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Abstract: As endocytic uptake of the Antennapedia homeodomain-derived penetratin peptide (RQIKIWFQNRRMKWKK) is finally
being revealed, some of the early views about penetratin need to be reconsidered. Endocytic uptake seems to contradict the
indispensability of tryptophans and also the minimum length of 16 amino acid residues for efficient internalization. To revise the
membrane translocation of penetratin, two penetratin analogs were designed and synthesized: a peptide in which tryptophans were
replaced by phenylalanines (Phe® !4-penetratin, RQIKIFFQNRRMKFKK) and a shortened analog (dodeca-penetratin, RQIKIWF-
R-KWKK) made up of only 12 residues. The peptides were fluorescently labeled and applied to live, unfixed cells from various
lines. Cellular uptake was analysed by confocal microscopy and flow cytometry. Low temperature or ATP-depletion blocked the
intracellular entry of all three penetratin peptides. A decrease in membrane fluidity or cholesterol depletion with methyl-8-
cyclodextrin greatly inhibited peptide uptake, showing the involvement of cholesterol-rich lipid rafts in internalization. Exogenous
heparan sulfate also diminished the internalization of penetratin and its derivatives, reflecting the paramount importance
of electrostatic interactions with polyanionic cell-surface proteoglycans. The beneficial presence of tryptophans is supported
by observations on the decreased cellular uptake of Phe®!4-penetratin. The maintained translocational efficiency of dodeca-
penetratin demonstrates that a thorough understanding of penetratin internalization can yield new penetratin analogs with
unaltered translocational abilities.

This study provides evidence on the energy-dependent and lipid raft-mediated endocytic uptake of penetratin and highlights
the necessity of revealing those pathways that cationic cell-penetrating peptides employ to enter live cells. Copyright © 2005

European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

During the past decade several polypeptides have been
shown to traverse biological membranes and transport
attached bioactive cargos intracellularly. A wide range
of biomolecules such as peptide nucleic acids, oligonu-
cleotides and proteins have been delivered with these
cell-penetrating peptides (CPPs) both in vitro and in vivo
[1-5]. The Antennapedia homeodomain-derived highly
cationic penetratin peptide (RQIKIWFQNRRMKWKK) is
one of the most frequently applied CPPs [6-14]. Despite
intense research on penetratin, the exact mechanism
of its translocation is still not fully understood [6].
Early reports claimed a temperature and endocytosis-
independent membrane translocational mechanism
[15-17], however, recent mechanistic studies on live,
unfixed cells contradict all these by demonstrating the
lack of uptake at low temperatures and the involvement
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of endocytosis in the internalization of the peptide
[18-21].

As endocytic uptake of penetratin is finally being
revealed some of the early views about this pep-
tide have to be revised. Endocytic uptake seems to
contradict the indispensability of tryptophans and
the minimum length of 16 amino acid residues
for efficient internalization. To examine the translo-
cation of penetratin, two penetratin analogs were
designed and synthesized: a peptide in which the
tryptophans were replaced by phenylalanines (Phe® !4-
penetratin, RQIKIFFONRRMKFKK) and a shortened
analog (dodeca-penetratin, RQIKIWF-R-KWKK) made up
of only 12 residues. Dodeca-penetratin was produced
by removing GIn8, Asn9, Argll and Metl2 from the
penetratin sequence.

The first part of this paper published the conforma-
tional study of penetratin and the two analogs [22].
This part presents the results of in vitro biological
studies with these penetratin peptides. To examine
their cellular uptake the peptides were fluorescently
labeled with FITC. Fluorescein was selected because
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of the minimum impact on the cellular distribution of
fluorescently labeled peptides [21] and because extra-
cellular fluorescence can be quenched by trypan blue
[23-27]. Recent studies brought out the importance
of maintaining natural conditions to avoid artifactual
internalization of CPPs [18-21], thus throughout the
studies interference with normal cellular functions was
minimized. The in vitro experiments were carried out on
live, unfixed cells from various lines at 37° and 0°C. Cel-
lular uptake of the fluorescently labeled peptides was
investigated with both confocal microscopy and flow
cytometry. The energy-dependence of translocation and
the role of lipid rafts and cell-surface polyanions in
the internalization process was examined. The effect
of membrane fluidity was studied on quail CEC-32
fibroblasts and on a murine WEHI 164 cell-line trans-
fected with a lipid-desaturase gene [28]. By applying
penetratin and its derivatives in the same experimental
settings, it was easy to compare their translocational
efficiencies and to reconsider the internalization mech-
anism of the parent penetratin peptide.

MATERIALS AND METHODS

Reagents

Reagents for cell biology including DMEM, MIX-MEM, Opti-
MEM, RPMI, fetal bovine serum (FCS), chicken serum, heparan
sulfate (HS), methyl-8-cyclodextrin (MCD), sodium azide and
2-deoxy-D-glucose were obtained from Sigma. Trypan blue was
purchased from Merck KGaA, Germany.

Peptide Synthesis and Labeling

Penetratin and its two analogs (Phe®!4-penetratin and
des®9 1112 penetratin = dodeca-penetratin) were synthesized
with a solid phase method on MBHA-resin using Boc-
chemistry. Penetratin was synthesized and purified as
described elsewhere [15,16].

Characterization of the Two Penetratin Derivatives

Phe®14-penetratin-amide, RQIKIFFQNRRMKFKK-NHy, was
isolated as a single peak after HPLC purification.
Ry =7.36 min (Luna 5 C18 column; 250 x 4.6 mm; mobile
phase: 80% acetonitrile in 0.1% TFA; acetonitrile gradient
elution 22%-37% in 15 min; flow rate: 1.2 ml/min; detection:
220 nm). M + Ht = 2169 (calcd.: 2168).

Dodeca-penetratin-amide, RQIKIWFRKWKK-NHs; was iso-
lated as a single peak after HPLC purification. Ry = 7.36 min
(Jupiter 5 C18 column; 250 x 4.6 mm; mobile phase: 80% ace-
tonitrile in 0.1% TFA; acetonitrile gradient elution 28%-43%
in 15 min; flow rate: 1.2 ml/min; detection: 220 nm)
M+ Ht = 1718 (caled.: 1717).

Fluorescein labeling of these peptides was performed as
described by Fulép etal [29] using fluorescein isothio-
cyanate (FITC I). For selective N-terminal labeling of the
peptides, the e-amino group of the side chains of lysines
were protected with Fmoc-groups. In the first step (regarding
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penetratin) H-Arg-Gln-Ile-Lys(Fmoc)-Ile-Trp-Phe-Gln-Asn-Arg-
Arg-Met-Lys(Fmoc)-Trp-Lys(Fmoc)-Lys(Fmoc)-NHa was syn-
thesized on solid phase and isolated as a single peak
after HPLC purification. R =26.32 min (Luna 5 C18 col-
umn; 250 x 4.6 mm; mobile phase: 80% acetonitrile, 0.1%
TFA; gradient elution from 5% to 80%, 30 min; flow rate
1.2 ml/min; 220 nm). M + Ht = 3137 (caled.: 3136). For the
labeling, 15 mg (5 umol) of the peptide, dissolved in dimethyl-
formamide (1 ml) and 0.2 M carbonate-bicarbonate buffer
(0.5 ml, pH = 9.03), was allowed to react with 7.5 mg (20 pmol)
of fluorescein isothiocyanate isomer I (Sigma) under stirring for
24 h at room temperature in the dark. The reaction mixture
was concentrated in vacuo to dryness then lyophilized from
acetonitrile-water solvent mixture. Deprotection of the side
chain protecting groups was performed by 20% piperidine-
dimethylformamide (4 ml) by stirring the reaction mixture for
20 min at room temperature. After lyophilization, the result-
ing fluorescein isothiocarbamoyl peptide (FTC-penetratin) was
dissolved in acetonitrile (1 ml), acidified to pH =2 by triflu-
oroacetic acid, diluted to 10 ml by adding distilled water,
filtered off and purified by RP HPLC on a Knauer instrument
using a BST SI-100-S 10 C18 column (25 x 240 mm). Elution:
acetonitrile gradient from 24% to 68% in 90 min, flow rate:
3.5 ml/min, detection: 220 nm. Eluent system: A: 0.1% TFA,
B: 80% acetonitrile in 0.1% TFA.

Purity control of the fluorescein-labeled peptides was
performed using analytical HPLC on an LKB Bromma 2150
instrument. Conditions for FTC-penetratin: Lichrosorb 10RP
18 column (250 x 4.6 mm); mobile phase 80% acetonitrile,
0.1% TFA; gradient elution from 35% to 60% in 25 min;
flow rate: 1.2 ml/min; 254 nm; R = 10.35 min. Conditions for
FTC-dodeca-penetratin and FTC-Phe® 4-penetratin: Lichrosorb
5RP 18 column (250 x 4.6 mm); mobile phase 80% acetonitrile,
0.1% TFA; gradient elution from 10% to 80% in 25 min; flow
rate 1 ml/min; 220 nm; Ry = 16.18 min for dodeca-penetratin
and Ry =6.92 for Phe®14-penetratin. All the FTC-peptides
obtained showed a single peak (98%) by HPLC and proved to
be identical by ESI-MS (Finnigan TSQ 7000): M + H* = 2635
(FTC-penetratin), 2106 (FTC-dodeca-penetratin) and 2557
(FTC-Phe®14-penetratin).

Cell Cultures

WC/1 cells are WEHI 164 murine fibrosarcoma cells trans-
fected with the A9-fatty acid desaturase gene (Olel) of Sac-
charomyces cerevisiae [28]. The cells were cultured at 37°C
in a humified air environment containing 5% CO2 in com-
plete RPMI 1640 medium supplemented with 10% (v/v) FCS
and antibiotics. Quail fibroblasts (CEC-32; MIX-MEM/10%
FCS supplemented with 2% chicken serum), human cervix
adenocarcinoma cells (HeLa; MIX-MEM/ 10% FCS), mouse
fibrosarcoma cells (L929; MIX-MEM/ 10% FCS) and mouse
macrophages (RAW 264.7; MIX-MEM/ 10% FCS) were cul-
tured similarly.

Confocal Laser Scanning Microscopy

L929, HeLa and RAW 264.7 cells were used to visualize the
uptake of the FITC-labeled peptides by confocal laser scanning
microscopy. Cells were preincubated in Opti-MEM at 37° or
0°C for 30 min before incubation with the peptides. Each
peptide solution was prepared at a concentration of 5 um
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in Opti-MEM by a dilution of a stock solution of peptide
at 1 mm in PBS. After incubation with the peptides (for 15,
30, 60, 90, 120 and 180 min) the cells were rinsed three
times with ice-cold PBS and the distribution of fluorescence
was immediately analysed on a Zeiss LSM 410 confocal
laser scanning microscope (Zirich, Switzerland). Excitation
was obtained with an argon ion laser set at 488 nm for
fluorescein isothiocyanate excitation and the emitted light was
filtered with an appropriate long pass filter (514 nm). Sections
presented were taken approximately at the mid-height level of
the cells. Photomultiplier gain and laser power were identical
within each experiment. Cell viability was routinely determined
using the trypan blue exclusion test to make sure that the
microscopic studies were always carried out on viable cells.

Flow Cytometry Assay

L929, HeLa, RAW 264.7, CEC-32 and WC/1 cells were used
to quantify the membrane translocational activity of the
fluorescent peptides. Cellular uptake was measured by flow
cytometry using a FACScan (Becton Dickinson). FITC-labeled
peptides (at concentrations of 5 um) were incubated with the
cells above (6 x 105 cells/ml) in Opti-MEM at 37° and 0°C
for various periods of time. The control cells did not receive
any peptide treatment. After the incubation period the cells
were washed twice and then resuspended in 0.5 ml of ice-cold
physiological saline. Equal volumes of this suspension and
a stock solution of trypan blue (500 pg/ml dissolved in ice-
cold 0.1 m citrate buffer at pH 4.0) were allowed to mix for
1 min before FACS analyses. In this way the sample pH was
lowered to nearly 4.0, thereby optimizing the quenching effect
of trypan blue [27]. A minimum of 10000 events per sample
was analysed. Cell viability was determined by concurrent
propidium iodide (0.2 pg/ml; Sigma) staining.

To investigate the involvement of cholesterol-rich membrane
domains (lipid rafts) in peptide uptake, L929, HeLa and RAW
264.7 cells were pretreated with 5 mm methyl-g-cyclodextrin
(MCD; Sigma) for 60 min at 37°C and then treated as
mentioned above. To study the role of polyanionic cell-surface
proteoglycans, the cells were co-incubated with heparan
sulfate (HS; 25 pg/ml) and one of the FITC-labeled peptides in
Opti-MEM for 90 min then processed as mentioned above for
the flow cytometric analyses.

Metabolic and Endocytosis Inhibitor Studies

For experiments at 0°C, the cells were maintained for
30 min on ice before peptide incubation and throughout the
experiments.

To induce ATP depletion, the cells were incubated for 60 min
with 0.1% sodium azide and 50 mm 2-deoxy-D-glucose in Opti-
MEM [18] prior to the addition of peptides. The internalized
peptides were visualized by confocal microscopy or quantified
by flow cytometry.

Cell Viability Assays

Cytotoxicity of the applied penetratin analogs was assessed by
using MTS assay (CellTiter 96 AQ,cous Non-Radioactive Cell
Proliferation Assay, Promega, USA) according to the manufac-
turer’s protocol. Briefly, HeLa cells (105 /well) were cultured
in 96-well microtiter plates in MIX-MEM supplemented with
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10% FCS in the presence of the analogs at different con-
centrations (1, 10, 50 and 100 pumMm, respectively). The control
cells did not receive any peptide treatment. Twenty-four hours
later the cells were incubated with the MTS assay reagents
and absorbance was measured at 492 nm by a Labsystem
Multiscan MS ELISA reader.

RESULTS

Confocal Microscopy

To examine the membrane translocational ability of
penetratin and its analogs, FITC-labeled peptides
were added to different types of live, unfixed cells
(human HeLa cells, murine L929 fibroblasts and RAW
264.7 macrophages) and were analysed by confocal
microscopy at 37° and 0°C.

Penetratin was already internalized 15 min after
its addition to the cells at 37°C as revealed by
a visible increase in cytoplasmic fluorescence. As
the internalized amount of penetratin increased the
peptide appeared in the nuclei (Figure 1A). From 60 min
nuclear fluorescence became dominant, reflecting the
accumulation of penetratin in the nucleus (Figure 1B
and 1C). Both analogs (Phe%!*-penetratin and dodeca-
penetratin) showed the same translocational pattern
judged by detected intracellular signals. Thus the
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Figure 1 Internalization of penetratin into HeLa cells.

HeLa cells were incubated with FITC-labeled penetratin at
a concentration of 5 um and cellular uptake was analysed with
confocal microscopy (A-C) and flow cytometry (D). A-C show
confocal microscopic images of HeLa cells after 30 (A), 60 (B)
and 120 (C) min of penetratin treatment at 37°C. D shows
the quantitative flow cytometric analyses of penetratin uptake
into HeLa cells at 37 and 0°C. Extracellular fluorescence of
surface bound peptides was quenched by adding trypan blue
(in ice-cold 0.1 m citrate buffer pH 4.0). Data points present
mean + SE of four independent experiments. a.u., arbitrary
units. For details see Materials and Methods.
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analogs were internalized very quickly and later
accumulated in the nuclei at 37°C (data not shown).
The finding that penetratin and its derivatives entered
the nucleus is not surprising, since all peptides under
40-50 kDa can pass through the nuclear complex [30]
and as the investigated peptides have pronounced
positive charge they are attracted to the negatively
charged DNA.

At 37 °C pretreating the cells with 0.1% sodium azide
and 50 mm 2-deoxy-p-glucose for 60 min to deplete
cellular ATP-pools inhibited the uptake of all penetratin
peptides based on the lack of fluorescent signals
throughout the microscopic visualizations.

At 0°C no significant intracellular fluorescent signals
were detected from cells treated with the investigated
penetratin peptides, proving that none of the peptides
can translocate through membranes in the frozen state.

Flow Cytometry

Flow cytometric measurements were used to quan-
tify the cellular uptake of FITC-labeled peptides at
concentrations of 5 um. First the temperature depen-
dence of cellular uptake of penetratin into HeLa cells
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was analysed. Extracellular fluorescence due to sur-
face bound peptides was quenched by adding trypan
blue (at a concentration of 0.25%) 1 min before the
analyses thus only the internalized portion of FITC-
penetratin was quantified. Cellular fluorescence con-
tinually increased within the 3 h of detection at 37°C.
The steady low level of cellular fluorescence at 0°C
reflected a lack of cellular uptake (Figure 1D).

Next the FITC-labeled penetratin (at a concentration
of 5 um) was added to L929, HeLa and RAW 264.7 cells.
Treating the cells with FTC-penetratin for 90 min at
37°C increased the cellular fluorescence in all cell
lines (Figures 2A-C). The most significant increase in
fluorescence was detected in RAW macrophages, a cell-
type with enhanced endo- and phagocytic potential
(Figure 2C). When applied to the same cell lines at
the same concentration (5 um) at 37°C, both analogs
induced a marked increase in cellular fluorescence
similar to penetratin, however, the extent of the increase
was smaller in cells treated with Phe®!4-penetratin.

ATP-depletion abolished the uptake of penetratin
and its derivatives as judged by the detected low
fluorescent signals from sodium azide-treated cells.
Pretreating the cells with methyl-g-cyclodextrin (MCD)
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Figure 2 Flow cytometric analyses of cellular internalization of the penetratin peptides. HeLa, L929 and RAW 264.7 cells were
incubated with FITC-labeled penetratin peptides (‘Dodeca’=dodeca-penetratin; ‘F6,F14'= Phe® 14-penetratin) at a concentration
of 5 um for 90 min and cellular fluorescence was analysed by flow cytometry. Analyses on ATP-depleted cells were carried out by
incubating the cells with 0.1% sodium azide (‘NaN3’) and 50 mM 2-deoxy-D-glucose in Opti-MEM for 60 min prior to the addition
of the peptides at 37°C. To disrupt lipid rafts some of the cells were treated with 5 mmM/ml of methyl--cyclodextrin (MCD’) for
60 min before peptide treatment at 37°C. Other cells were co-incubated with 25 pg/ml of heparan sulfate (HS’) and the peptides
at 37°C. Control cells did not receive peptide treatment. A-C show the results of these quantitative flow cytometric analyses at
37°C and D shows those at 0°C. Extracellular fluorescence of surface bound peptides was quenched by trypan blue. Error bars
indicate mean + SE of four independent experiments. a.u., arbitrary units. For details see Materials and Methods.
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to deplete cholesterol from the membrane markedly
inhibited the increase of cellular fluorescence and thus
the cellular uptake of the peptides at 37 °C, reflecting
the involvement of lipid rafts in internalization.
Furthermore co-incubation with heparan sulfate (HS;
25 pg/ml) greatly reduced cellular fluorescence at 37 °C,
showing the importance of interactions with polyanionic
surface proteoglycans in the cellular uptake of the
examined cationic penetratin peptides (Figures 2A-C).
According to our flow cytometric analyses, the uptake of
the analogs was most significant into RAW 264.7 cells
(Figure 2C). At 0°C none of the peptide-treated cells
showed a significant increase in cellular fluorescence
(Figure 2D), hence demonstrating the lack of uptake at
this low temperature.

Lipid raft-mediated endocytosis is greatly influenced
by membrane fluidity [31]. As previous flow cytomet-
ric analyses revealed the involvement of lipid rafts in
the internalization of penetratin peptides, the effect of
membrane fluidity on peptide uptake was investigated
as well. The uptake of the penetratin peptides was
quantified on fibroblasts with different membrane flu-
idity. L929 murine fibroblasts have normal membrane
fluidity at 37°C. WC/1 cells are WEHI 164 murine
fibrosarcoma cells transfected with the A9-desaturase
gene [28], which renders their membrane highly fluid.
CEC-32 fibroblasts are from the quail, a bird in which
the physiological body temperature is around 41.6°C,
thus at 37 °C these CEC-32 quail fibroblasts have quite
rigid membranes. Ninety minutes after the addition
of peptides quite pronounced fluorescent signals were
obtained from WC/1 cells with high membrane fluidity.
On the other hand, very low levels of cellular fluo-
rescence were measured on CEC-32 quail fibroblasts
(Figure 3).
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Figure 3 The effect of membrane fluidity on the transloca-
tional activity of penetratin peptides. WC/1, L929 and CEC-32
fibroblasts were incubated with 5 um of FITC-labeled pene-
tratin and its analogs (‘Dodeca’=dodeca-penetratin; ‘F6,F14'=
Phe® !4-penetratin) at 37°C for 90 min and cellular fluores-
cence was analysed by flow cytometry. Extracellular fluores-
cence of surface bound peptides was quenched by trypan
blue. Error bars represent mean + SE of four independent
experiments. a.u., arbitrary units. For details see Materials
and Methods.
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Concurrent propidium iodide staining during the flow
cytometric analyses showed that none of the peptides
were cytotoxic at a concentration of 5 um.

The cytotoxicity of the two penetratin analogs was
determined on HeLa cells by standard MTS assay.
The cells were incubated with the peptides for 24 h
at various concentrations (1, 10, 50 and 100 pm,
respectively) at 37°C. The MTS cell-viability assays
revealed that none of the analogs were cytotoxic even
at 100 pum (Figure 4).

DISCUSSION

Views on the cellular internalization of the Antenna-
pedia-derived penetratin peptide are finally being
reformed. Recent studies clearly showed the endocytic
nature of penetratin uptake [18-21]. Considering the
evidence on endocytic uptake the study reevaluated
the necessity of the two tryptophans in the sequence
and the former statement that shortening the peptide
impedes its membrane translocational ability [15-17].
Thus two penetratin analogs were designed and
synthesized: a Phe®!*-penetratin, an analog in which
the two tryptophans were replaced by phenylalanines
and a shortened analog called dodeca-penetratin made
up of only 12 amino acid residues. Dodeca-penetratin
was produced by removing GIn8, Asn9, Argll and
Met12 from the penetratin sequence. Since Gln and Asn
have a pronounced hydrophilic character their removal
was expected to facilitate hydrophobic interactions
with the membrane. The hydrophobic length of the
peptide was not altered and in order to retain the
cationic character the abundance of basic arginines
and lysines was preserved because the basic side-
chains of these residues help to attract cationic peptides
to the negatively charged membrane surfaces [32,33].
It is well established that the binding affinity of
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Figure 4 Effects of the penetratin analogs on cell viability.
HeLa cells were incubated for 24 h with increasing con-
centrations of the two analogs (‘Dodeca’=dodeca-penetratin;
‘F6,F14'= Phe®!4-penetratin). Cell viability was measured
following a standard MTS assay procedure. Results of four
independent assays were normalized and plotted as percent of
viable cells. Data points represent mean + SE.
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penetratin for cellular surfaces originates from the
long-range Coulombic attraction arising between the
positive charges of the peptide and the negative charges
of the membrane [34-37]. However, as the peptide is
being drawn towards the membrane, it also experiences
another non-specific electrostatic attraction due to
the cation-n interactions between the positive charges
of lipids and the 7 face of aromatic side chains
of tryptophans and phenylalanines. Since cation-z
interactions of Phe are much weaker than that of
Trp [38-40] it was interesting to examine the effect
of replacing tryptophans with phenylalanines.

Comparing the translocational abilities of penetratin
and its analogs, it can be stated that rational shortening
of penetratin does not abolish its uptake. The similar
translocational efficacy of dodeca-penetratin raises the
importance of basic residues and aromatic tryptophans
in the internalization of penetratin and shows that
binding of these cationic peptides to the cell-surface is
absolutely nonspecific. Replacing the tryptophans with
phenylalanines markedly decreased internalization of
the peptide. Based on these results it can be stated
that the presence of Trp, probably due to the affinity of
this residue to the electrostatically complex membrane
interface [41], benefits the internalization of penetratin.
Whether the contribution of Trp to the internalization
process depends on the enhanced cation-n interactions
of Trp or whether other factors might play a role in its
superiority over Phe in the translocation still remains
elusive.

As inhibiting cellular metabolism with sodium azide
at 37°C or incubating the cells at 0°C clearly abol-
ished the internalization of the investigated peptides,
it was demonstrated that penetratin peptides entered
the cells via active, energy-dependent endocytic uptake.
Endocytosis is a complex mechanism involving different
pathways. The best-studied endocytic pathway involves
clathrin, which forms coated membrane invaginations
on the plasma membrane that recruit cell-surface
receptors. Less well characterized, but equally impor-
tant, are non-clathrin endocytic pathways. Clathrin-
independent endocytosis includes phagocytosis, con-
stitutive pinocytotic pathways as well as endocytosis
mediated by caveolae and lipid rafts [42-44]. Lipid
rafts are enriched in cell-surface proteoglycans and
uptake mediated by these rafts is highly sensitive to
a decrease in membrane fluidity [31]. It was clearly
demonstrated that the uptake of penetratin and its
derivatives is highly dependent on cell-surface polyan-
ions and physiological values of membrane fluidity.
Moreover methyl-B-cyclodextrin, an agent that dis-
rupts cholesterol-rich lipid rafts and thus inhibits
raft-mediated endocytosis, greatly diminished the inter-
nalization of the penetratin peptides. All these findings
show the major role of lipid rafts in the internaliza-
tion of penetratin and its derivatives. It is important

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.

to point out that, in contrast to the classic clathrin-
dependent endocytosis, the caveolar/glycolipid raft-
mediated internalization seems to avoid lysosomes and
hence the degradation of engulfed molecules [45]. The
lack of lysosomal degradation renders lipid-raft medi-
ated endocytosis a favorable route to deliver bioactive
compounds into cells.

In summary this work provides evidence for the
endocytic uptake of penetratin and demonstrates that
internalization of the peptide involves lipid rafts. By
binding to polyanionic cell-surface proteoglycans, the
basic residues of the peptide have a major role in the
internalization and probably because of their abilities
for complex electrostatic interactions the presence of
tryptophans is highly beneficial, but not essential, for
cellular uptake.
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