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ABSTRACT. Fluorescent-labeled derivatives of thatennapedialerived cell-penetating peptide penetratin,

and of the simpler but similarly charged peptide&SR—NH, and KkGC—NH,, are shown to be able to
translocate into large unilamellar lipid vesicles in the presence of a transhilayer potential (inside negative).
Vesicles with diverse lipid compositions, and combining physiological proportions of neutral and anionic
lipids, are able to support substantial potential-dependent uptake of all three cationic peptides. The efficiency
of peptide uptake under these conditions is strongly modulated by the vesicle lipid composition, in a
manner that suggests that more than one mechanism of peptide uptake may operate in different systems.
Remarkably, peptide uptake is accompanied by only minor perturbations of the overall barrier function
of the lipid bilayer, as assessed by assays of vesicle leakiness under the same conditions. Fluorescence
microscopy of living CV-1 and Hela cells incubated with the labeled peptides shows that the peptides
accumulate in peripheral vesicular structures at early times of incubation, consistent with an initial
endosomal localization as recently reported, but gradually accumulate in the cytoplasm and nucleus during
more extended incubations (several hours). Our findings indicate that these relatively hydrophilic, polybasic
cell-penetrating peptides can translocate through lipid bilayers by a potential- and composition-dependent
pathway that causes only minimal perturbation to the overall integrity and barrier function of the bilayer.

Cell-penetrating cationic peptides have attracted much peptide penetratin, the amino acid480 sequence of the
interest in the light of their capacity to mediate cellular uptake HIV Tat protein, and even simple polyarginine-based se-
and intracellular activity of associated peptide sequences,quences@—9) are highly positively charged but exhibit at
proteins, and other bioactive moleculds Z). Many mem- most a very limited amphiphilic character and do not appear
brane-associating toxic peptides exhibit a markedly amphi- to form classical pores in lipid bilayers.
pathic character and appear to translocate across membranes Early fluorescence-microscopic observations suggesting
by pore formation §—5). By contrast, cell-penetrating that cationic cell-penetrating peptides very rapidly traverse
peptides such as th&ntennapediehomeodomain-derived  the plasma membrane have been challenged by more recent

studies which suggest that in live, unfixed cells, after
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with intact mammalian cells for periods of hourks(-18), bilayer potential, these peptides can translocate at significant
and an exogenously add@dtennapedialerived peptide has  rates into lipid vesicles, in a manner that is strongly
been shown by microscopy to reach the cell nucleus afterinfluenced by the vesicle composition. Strikingly, the uptake
incubation on a similar time scale with cultured neurat).( of these polybasic peptides into vesicles can proceed with
These observations suggest that rapid internalization of suchminimal perturbation of overall vesicle integrity, suggesting
peptides to the endosomal compartment may be followed that the mechanism of transbilayer uptake for these species
by slower translocation to the cytoplasm, and thereby to other may differ substantially from that employed by more classical
intracellular compartments if the peptides bear appropriate pore-forming amphiphilic peptides.
targeting signals.

If the initial interactions of cationic cell-penetrating MATERIALS AND METHODS
peptides with mammalian cells are becoming clearer, the . . . .
mechanism by which these peptides subsequently translocate .Matenals Phqspho— and sphmgollplds were obtained from
to the cytoplasm (and thence to other nonendocytic compart->!9ma (St. Louis, MO) or Avanti Polar Lipids (Alabaster,

; ; : . AL). Lipid stock solutions were prepared in GEl, or CH,-
ments) remains enigmatic. A lipid-based pathway for mem- . .
brane translocation of cell-penetrating peptides has beenCl2Mmethanol, standardized by phosphate determinaon (

suggested based on the lack of clear evidence for sequence2nd Stored under argon-20°C. Soybean asolectin (Sigma,

e : ; - -a-phosphatidylcholine type II-S) was freed of neutral lipids
specific determinants of peptide uptaké 12), on findings L-0-pnOSE X
that suggest a strong correlation of uptake with lipid-binding &S described by Kagawa et ak7j. Stock solutions of

affinity (20), and on observations that penetratin can promote polyunsaturated lipids were preP"?‘red containing b_utylated
formation of nonlamellar structures in lipid extracts from nydroxytoluene (1:250 mol/mol lipid) and used within four

embryonic rat brain, although not in mixtures of synthetic weeks of preparation. Diphytanch(7-nitrobenz-2-oxa-1,3-
phosphatidylcholine (P€and phosphatidylserine (P1j. diazol-4-yl)- and diphytanoyN-(lissamine rhodamine B
To date, however, studies of the ability of basic cell- Sulfonyl)-phosphatidylethanolamine (NBD-PE and Rho-PE)

enetrating peptides to translocate across model lipid bilayersV€'® synthesized as de_scribed previougs, @9). Purities_
P 9 pep P 4 of lipid stocks were monitored by TLC. Fluorescent labeling

have given divergent results. Drin et &l3( 20) found that btained f lecul b
penetratin did not translocate significantly on a time scale "6@9ents were obtained from Molecular Probes (Eugene, OR).

of a few tens of minutes into small unilamellar vesicles ~ The penetratin peptide with a carboxy-terminal glycyl-
composed of mixtures combining synthetic PC with PS or cysteinamide extension (RQKIWFQNRRMKWKKCG-NH
phosphatidylglycerol (PG), and similar findings have been >95% purity as assessed by HPLC) was purchased from
reported for the cell-penetrating Tat pepti@8)( By contrast, ~ American Peptide Company (Sunnyvale, CA)GR—NH,
fluorescence-microscopic findings have been reported whichand KGC—NH; were synthesized by solid-phase synthesis
suggest that penetratin may traverse the membranes of giant!sing Fmoc chemistry and purified by HPLC. Peptide masses
unilamellar vesicles prepared from soybean asole@). (  Wwere confirmed by mass spectrometry. Fluorescent deriva-
It has also been suggested that at very high ratios of bilayer-tives of these peptides were prepared by reacting Amol
bound penetratin to lipid, the peptide may directly destabilize Of peptide overnight and under argon (with exclusion of light)
the bilayer through electrostatically induced stres&8 (t with a 4-fold molar excess df,N'-dimethyl-N-(iodoacetyl)-

is not clear to what extent these divergent model-system N'-(NBD)ethylenediamine (IANBD amide) or monobromo-
findings may reflect differences in the composition, size, or bimane or fo 6 h under argon with a 2-fold excess of Texas
other features of the lipid vesicles examined in each study. Red-G-maleimide, in 0.4 mL of 1:1 DMF/50 mM aq MOPS,
As noted previously, it is also possible that transmembranePH 7.0. The reaction mixture was dried, and the labeled
movement of cell-penetrating peptides in living cells is rather peptide was three times precipitated from a minimum volume
slower than initially hypothesized, and than some model- of 1:1 methanol/10 mM aq NaCl with 6 mL of cold acetone,
system studies reported to date have been designed tdhen redissolved in 250L of 2% aqg acetic acid and passed

examine. through a 2.5 mL column of Sephadex G-15 (packed and
In this study, we have examined the ability of penetratin eluted in 50 mM ammonium acetate) to remove a small
and of two simpler peptides of comparable chargegd@&— slower-eluting fluorescent band. The eluted peptide was

NH, and KsGC—NH,) to traverse lipid membranes with ~finally lyophilized, redissolved in 25@L of sterile water,
diverse compositions, on a broad range of time scales andand stored in aliquots at70°C. TLC of the labeled peptide

in the presence or absence of a transbilayer potential gradientPreparations on silica gel 60 plates (in 50:20:15:10:6 v/viv/
In the absence of a transbilayer potential, such peptides show/v CH:Cl/acetone/methanol/acetic acid/water) showed com-
at best very slow rates of translocation into lipid vesicles of Plete removal of unconjugated fluorescent material.
diverse compositions. However, in the presence of a trans- MyristoylGlyHis-edNBD (mGH-edNBD) was prepared by
successively coupling mong-NBD-ethylenediamine30)

1 Abbreviations: DMF, dimethylformamide; DO-, dioleoyl- (PC, 10 N-Fmoc-(-trityl)-histidine, to Fmoc-glycine, and finally
etc.); ePC, egg yolk phosphatidylcholine; LUV, large unilamellar to myristic acid, using methods described previoudl§) (
vesicles; MOPS, 3{morpholino)propaneslfonic acid: ’S‘;Rég‘”i' After the final coupling reaction, the probe was side chain-
robenz-2-oxa-1,3-diazol-4-yl-; -PE, 1,2-diphytan - . L o ;
phosphatidylethanolamine; PA, phosphatidic acid; PC, phosphatidyl- deProtected by incubation in 66:33:4:4:2 &/trifluoro-
choline; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PO-, acetic acid/dimethyl sulfide/water/triethylsilane (25, 1 h)
1-palmitoyl-2-oleoyl- (PC, etc.); PS, phosphatidylserine; Rho-PE, and finally purified by preparative TLC in 75:25:1 (v/v/v)

diphytanol N-(lissamine rhodamine B sulfonyl)-phosphatidylethanol- ; ; ; _
amine; soy PI, phosphatidylinositol from soybean; tPE, PE prepared CH,Clo/methanol/acetic acid. MyristoylGlyArgLys(NBD)

from egg PC by transphosphatidylation; TLC, thin-layer chromatog- OH (MGRK(NBD)-OH) was prepared by a similar strategy
raphy. but initially incorporating the lysine residue in itstert-
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+HNP N ref 34) that in the presence of valinomycin, anionic lipid-
= NO, containing vesicles such as those prepared here can develop
H 9 H a maximum transhilayer potential 6f110 to—130 mV. For
013"'27\“/"‘\)1\,\, N\/\N/Q\(N nearly all of the vesicle compositions and incubation condi-
o} H oo HoN-¢ tions examined in this study, vesicle aggregation in the

presence of peptides (as assessed by an increase in turbidity)
was negligible or very limited. Addition of penetratin to
vesicles combining phosphatidylcholine/phosphatidyletha-
nolamine/cholesterol mixtures with phosphatidic acid, car-

diolipin, or (particularly) lysobis-/semilysobis-phosphatidic
OoN acid led to a significant increase in vesicle turbidity.
2

myristoylGlyHis-edNBD (mGH-edNBD)

However, even in these latter cases, the vesicles remained

N . .
well-dispersed throughout the course of the experiment.

The extent of internalization of NBD-labeled peptides into

N NH
vesicles after incubation for various times was normally
determined by dithionite reductior2?). Briefly, 200 uL
0 hoo aliquots of the vesicle/peptide incubation mixtures were
Co )J\N/\H,N N o- injected into 2.8 mL of N&-buffer in a fluorometer cuvette
R Ho with stirring at 37°C, and 30uL of 1 M freshly prepared
sodium dithionite was then added while continuously record-
ing the fluorescence (470/538 nm, slit widths 10/10 nm) in
NH a Perkin-Elmer LS-50B luminescence spectrometer with a
HZN—< thermostated sample chamber. The percentage of NBD-
NHz+ labeled peptide internalized into the vesicles was determined
. from the fluorescence traces as illustrated in Figure 2B.
myristoylGlyArgLys(NBD)-OH (mGRK(NBD)-OH) In an alternative assay for peptide internalization into
FIGUEE r%':le Sntqrgﬁuégls\l é)lfj tgﬁdtittrl'?(taak;lvevi t?za?ﬁic?giic? \\//g::gllglg:ggmg vesicles, K-buffer-loaded donor lipid vesicles (combining
amphiphi - - ioni ini ot i i
cohBhle TGRS ol The ised o Shoun v the 1186 AN posprolce wete Tt e pate i
principal ones expected to be present when bound to a negatively s : .
charged lipid bilayer. buffer at 37°C as described previously. Aliquots of the
incubation mixtures (20@L) were injected into 2.8 mL of
butoxycarbonyl-protected form and labeling the lysine Na*-buffer while continuously recording the fluorescence
e-amino group with NBD-fluoride after deprotecting the at37°C (470/538 nm [slit widths 10/10 nm] for NBD-labeled
completed acylpeptide. The final NBD-labeled products were peptides or 390/468 nm [slidwidths 10/10 nm] for bimane-
stored (and added to vesicles) as 280 stock solutions in labeled peptides). A total of AL of 5 mM sonicated DOPG
ethanol. acceptor vesicles, incorporating 2 mol % of Rho-PE or NBD-
Large Unilamellar Vesicle Preparation&ipid mixtures PE, was then added. Under these conditions, the more
(3—10 umol) were dried down under a stream of nitrogen negatively charged DOPG acceptor vesicles rapidly bound
at 45-55 °C from CHCly/methanol (3:1) and further (and hence quenched the fluorescence of) essentially all of
incubated under high vacuum for-8 h to remove residual  the labeled peptide molecules remaining outside the donor
traces of solvent. The dried lipids were dispersed in 0.5 mL vesicles at the moment of acceptor vesicle addition (a result
of K- or Na“-buffer (128 mM KCI or NaCl, respectively, confirmed by control experiments using varying concentra-
10 mM MOPS, 0.1 mM EDTA, titrated with KOH or NaOH tions of donor and acceptor vesicles under conditions in
to pH 7.4) by vortexing above the transition temperature, which peptide internalization was negligible). The percentage
then five times freeze/thawed using ethanol/dry ice, and of labeled peptide uptake into donor vesicles was determined
finally extruded 25 times through polycarbonate filters (pore from the fluorescence data as described in the legend to
size 0.1um unless otherwise indicated) using a hand-held Figure 5B.

extruder 82). Potassium-loaded vesicles in Nhauffer were Assays of Vesicle Contents Release and Lipid Mixing
prepared by passing vesicles prepared tRlffer through Release of vesicle contents was determined by dequenching
a 10 mL column of Sephadex G-75 packed intNuuffer. of the fluorescence of calcein entrapped at a self-quenching
Vesicle lipid concentrations were quantitated by phosphorus concentration (40 mM, combined with 5 mM Tes, 0.1 mM
determination Z6). EDTA, 64 mM KCI) in vesicles. Calcein-loaded vesicles

Assays of Peptide Translocatiohipid vesicles were  were incubated with or without penetratin and valinomycin
incubated for varying times with labeled peptides, except as for the other assays described previously, and the extent
where otherwise indicated, at lipid and peptide concentrationsof calcein release was determined by measuring the fluo-
of 500 and 0.5«M, respectively, at 37C and under argon  rescence (490/520 nm, slit widths 2.5/2.5 nm) before and
with exclusion of light. Where indicated, valinomycin (from after the addition of Triton X-100 (to 0.5%) to lyse the
ethanolic solution, final ethanol concentratigi®.2%) was vesicles 85).
added to the vesicles at a ratio of 1:200 000 mol/mol lipid.  To assay lipid mixing between vesicles, two populations
An equal level of ethanol was added to parallel samples of K*-buffer-loaded vesicles, one incorporating 1 mol %
incubated without valinomycin. We have shown previously NBD-PE/0.5 mol % Rho-PE and the second unlabeled, were
(ref 33; Skerjanc and Silvius, unpublished results; see also coincubated (at 100 and 4@/ vesicle lipid, respectively)
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120 T T T in Na-buffer at 37 °C with or without bimane-labeled
¢‘ A penetratin (0.5:M) and valinomycin (1:200 000) mol/mol
lipid). The fluorescence of diluted aliquots of the samples

100 100 - was then determined (wavelengths 470/538 nm, slit widths
w . ' ' ' ' 10/10 nm) before and after adding Triton X-100 (to 1% wi/v).
€ £ The extent of lipid mixing was determined as described
> c ] . . .
> 80 | 2 4 previously @9) from these two readings and parallel readings
®© g for control samples of vesicles with compositions corre-
¥ < sponding to 0 and 100% lipid mixing in the previous
S 60 L rY mixtures.
2 8 Cell-Peptide Incubations and Fluorescence Microscopy
S 3 CV-1 or Hela cells were grown to 8800% confluency on
3 40 L § i glass cover slips in Dulbecco’s minimum essential medium
g supplemented with 10% fetal bovine serum, 2 mM glutamine,
E and 50ug/mL gentamycin. Cell monolayers were twice

washed with serum-free medium, then incubated with Texas
Red-labeled peptides (500 nM) in the same medium for
varying times at 37C, and the live cells were imaged as
described previously80) on a Zeiss Axiovision 3.1 inverted
fluorescence microscope through a 63X oil-immersion objec-
tive.

RESULTS

Peptide Translocation in Absence of a Transbhilayer
Potential. For most of the experiments described here,
peptide internalization into vesicles was assayed by protection
from externally added sodium dithionité3, 22, 36). This
charged reagent rapidly reduces (and thereby quenches the
fluorescence of) NBD-labeled peptide molecules to which
it has access, but it only very slowly diffuses across lipid
bilayers. When a portion of the NBD-labeled peptide
molecules in a given sample is present inside vesicles, the
percentage of (blank-corrected) fluorescence that is resistant
to rapid quenching by externally added dithionite is equal
to the percentage of peptide molecules located within the
vesicles (illustrated in Figure 2B). Except where otherwise

20

Fluorescence (arbitrary units)

: F noted, in the experiments described here using NBD-labeled
0 Noo ... T e penetratin (or NBD-labeled myristoyl-peptides), the peptide
0 50 100 150 was essentially completely bound to lipid vesicles, as
assessed (not shown) by measuring the binding-dependent
Time (sec) enhancement of peptide fluorescence as a function of the

Ficure 2: Panel A-Time course of dithionite reduction of NBD- vesicle conc.entr_atlorB(Y, 38). . . . .
labeled penetratin after preincubation of the peptide with DOPC/  As shown in Figure 2A (main panel), after incubation with
DOPG (3:1) vesicles (500M lipid, 0.5 uM peptide) for 30 min at DOPC/DOPG (3:1 molar proportiorfsjarge unilamellar
37°C. A 200uL aliquot of the preincubated peptide/vesicle mixture  vesicles for times up to several tens of minutes in the absence
was injected into 2.8 mL of Niabuffer in the fluorometer cuvette of a transbilayer potential, NBD-labeled penetratin remains

at time zero. Subsequent addition of dithionite (10 mM, arrow) tiall letel ible t duction b i I
rapidly decreases the fluorescence signal to the baseline level®SSENUAlly cOmpletely accessibie 10 reduction by externally

measured for a control sample of vesicles without peptiggn(F added dithionite, indicating negllglble translocation of peptlde
dashed line), indicating negligible translocation of peptide into the under these conditions. Similar results were obtained for

vesicles. InsetThe titratable cationic probe mGH-edNBD was vesicles of several other lipid compositions tested (not
mixed with vesicles (10@M lipid, 0.1 uM mGH-edNBD) in the shown)

fluorometer cuvette at time zero, and dithionite was added at a ) . .
varying time thereafter (arrowshree separate traces are super- 10 determine whether NBD-labeled penetratin can diffuse

imposed). The fraction of probe internalized rises with increasing across lipid bilayers on longer time scales in the absence of
time of probe-vesicle incubation prior to dithionite addition (note g transbilayer potential, we incubated the labeled peptide with
the increasing proportion of fluorescence that is protected from rapid lipid vesicles of diverse compositions for 12 h at°&7, then

qguenching in curves 1, 2, and 3, respectively). PanelTBne - . - .
courses of dithionite reduction of mGH-edNBD after preincubation detérmined the extent of peptide translocation using the

with DOPCltetraoleoy! cardiolipin vesicles for 30 min at 3C. dithionite assay. As summarized in the second column of
Curve T-Incubation without a transbilayer potential gradient. The Table 1, in the absence of a transbilayer potential, vesicles
proportion of probe present inside the vesickesl00%&/(x + y), of a wide variety of compositions show very limited

wherex andy are measured as indicated) is roughly 50%. Curve
2—Incubation with a transbilayer potentiat (valinomycin, inside
negative); the proportion of probe present inside the vesicles 2All lipid compositions in this paper are specified as molar
increases to>95%. proportions.
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Table 1: Uptake of NBD-Labeled Penetratin into Large Unilamellar Vesicles of Various Compositions in the Presence or Absence of a
Transmembrane Potential

peptide uptake in 12%h

maintenance

vesicle composition —valinomycin +valinomycin of APe
POPC/POPA (3:1) 0.20.1 1.9+ 0.2 +++
POPC/POPE/POPA (3:3:2) 040.1 4.4+0.2 ++
DOPC/DOPA (3:1) 0.6:0.1 0.3+0.2 ++
POPC/POPE/POPA/Chol (3:3:2:4) Gt60.2 3.3+0.3 ++
DOPC/DOPE/DOPA (3:3:2) 1405 9.9+ 0.7 +
DOPC/DOPE/DOPA/Chol (3:3:2:4) 16801 244+ 1.5 +
DOPCI/CL (7:1) 0.7+ 0.2 2.3+ 04 ++
DOPC/DOPE/CL (3:3:2) 1404 11.5+ 0.7 ++
DOPC/DOPE/CL/Chol (3:3:2) 8.60.2 21.9+0.5 ++
POPC/LBPA/SLBPA (6:1:1) 0.4£0.1 242+ 1.6 +++
DOPCI/LBPA/SLBPA (6:1:1) 1.660.3 125+ 2.7 ++
DOPC/DOPE/LBPA
/SLBPA/Chol (3:3:1:1:4) 9.2221 17.0+£ 7.0 +
POPC/LBPA (3:1) 1.%01 33.0+ 1.4 +++
DOPC/LBPA (3:1) 4.0+ 0.9 17.4+ 6.5 ++
POPC/POPS (3:1) 0460.1 545+ 2.9 +++
POPC/POPE/POPS (3:3:2) 0t40.2 15.9+ 0.7 +++
ePC/ePE/DOPS (3:3:2) 170.3 5.8+ 0.6 +++
DOPC/DOPS (3:1) 1.204 6.5+ 3.4 ++
POPC/POPE/POPS/Chol (3:3:2:4) &@.1 6.0+ 0.3 ++
ePC/ePE/DOPS/Chol (3:3:2:4) 190.1 6.4+ 0.3 +++
DOPC/DOPE/DOPS (3:3:2) 2405 8.8+ 0.4 ++
DOPC/DOPE/DOPS/Chol (3:3:2:4) 101 8.9+ 0.2 ++
POPC/POPG (1:1) 3£0.3 58.7+ 1.7 +++
POPC/POPG (3:1) 1204 22.4+ 0.2 +++
DOPC/DOPG (1:1) 1.40.1 21.2+ 3.0 +++
DOPC/DOPG (3:1) 0.804 10.2+ 0.2 ++
DOPC/DOPE/DOPG (3:3:2) 2805 3.3+ 0.9 ++
DOPC/DOPE/DOPG/Chol (3:3:2:4) 090.1 9.4+ 0.4 +
POPC/soy PI (3:1) 2504 71.9+ 4.6 ++
ePC/soy PI (3:1) 1.%#0.2 64.9+ 0.5 +++
DOPC/soy PI (3:1) 7.%3.2 30.7+ 6.8 ++
POPC/soy Pl/Chol (3:1:2) 0&£0.1 27.1+5.9 +++
ePC/soy PI/Chol (3:1:2) 040.2 30.2+ 0.8 +++
DOPC/soy Pl/Chol (3:1:2) 0.£0.1 9.9+ 0.2 +++
DOPC/DOPE/soy PI/Chol (3:3:2:4) 140.3 7.0+ 0.6 ++
soybean asolectin 15+04 3.2+0.3 +
POPC/PH- Pl-phosphates (3:1) 13443 28.7+ 0.6 ++
DOPC/PI+ Pl-phosphates (3:1) 420.2 147+ 1.7 ++
ePC/SM/Gang/Chol (95:95:10:100) H30.5 9.8+ 2.3 ++
ePC/SM/Sulf/Gang/Chol (85:85:20:10:100) 26l.7 30.1+6.2 ++

aVesicles of the indicated compositions (50 lipid), loaded with Kf-buffer and suspended in Nduffer, were incubated for 12 h with
NBD-labeled penetratin (0.5 mM) at 3T under argon and with exclusion of light. The percentage of added peptide taken up by the vesicles was
then determined by the dithionite assay as discussed in the text. Data shown represent the 4&8agé duplicate or triplicate determinations
in each of at least two independent experimeh&pecial abbreviations used: CL, tetraoleoyl cardiolipin; LBPA, dioleoyl-lysobisphosphatidic
acid; SLBPA, trioleoyl-semilysobisphosphatidic acid; Chol, cholesterol; ePC, egg yolk phosphatidylcholirePIRbhosphates, yeast-derived
fraction composed of PI plus approximately 20% PI-mono- and diphosphates; SM, bovine brain sphingomyelin; Gang, mixed brain gangliosides;
Sulf, brain sulfatide¢ Determined from the maintenance of accumulation of mMGH-edNBD inside vesicles over time in the presence of valinomycin
and bimane-labeled penetratin as described in the text. The results of these measurements are summarized astfeilowsintains>90%
internalization of the probe for 6 h; ++: maintains>80% internalization of the probe feréh; +: shows<80% (typically, <70%) internalization
of the probe by 6 hdMajor lipid components comprise approximately 45% polyunsaturated phosphatidylcholine, 30% polyunsaturated
phosphatidylethanolamine, and 20% polyunsaturated phosphatidylinositol.

internalization of NBD-labeled peptide even after this inside the vesicles at equilibrium. It is thus apparent that in
extended incubation. As noted previously, for almost all the the absence of a transbilayer potential, transhilayer movement
lipid compositions tested (with the noteworthy exceptions of the labeled penetratin peptide is very slowl@s/h) for

of PC/sphingomyelin/ganglioside/cholesterol and PC/sphin- vesicles of diverse compositions. LUV with several lipid
gomyelin/sulfatide/ganglioside/cholesterol vesicles), virtually compositions tested (including soybean asolectin, DOPC/
all of the labeled peptide was vesicle-bound at the lipid DOPG, DOPC/DOPS, and ePC/tPE/DOPS/cholesterol) gave
concentration used in these experiments (50M), in very similar results when prepared by extrusion through 0.4
agreement with previously reported conclusions for similar um rather than 0.m pore-diameter filters (not shown).
systems 38, 39). When no potential gradient is present, As a positive control for the previous experiments, we
roughly 50% of the peptide therefore should accumulate incubated replicate portions of vesicles with the fluorescent-
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labeled vesicle-binding probe mGH-edNBD (see Figure 1), 100 T .
which like other titratable cationic amphiphiledQj can 0O 8 <o A
permeate across the bilayer in its unprotonated form. As 90 [ArA- o~ |
shown in the inset to Figure 2A, after addition to the vesicles, > )
an increasing proportion of this species becomes protected
from dithionite reduction over a period of several minutes.
After preincubation with vesicles for 30 min, the internal
(protected) fraction reaches the level of ca. 50% expected=
for a random distribution of probe molecules between the $ NN ~
inner and the outer vesicle leaflets (Figure 2B, curve 1). It T NN RS
is thus evident that the dithionite assay can faithfully detect g 60 |- NG N -
transbilayer movement of NBD-labeled peptides. B
Potential-Driven Penetratin  TranslocationEffects of ' Iz T o |
Lipid CompositionThe lipid vesicles used in the experiments 50 ' ' '
summarized in Table 1 were prepared with™-Kuffer
internally and Na-buffer externally, permitting the develop-
ment of a transbilayer potential (inside negative) upon the
addition of valinomycin (1:200 000 mol/mol lipid). The
results of measurements of the uptake of penetratin into suc
vesicles after an extended incubation (12 h at@Yin the
presence of valinomycin are summarized in the third column 5 0re ~ o .
of Table 1. For most of the vesicle compositions tested, :‘::.’ VoY Tl T e
imposition of a transbilayer potential substantially enhances ’
the internalization of labeled penetratin during such incuba- E
tions, in some cases to levels exceeding 50% of total peptide s~ R |
Comparable results were found for vesicles of several 50 : - .
compositions (including DOPC/DOPG, DOPC/soy PI, POPC/ 0 500 1000 1500
soy_PI, or POPC/POPS [3:1]_) when the incubations were Time (min)
Cam?d out at pH (.5'0 or 6.5 instead of 7.4 and vyhen _th_e Ficure 3: Time courses of internalization of mMGH-edNBD byK
peptide Co_ncemrat'on was dgcreased 3-fold at a fixed "P'd buffer-loaded lipid vesicles in Nabuffer in the presence of
concentration (see example in Figure 4B). Importantly, in valinomycin alone (filled symbols) or valinomycin and bimane-
parallel experiments using vesicles prepared with internal labeled penetratin (open symbols). Incubation mixtures contained
and external Nabuffer (including vesicles with all of the  lipid (500 «M), mGH-edNBD (0.5xM), and valinomycin (1:

L o 0 o 200 000 mol/mol lipid) with or without 0..xM penetratin (filled
lipid compositions that gave25% uptake of penetratin in and open symbols, respectively). Internalization of mGH-edNBD

the presence of valinomycin in the experiments summarizedp,y yesicles after incubation for the indicated times at*G@7was
in Table 1), no significant enhancement of penetratin measured as described in the text and as illustrated in Figure 2B.
internalization was observed in the presence versus thePanel A-(®,0) DOPCitetraoleoyl cardiolipin (6:1)a(A) DOPC/

absence of valinomycin (not shown). This result indicates DQF.A/E(gi136%5/3%;138*38/_%0:%?%%% gSS)P‘gS('gi? if)me'
tha_t a tra_nsmembrane pote_nt|al, and not the presence Osoybean asolectin, o# DOPC/DOPE/DOPA/cholesterol t3:3:2:
valinomycin per se, was required to enhance the translocatiory) vesicles.

of peptide into vesicles.

From the data shown in Table 1, it is evident that the edNBD-labeled lipid vesicles (6:1 DOPC/cardiolipin in the
different types of lipid vesicles examined vary widely in their example shown) the level of accumulation of the probe
ability to internalize penetratin during an extended incubation within the vesicles, assayed by dithionite reduction as
with the peptide and valinomycin. In principle, these dif- described previously, increases from 50 ¥®5%. As
ferences could reflect not only intrinsic effects of lipid illustrated in Figure 3A,B for vesicles of several composi-
composition on peptide translocation efficiency but also tions, the extent of internalization of mGH-edNBD subse-
variations in the abilities of vesicles with different composi- quently decays over time, at a rate that varies markedly with
tions to maintain a transbilayer potential during the prolonged lipid composition and that is only modestly enhanced in the
incubation period. To assess the effects of this latter factor presence of bimane-labeled penetratin (which as demon-
on the results listed in Table 1, we measured the potential-strated later interacts with vesicles in a manner very similar
dependent internalization of the titratable cationic amphiphile to the NBD-labeled peptide). This assay proved most suitable
mGH-edNBD by the different types of vesicles under to examine the maintenance of the transbilayer potential in
analogous conditions. large numbers of samples under the conditions used to

As discussed previously (see, e.g., réfsand41), lipid measure penetratin translocation. However, the results of
vesicles can internalize titratable cationic amphiphiles such parallel experiments using the potential-sensitive fluorescent
as mGH-edNBD to concentrations much higher than the dye diSG(5) (42) led to similar conclusions concerning the
extravesicular level when a transhilayer potential (inside abilities of different types of vesicles to maintain a trans-
negative) is imposed, as a consequence of the transmembrankilayer potential. In Table 1 (final column), we compare the
potential, and to a lesser degree, the creation of an attendanabilities of vesicles of different compositions to maintain a
pH gradient. This behavior is illustrated in Figure 2B, where transbilayer potential over time in the presence of valino-
within 30 min of the addition of valinomycin to mGH- mycin and (bimane-labeled) penetratin.
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Ficure 4: Time courses of uptake of NBD-labeled cationic peptides into lipid vesicles in the presence of a transbilayer potential. Peptides
were incubated with K-buffer-loaded vesicles in Nabuffer in the presence of valinomycin for the indicated times, and the uptake of
peptide into the vesicles was then assayed by protection from dithionite reduction. PaRERC/soy Pl vesicles incubated wit@)(
penetratin or M) R&GC—NH; or (O) POPC/POPS vesicles incubated with penetratin. Par@@PC/soy Pl (3:1) vesicles incubated with
(®) penetratin, ©) penetratin at 0.1&M rather than the normal 0.6M, (B) RsGC—NH,, or (A) mMGRK(NBD)-OH. Panel €DOPC/
DOPE/DOPA/cholesterol (3:3:2:4) vesicles incubated vhdenetratin, M) Re&GC—NH, or (o) KcGC—NH,. Panel B-ePC/sphingomyelin/
ganglioside/sulfatide/cholesterol (85:85:10:20:100) vesicles incubated@ifrefietratin orlM)RsGC—NH,. Other experimental conditions
were as described in the text.

Combining the results of our measurements of penetratin arranged in order of increasing estimated proclivity to form
translocation and of maintenance of a potential gradient for inverted nonlamellar phases (increasing as acyl chain un-
lipid vesicles of various compositions (Table 1, third and saturation, and content of phosphatidylethanolamine and/or
fourth columns), we can conclude that the efficiency of cholesterol, increasd8—45)). The blocks of data are in turn
potential-dependent transbilayer uptake of penetratin isordered in terms of increasing size of the anionic lipid
strongly dependent on the bilayer lipid composition. To headgroup, from phosphatidic acid (smallest) to gangliosides
facilitate analysis of the data shown in Table 1, the vesicle (largest).
lipid compositions have been organized into blocks, where From the results presented in Table 1, two patterns of
all compositions within a given block include the same dependence of the efficiency of penetratin translocation on
anionic lipid (e.g., phosphatidic acid, regardless of acyl chain lipid composition can be discerned. First, for vesicles
composition), and within each block the compositions are containing anionic lipids with small headgroups (e.g., phos-
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Table 2: Extents and Initial Rates of Internalization of Polybasic Peptides by Lipid VesicleSGt 37

peptide uptake in 12%h

initial rate
vesicle compositioh peptide —valinomycin ~+valinomycin of uptake (%/H)

DOPC/DOPE/DOPA (3:3:2) Pen 140.2 9.9+ 0.7 ND

Rs 0.8+1.1 19.1+ 1.1 ND

Ke 1.8+£0.2 29.6+ 2.2 ND
DOPC/DOPE/DOPA/Chol (3:3:2:4) Pen 100.1 26.2+ 1.3 14+1

Rs 13+1.1 349+ 1.1 21+ 2

Ke 2.0+ 05 36.2+ 1.6 34+1
DOPCI/LBPA/SLBPA (6:1:1) Pen 140.6 21.2+3.0 234+ 3.1

Rs 1.3+0.2 18.6+ 5.1 52+ 14

Ke 1.0+0.1 21.9+3.7 62+ 13
DOPC/DOPE/LBPA/SLBPA/Chol (3/3/1/1:4) Pen H24.2 29.3+ 0.7 ND

Rs 52.8+ 3.6 55.4+ 4.4 ND

Ke 53.6+1.1 64.1+ 5.1 ND
DOPC/DOPG (1:1) Pen 120.1 19.6+ 3.5 20+ 4

Rs 24+ 1.1 7.2+1.9 1.4+ 04

Ke 3.2+0.1 8.9+ 2.3 2.8+ 0.9
POPC/POPS (3:1) Pen 460.1 55.1+ 2.7 117+ 13
ePC/tPE/DOPS (3:3:2) Pen (190.1 6.4+ 0.4 ND

Rs 54+0.2 29.5+ 0.8 ND

Ke 594+0.3 31.0+£ 1.7 ND
POPC/Soy PI (3:1) Pen 54 3.7 66.4+ 4.7 243+ 73

Rs 6.3+ 2.7 79.8+5.6 218+ 26
DOPC/Soy PI (3:1) Pen 3104 26.8+7.1 43+ 12

Rs 10.1+1.7 52.84+10.2 46+ 10
POPC/PH- Pl-phosphates (3:1) Pen 13:44.3 28.9+0.2 91+ 6
ePC/SM/Gang/Sulf/Chol (85:85:10:20:100) Pen 2.06.6 34.8+1.7 28+ 2

Rs 3.1+0.8 252+ 2.2 8.2+ 1.0

aVesicles were incubated with NBD-labeled penetratigG8—NH,, or KsGC—NH; for 12 h at 37°C, and the percentage of peptide internalized
was then determined using the dithionite-reduction assay, as described for Table 1. Values indicated for penetratin were averaged only fota experim
in which penetratin was examined along with the other peptides indicated and hence may differ from the analogous values listed in Table 1.
b Special abbreviations for lipids are as indicated in footnote a for Table 1. The NBD-labeled peptides pene@&in\NR,, and KGC—NH; are
abbreviated respectively as Pen, Bnd K. ¢ Initial rates were determined by fitting time courses such as those shown in Figure 4 to an equation
of the form f¢) = A — B exp(—kt) with A, B, andk as adjustable parameters; the initial slope was calculated from the fitted valudé®).agalues
shown represent the averageh@lf-range) of duplicate determinations. NDot determined.

phatidic acid and cardiolipin), the efficiency of potential- labeled penetratin in the presence of a transbilayer potential.
dependent peptide internalization increases as the invertedrhis finding is noteworthy in view of the fact that these lipid
phase-forming proclivity of the lipid mixture increases. compositions mimic that of the extracytoplasmic leaflet of
Second, and in distinct contrast, for vesicles containing the plasma membrane and (most probably) of early endocytic
anionic lipids with relatively large headgroups (e.g., phos- vesicles, which are the membrane compartments with which
phatidylinositol and phosphatidylserine), the efficiency of penetratin will associate early in its interaction with mam-
peptide translocation decreases as the inverted phase-formingnalian cells.
tendency of the lipid mixture increases. These trends can be Time Courses of Potential-Dependent Peptide Uptake
discerned even after factoring out the abilities of different next examined in more detail the time courses of potential-
types of vesicles to maintain a transbilayer potential for dependent uptake of labeled penetratin into lipid vesicles with
extended times. Thus, for example, POPC/POPA vesiclescompositions that supported significant peptide translocation
show much poorer uptake of labeled penetratin than do in the previous experiments. Results from these experiments
DOPC/DOPE/DOPA/cholesterol vesicles (ca. 2% vs 24%, are illustrated in Figure 4 and summarized in Table 2, where
respectively) in the presence of valinomycin, even though we also include data obtained using the NBD-labeled
the former vesicles maintain a potential gradient much better peptides BGC—NH; and KkGC—NH,, which carry the same
under these conditions than do the latter. Conversely, POPChumber of basic residues as penetratin. These data illustrate
soy Pl vesicles show much greater uptake of peptide in thetwo noteworthy points. First, in the presence of a transbhilayer
presence of valinomycin than do DOPC/soy Pl/cholesterol potential, all three peptides can exhibit significant rates of
vesicles (ca. 72% vs 10%, respectively), even though the uptake into vesicles of diverse lipid compositions. (The rate
latter vesicles better maintain their transhilayer potential indicated for internalization of penetratin into phosphatidyl-
under these conditions. It is thus apparent that the featurescholine/sphingomyelin/sulfatide/ganglioside/cholesterol vesicles
of lipid composition noted previously can directly influence is in fact likely to be strongly underestimated relative to the
the ability of penetratin to translocate across lipid bilayers, other rates tabulated since as noted previously, peptide
independently of effects on the abilities of different vesicles binding to vesicles of this composition was relatively weak
to maintain a substantial transbilayer potential during pro- under our assay conditions.) The rate of peptide uptake into
longed incubations. vesicles was not strongly dependent on the peptide concen-
As the final set of entries in Table 1 indicates, vesicles tration, as illustrated in Figure 4B.
combining neutral and anionic sphingolipids with phosphati- A second noteworthy feature of the time courses of
dylcholine and cholesterol show significant uptake of NBD- potential-dependent peptide uptake into vesicles is that the
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rate of internalization typically falls off markedly over time,
while the level of internal accumulation is still well below
100% or in some cases even below 50%, the equilibrium
level expected in the absence of a transbilayer potential. This
behavior may reflect the gradual decay of the transbilayer
potential with time, as demonstrated previously. Consistent
with this suggestion, adding increasing concentrations of
extravesicular potassium to reduce the transbilayer potential
progressively reduces the initial rate of peptide internalization
into POPC/soy PI (3:1) vesicles (Figure 5A) or POPC/POPS
(3:1) vesicles (not shown). Interestingly, however, there is
no indication that the rate of translocation declines abruptly
as the imposed transbilayer potential falls below some critical
threshold value.

To corroborate our conclusion that penetratin can exhibit
efficient time- and potential-dependent uptake into lipid
vesicles, we also employed an alternative assay to assess
this process, using either NBD- or bimane-labeled penetratin.
In this assay, donor vesicles, combining neutral and anionic
lipids, loaded with K-buffer and suspended in Nduffer
are first incubated with labeled peptide and valinomycin in 70
the usual manner. Diluted aliquots of the incubation mixture
are then mixed with DOPG acceptor vesicles containing one B Y O
of the energy-transfer quenchers Rho-PE (for NBD-labeled 60 - LT 1
penetratin) or NBD-PE (for bimane-labeled penetratin) while _ b
continuously recording the fluorescence. As illustrated in the
inset to Figure 5B, the extent of fluorescence quenching
observed upon addition of the acceptor vesicles, which
exhibit much higher affinity for polybasic peptides than do
the less strongly charged donor vesicleég 89, 46), provides
a measure of the fraction of peptide that has been internalized
by the donor vesicles (see Figure 5B inset). In Figure 5B,
we plot the time course of internalization of NBD- or bimane-
labeled penetratin, determined in this manner for samples
of peptide incubated with POPC/POPS (3/1) donor vesicles.
The two labeled peptides accumulate to similar extents inside
the donor vesicles, with similar kinetics of uptake. The time
course of uptake of NBD-labeled penetratin into the POPC/
POPS vesicles is very similar to that determined using the 0&
dithionite-reduction assay (Figure 5B, open vs closed circles). 0 100 200 300 400 500 600

Assays of Peptide-Induced Vesicle DestabilizatReptide ] )
internalization into lipid vesicles could in principle be Time (min)
accompanied and/or triggered by a large-scale loss of vesicleFicure 5: Panel A-Time courses of uptake of NBD-labeled
integrity. To test this possibility, vesicles were prepared Ppenetratin, determined as described for Figure 4, intebkffer-
loaded with calcein in an isoosmotic potassium-based buffer,'0aded POPC/POPS (3:1) vesicles incubated with peptide and

. - valinomycin in N&-buffer containing @) no KCI, (O) 1.92 mM
_and release_ of vesicle contents was monitored by dequenchKCL (a) 3.84 mM KCI, or () 12.8 mM KCI. The maximum
ing of calcein fluorescenced) in the absence or presence theoretical transbilayer potentials that can be generated in the latter
of penetratin and valinomycin. Representative results arethree incubations are113,—94, and—62 mV, respectively. In a
shown in Figure 6A,B, illustrating experiments using POPC/ parallel run, a valinomycin-treated sample of POPC/POPS (3:1)

. .2.9. 1\ Vesicles prepared with Nebuffer internally and externally showed
POPS (3:1) and DOPC/DOPE/DOPA/cholesterol (3:3:2:4) 0.9% internalization of penetratin after incubation for 24 h. Panel

vesicles, respec'gively. Leakgge of _ve_sicle contents in the g_Time courses of uptake 0D) NBD- and (&) bimane-labeled
absence of peptide and valinomycin is very slow in both penetratin into POPC/POPS (3:1) donor vesicles, assayed by the
cases £1%/h) and is only modestly enhanced (remaining energy transfer-based procedure described in the text. The time
below 2%/h) in the presence of valinomycin and either course of uptake of NBD-labeled penetratin into vesicles of the

: _ ; ; : same composition, as determined using the dithionite aseays(
bimane- or NBD-labeled peptide. The rate of vesicle contents shown for comparison. Panel B ins€dample time course illustrat-

leakage in the presence of penetratin and valinomycin is thusing data analysis for the energy transfer-based assay of peptide
much lower than that of penetratin uptake into vesicles of translocation (§ = fluorescence of an identical quantity of peptide
the same compositions (upper curves, Figure 6A,B). Similar entirely bound to acceptor vesicles). At the asterisk, acceptor
results were obtained for POPC/soy Pl (3:1) and DOPC/ Vesicles (DOPG+ 2% NBD-PE or Rho-PE) are added to a

) . . . preincubated sample of donor vesicles and peptide. From the
DOPG (1:1) vesicles in analogous experiments (not shown). resulting rapid decrease in fluorescence, the percentage of peptide

It should be noted that for the LUV preparations employed internalized into the vesicles is calculated as 10006¢- y)), where
here (with mean diameters of ca. 20010 nm), roughly 100  x andy are measured as shown.
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Ficure 6: Time courses of lipid mixing and leakage for fuffer-loaded lipid vesicles incubated with or without penetratin and valinomycin

in Na*-buffer. Panel A-Leakage of contents (assayed as calcein release) from POPC/POPS (3:1) vesicl&3) withagditions, @)
NBD-labeled penetratin and valinomycin added, ) bimane-labeled penetratin and valinomycin added. For comparison, the time courses
determined for potential-dependent uptake of penetratin into vesicles of the same composition (Figure 5B) are also shown (solid curve
without symbols-NBD-labeled penetratin; dashed curve without symbtisnane-labeled penetratin). Panet-Beakage of contents from
DOPC/DOPE/DOPA/cholesterol (3/3/2/4) vesicles wi) (10 additions or @) NBD-labeled penetratin and valinomycin added. Upper

solid curve without symbotstime course of potential-dependent uptake of NBD-labeled penetratin into vesicles of the same composition
(from Figure 4C). Panel €Lipid mixing between POPC/POPS (3:1) vesicles with) (o additions or @) bimane-labeled penetratin and
valinomycin added. PanelELipid mixing between DOPC/DOPE/DOPA/cholesterol (3:3:2:4) vesicles wii)mp additions or@®) bimane-

labeled penetratin and valinomycin added. Other experimental conditions were as described in the text.

peptide molecules are present per vesicle in a standardined the ability of penetratin to promote lipid mixing between
incubation mixture. Itis thus evident that individual peptide- several types of vesicles that exhibited significant internaliza-
translocation events are not accompanied by a large-scaldion of the peptide. Results from some representative
loss of bilayer integrity. experiments are shown in Figure 6C,D. Two distinct patterns
To corroborate our conclusion that leakage of contents is of behavior are observed. For vesicles composed of POPC
modest under conditions of peptide uptake into vesicles, for and POPS (Figure 6C), as well as for DOPC/DOPG (1:1 or
vesicles of several compositions we also examined the rate3:1) and POPC/soybean PI (3:1) vesicles (not shown),
of internalization of the zwitterionic vesicle-binding probe negligible lipid mixing is observed in the presence of peptide
MGRK(NBD)-OH (structure shown in Figure 1) in the and valinomycin, even on time scales substantially longer
presence of bimane-labeled penetratin and valinomycin. Thisthan those required for peptide internalization. By contrast,
probe showed only slow and limited uptake into vesicles for vesicles composed of DOPC/DOPE/DOPA/cholesterol
under conditions where the rate and extent of uptake of (3:3:2:4), incubation with bimane-labeled peptide and vali-
penetratin translocation were much greater, as illustrated innomycin leads to substantial lipid mixing on a time scale of
Figure 4B for POPC/soy Pl (3:1) vesicles and as observeda few hours, while lipid mixing is negligible in the absence
as well for POPC/POPS (3:1), DOPC/DOPG (1:1), and of peptide and ionophore (Figure 6D). Significant lipid
DOPC/dioleoyl-lysobisPA/trioleoyl-semilysobisPA (6:1:1) mixing in the presence of valinomycin and penetratin was
vesicles (not shown). These results support the conclusionalso observed for DOPC/DOPE/tetraoleoyl cardiolipin/
from our calcein-leakage measurements that potential- cholesterol (3:3:1:4) and DOPC/dioleoyl-lysobisPA/trioleoyl-
dependent internalization of labeled penetratin into lipid semilysobisPA (6:1:1) vesicles (not shown).
vesicles can proceed without a substantial loss of overall Cellular Uptake of Fluorescent Polycationic Peptidés
bilayer integrity. a final series of experiments, we examined the interactions
Assays of Peptide-Induced Intesicle Lipid Mixing To of penetratin, BGC—NH,, and KGC—NH; with living
determine whether internalization of peptides by lipid vesicles mammalian cells. After short times of incubation of CV-1
is accompanied by vesicle fusion or hemifusion, using the or HelLa cells with Texas Red-labeled penetratin, fluores-
NBD-PE/rhodaminyl-PE dequenching assag)(we exam- cence is observed mainly in vesicular compartments (Figure
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Ficure 7: Fluorescence micrographs of living cultured cells incubated with Texas Red-labeled cationic peptides!598erum-free
medium at 37°C. Panels A and BCV-1 cells incubated for 30 min or 4 h, respectively, with labeled penetratin. Panels C-aHela
cells incubated for 1 or 4 h, respectively, with labeled penetratin.

7A,C). After incubation for several hours, cytoplasmic and not only with the limiting bilayer but also with interior
nuclear fluorescence can be seen in both cell types (Figurestructures that appeared to represent separated internal
7B,D). Similar results were observed using NBD-labeled vesicles. In the present study, however, we observed little
penetratin under the same conditions and in analogousuptake of NBD-labeled penetratin into large unilamellar
experiments using fluorescent-labelegd—NH- and Ks- vesicles prepared from the same lipid mixture. It remains
GC—NH; (not shown). These results agree with previous unclear whether this apparent discrepancy reflects differences
findings indicating that rapid cellular internalization of cell- in the nature of the vesicle preparations used, the assay
penetrating peptides such as those examined here occurs vienethod employed, or some other factor.
endocytosis10-14) and suggest that translocation to other  The very strong enhancements of vesicle internalization
c_ellular compartments proceed§ on a considerably slower yf |apeled penetratin, g&C—NH,, or KeGC—NH, that we
time scale (hours rather than minutes). observe in the presence of a transhilayer potential suggests
DISCUSSION _that a transmembrane pqtenti_al may play a significant role
in the uptake of such peptides into mammalian cells. Maduke
The findings reported here indicate that the previously and Roise 34) have previously demonstrated potential-
studied cell-penetrating peptides penetratin agd@®-NH, dependent transbilayer uptake of a positively charged mi-
(6, 9), as well as the related peptide BC—NH,, exhibit a tochondrial protein presequence, which, however, unlike the
substantial ability to translocate into lipid vesicles in a peptides examined here exhibits a markedly amphipathic
potential-dependent manner and to translocate from ancharacter. Importantly (and strikingly), the observed trans-
extracytoplasmic compartment to the cytoplasm and nucleuslocation of penetratin into lipid vesicles can proceed without
in living mammalian cells. The translocation of these peptides a major disruption of vesicle integrity, as judged by the very
across model (lipid vesicle) membranes is strongly dependentmodest effects of penetratin on bilayer leakiness (see, e.g.,
on the bilayer composition as well as the presence of a Figures 4B and 6A,B) and on dissipation of the transbilayer
transbilayer potential. potential (Figure 3). In contrast to some early reports based
Previous studies of the abilities of cell-permeant peptides on microscopic observations of fixed cells, recent findings
to traverse lipid bilayers have yielded conflicting results. suggest that cellular uptake of cell-penetrating peptides is
Consistent with our present findings, earlier studiz 23) energy-dependent and that a large fraction of cell-internalized
have reported that in the absence of a transbilayer potential peptide is localized, at least after short times of incubation
fluorescent-labeled forms of penetratin and the Tat peptide with cells, to the endocytic compartmed(-14). Previous
show negligible uptake into vesicles prepared from simple studies have suggested that endocytic compartments exhibit
lipid mixtures on a time scale of tens of minutes. By contrast, a significant transmembrane potential (lumenal side positive),
Thoren et al. R4) observed by fluorescence microscopy that at least in part through the action of the\l&*- and possibly
over a time course of the order of tens of minutes a Texas the vacuolar-type HATPase 47—-50). Thus, within at least
Red-labeled penetratin peptide added to the outside of giantsome subcompartments of the endosomal system, a mem-
unilamellar soybean asolectin vesicles gradually associatedorane potential may facilitate translocation of cell-penetrating
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peptides from the endosomal lumen to the cytoplasm. It is association with the plasma membrane and passage through
also of course possible that peptide internalization may occurvarious portions of the endocytic pathway). In this regard,
at least in part through the plasma membrane under theit may be noteworthy that substantial potential-dependent
conditions used here and those normally employed to translocation of cationic peptides can be observed into
demonstrate biological activities for cell-permeant peptide vesicles combining neutral and anionic sphingolipids with
constructs, in which the peptide is continuously present in unsaturated phosphatidylcholine and cholesterol, which
the extracellular medium for extended periods. reasonably approximates the lipid composition of the external
The observed relationship between the efficiency of leaflet of the plasma membrane, as well as into vesicles
potential-dependent penetratin translocation and the bilayercontaining lipids such as lysobis-phosphatidic acid, which
composition suggests that the peptide may traverse lipidare enriched in later compartments of the endosomal/
bilayers by two different mechanisms. One of these is lysosomal system5@, 53). It is also very possible that
promoted by the presence of high proportions of lipids that membrane components other than lipids may enhance the
favor the formation of inverted nonbilayer structures (un- efficiency of the mechanism(s) observed here for potential-
saturated phosphatidylethanolamine, phosphatidic acid, car-dependent translocation of penetratin and other cell-penetrat-
diolipin, and semilysobis-phosphatidic acid) and is accom- ing peptides across lipid bilayers. Nonetheless, the results
panied by significant lipid mixing between vesicles, suggesting presented here suggest that interactions with membrane lipids
that it may proceed through intervesicle contacts and entailsmay contribute very importantly to the mechanism of
at least a limited, local formation of nonlamellar structures. translocation of cell-penetrating peptides across cellular
This mechanism of penetratin translocation may resemble membranes.
that suggested previously by Prochiantz and co-work&rs (
51), in which the formation of inverted nonlamellar structures ACKNOWLEDGMENT
is hypothesized to play an important role in peptide trans-
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