,
tation parallel to the membrane surfaés,(59, 93—97). however, be taken as a direct measure of the depth of
Peptide Translocation in Large Unilamellar Vesicl&ge penetration for the tryptophan residue, since the position of
recently showed that penetratin, as well as some of analogueghe emission maximum is the result of a combination of
of penetratin, does not translocate across the membranes o$hielding of tryptophan from the aqueous solution by
large, unilamellar vesicles of various lipid compositions insertion into the membrane and effects due to peptide-
(Persson et al., unpublished experiments). In the presentinduced alterations of the water penetration into the mem-
study, the lysoMC assay for translocation of tryptophan- brane. However, the data from the study of quenching of
containing compounds (Table 5) clearly indicates that none tryptophan fluorescence by brominated lipid, discussed
of the peptides penetratin, W, TatP59W, and TatLysP59W  above, unequivocally showed that the tryptophans of all the
is able to translocate across the membranes of large unila-compounds examined here reside approximately in the same
mellar vesicles under the experimental conditions used here.region of the lipid bilayer. This justifies the direct comparison
This is shown by the minor extent of resonance energy of the RET efficiency for the peptides examined. Although
transfer between the tryptophan residues of the exogenoushthe penetration depth was only determined for a lipid
added peptides and lysoMC, present in the inner leaflet of composition of PC/PG (60/40), a similar membrane penetra-
the vesicle membranes. A similar, low efficiency of energy tion for the peptides in this study is likely for the other vesicle
transfer was obtained for Ac-18A-NHwhich has been  compositions examined in the lysoMC study. This strongly
shown not to translocate across the membranes of POPC angupports the conclusions of the translocation study, that all
POPG LUVs 83). This is likely to be the case also in the of the peptides bind to the vesicle membranes and remain
present study. The observation of a nonzero efficiency of in the outer leaflet.
energy transfer{5—10%) for all the peptides may have two Peptide translocation in LUVs was studied at low peptide
explanations. First, there is a possibility that the distribution to lipid molar ratios, where essentially all of the peptide is
of lysoMC lipids in the vesicle membranes is not perfectly bound to the lipid membranes. The binding is instantaneous,
asymmetric, i.e., that some lysoMC molecules remain in the as indicated by the immediate appearance of blue shift and
outer leaflet. However, the sensitive fluorescence assay forincrease in intensity of the tryptophan emission spectrum
lysoMC asymmetry shows that the remaining lysoMC in the upon association of the peptide with unlabeled vesicles. No
outer leaflet after five “washing” cycles amounts to only change in tryptophan fluorescence is thereafter observed with
~1% of the amount of the lysoMC present in the outer leaflet time. Likewise, the lysoMC assay yielded the same results
of the symmetrically labeled vesicles. This very small regardless of the elapsed time between peptide addition and
fraction of lysoMC could not have any significant impact the beginning of data acquisition, which was varied between
on the results. The lysoMC asymmetry might be lost in the 10 s and 30 min (data not shown). This shows that no slow
presence of membrane-bound peptides, due to peptidetranslocation process takes place. Such translocation has been
induced transhilayer movement of lipids, flip-flop. This reported for pore-forming peptides, e.g., magainin and
possibility can, however, be ruled out from experiments melittin (99, 100). In the case of penetratin, it has earlier
involving exchange of lysoMC between symmetrically been shown that no slow peptide translocation due to pore
labeled vesicles and vesicles containing the nonexchangeabléormation occurs Z0). Our results are supported by recent
lipid probe NBD-PE, which acts as a quencher of lysoMC binding studies of Tat(4#57), which suggest binding of the
fluorescence. Thus, for TOE and Ac-18A-BHt has been peptide to the vesicle outside onl§1).
established that no flip-flop be induced in POPC or POPG  Peptide Translocation in Giant Unilamellar Vesiclds.
vesicles 83). The same experiments applied to our vesicles a previous study, we showed by fluorescence microscopy
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that penetratin is able to translocate across the membrane€ONCLUSION
of giant unilamellar vesicles (GUVs18). Since the results

of the lysoMC assay showed that this is not the case for
large unilamellar vesicles (LUVSs), the interaction of CPPs
with giant vesicles was reexamined, using confocal laser
scanning microscopy, to establish whether the observed
differences in translocation ability was due to the choice of
lipid model system. Contrary to the LUV experiments\\R
TatP59W, and TatLysP59W, and penetratin were found to
be able to translocate across the membranes of GUVs an
reach the interior of the vesicles (Figure 7). By adding the
peptide at the top of the droplet on the coverslip and allowing

the pept!de to d|ffus§a to _the vesmlgs on the SWface’ r,athervariations in affinity for other constituents on the cell surface,
than mixing th(_a sqlutlon, itwas pos_smle to monitor the time- such as glycosaminoglycans, are responsible for the observed
course of peptide |nternallzat|on '(F|gur.e 6). The.resglts show differences in cell surface binding. For Tat{47), a strong

that. _the t.ranslocatlon process is rapid, resulting in a _fast affinity for heparan sulfate has been reportéd)( and
equmt_)ranon across the GUV membranes for all the peptides binding to heparan sulfate has also been reported to be
examined. essential for translocation of the Tat proteir0®, 103).

The control experiments using a 20-mer oligonucleotide  The issue of whether the peptides are able to translocate
labeled with fluorescein show that the giant vesicles obtained across protein-free lipid bilayers was also addressed, in view
by the dehydration/rehydration method used are very het- of results from cell studies indicating;®/ to be internalized
erogeneous as to their barrier properties. The MLVs are by cells by an energy-independent mechanism, while pen-
obviously not composed of closed bilayer structures, as theetratin was taken up by endocytosis and TatLysP59W was
passive diffusion of the negatively charged oligonucleotide not taken up at allZ7). Two different model systems were
into the interior of the MLVs is not hindered. GUVs that used: large unilamellar vesicles and giant unilamellar
were attached to the MLVs were also permeable to the vesicles. Surprisingly, in the former model system, none of
oligonucleotide. One could speculate that the oligonucleotide the peptides was able to translocate across the lipid bilayers,
could access the interior of these GUVs via the MLVs that while in the latter, all of the peptides could traverse the
they were connected to, since the nature of the vesicle membranes. There is thus no simple correlation between the
junction is unknown. Free-standing GUVs (vesicles not results for peptide translocation in model systems and cellular
attached to an MLV), on the other hand, were generally less uptake, and we conclude that under the present conditions,
permeable to the oligonucleotide (Figure 8), suggesting that peptide-lipid interactions alone cannot explain the mecha-
the bilayers of these GUVs were intact and nonleaky. nism of cellular uptake of CPPs.

Notably, the access of the peptides to the interior of such
free-standing GUVs was not restricted. ACKNOWLEDGMENT
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the reason for the observed differences in barrier propertiesThe confocal microscopy study was conducted at the Centre
of the LUV and GUV membranes, but note that similar for Biophysical Imaging at Chalmers, which is financed by
observations have been reported for proteins (DNases andSWEGENE.

RNases) added either to GUVs formed by electroformation

or LUVs prepared by extrusiori(Q1). The differences were APPENDIX
attributed to the fluid and dynamic behavior of GUVs,  For calculation of the binding isotherms, a procedure
compared to the relatively compact structure of LU¥8Y). involving least-squares projection in combination with
However, the current lack of knowledge of the precise singular value decomposition (SVD) was us#&8, (L04). The
structural details of GUVs makes it difficult to determine spectra were collected as columns with one intensity value
whether the differences in the translocation of CPPs in LUVs per wavelength in a matrix of datB. This matrix was
and GUVs reported here are due to the nature of the peptidefactorized by SVD according to

lipid interactions or to the intrinsic properties of the two

model systems. One important issue, which must be inves- D= USV (A1)
tigated in future studies, is which of the two model sys-

tems that represents the better model for biological mem- whereU andV have orthonormal column&J{U = VTV =
branes. I) and S is zero except along the diagonal which contains

In this paper, the membrane binding and translocation of
four different peptides were examined, to determine whether
differences in their interactions with lipid model membranes
could explain their vastly different uptake characteristics in
live cells 7). The affinity of TatLysP59W for the surfaces
of cells is very weak compared to penetratin, TatP59W, and
R;W. Although a slightly weaker binding to phospholipid

esicles was observed for TatLysP59W, compared to that
or the other peptides, the relatively small difference in lipid
affinity cannot explain the very large difference in cell
association observed in live cells. It is thus more likely, that
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the nonnegative singular values. It was found that only two 14
singular values were significantly larger than zero and that
they were the only singular values associated with nonran-
domU columns. This is consistent with the hypothesis that
two species, free and bound peptide, within experimental
errors, account for the emission spectra of the whole titration:

15

D~ RC' (A2)
whereR is the reference spectra matrix a@ds the peptide
concentration matrixk thus has two columns, the emission
spectra of free and bound peptide at unit concentration,
respectively, and the two columns Gfcontain the concen-
trations of free and membrane-bound pepti@eandCy, in

the titration. The concentratior@ could be obtained by a
least-squares projection of the emission spectfa an the
space ofR:

C'=RR'RD (A3)

20.

To ensure a negligible concentration of free peptide when

measuring the reference spectrum of bound peptide, an excessy;.

lipid concentration was used.
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