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Abstract

A diversity of cell-penetrating peptides (CPPs), is known, but so far the only common denominator for these peptides is the
ability to gain cell entry in an energy-independent manner. The mechanism used by CPPs for cell entry is largely unknown,
and data comparing the different peptides are lacking. In order to gain more information about the cell-penetrating process,
as well as to quantitatively compare the uptake efficiency of different CPPs, we have studied the cellular uptake and cargo
delivery kinetics of penetratin, transportan, Tat (48^60) and MAP (KLAL). The respective CPPs (labelled with the
fluorescence quencher, 3-nitrotyrosine) are coupled to small a pentapeptide cargo (labelled with the 2-amino benzoic acid
fluorophore) via a disulfide bond. The cellular uptake of the cargo is registered as an increase in fluorescence intensity when
the disulfide bond of the CPP^S^S^cargo construct is reduced in the intracellular milieu. Our data show that MAP has the
fastest uptake, followed by transportan, Tat(48^60) and, last, penetratin. Similarly, MAP has the highest cargo delivery
efficiency, followed by transportan, Tat (48^60) and, last, penetratin. Since some CPPs have been found to be toxic at high
concentration, we characterized the influence of CPPs on cellular 2-[3H]deoxyglucose-6-phosphate leakage. Measurements
on this system show that the membrane-disturbing potential appears to be correlated with the hydrophobic moment of the
peptides. In summary, the yield and kinetics of cellular cargo delivery for four different CPPs has been quantitatively
characterized. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

During the last 10 years, several peptides have
been demonstrated to translocate across the plasma
membrane of eukaryotic cells by a seemingly energy-
independent pathway, i.e. they internalize even when
cells are incubated at 4³C. These peptides have been
used for transmembrane delivery of hydrophilic mac-
romolecules. Cellular delivery using cell-penetrating
peptides, CPPs, o¡er several advantages over con-
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Abbreviations: Abz, 2-amino benzoic acid (anthranilic acid);
CPP, cell-penetrating peptide; DTT, dithiothreitol ; HKR,
HEPES-bu¡ered Krebs^Ringer solution; W, hydrophobic mo-
ment; MAP, model amphipathic peptide; NLS, nuclear localiza-
tion signal
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ventional techniques, as it is e¤cient for a range of
cell types and can be applied to cells en masse. Thus,
CPPs can be used as delivery vectors for pharmaco-
logically interesting substances, such as antisense oli-
gonucleotides, proteins and peptides. For review see
Lindgren et al., [1].

CPPs have been found to have toxic e¡ects at
higher concentrations, probably due to lytic proper-
ties [2]. Hence, it is of importance to investigate the
in£uence of these peptides on membrane integrity. In
addition, indication of the type of CPP that should
be used for a particular application would be facili-
tated if their cargo delivery kinetics and e¤cacy were
known.

Here we compare the uptake and cargo delivery
e¤ciency as well as the membrane-disturbing proper-
ties of four di¡erent CPPs: penetratin [3], Tat (48^
60) [4], transportan [5], and model amphipathic pep-
tide (MAP) [6] (table 1). Penetratin, or antennapedia
(43^58), is a 16-amino acid long peptide correspond-
ing to the third helix of the Antennapedia homeodo-
main deprived of its N-terminal glutamate (table 1).
The peptide and analogues have been used for trans-
membrane delivery of a diversity of hydrophilic mac-
romolecules, for review of penetratins see Derossi et
al. [7].

Tat (48^60) (table 1), encompasses the whole basic
region and nuclear localization signal (NLS) of the
HIV trans activating factor protein Tat. The NLS is
not su¤cient for translocation in itself since Tat (37^
53) is not taken up at all [4]. To date, more than 10
Tat-derived short peptides have been shown to trans-
locate into the interior of di¡erent cell types. Recent
reports demonstrate the use of Tat (48^60) for trans-
membrane transport of proteins. For review see
Schwarze et al. [8].

Transportan [5], a 27-amino acid long chimeric
peptide (table 1), introduced by our group, is a com-
bination of the N-terminal fragment of the neuro-
peptide galanin and the membrane-interacting wasp
venom peptide, mastoparan. A Lys residue connects
these two bioactive peptides. Transportan has been
used for intracellular delivery of peptide nucleic acids
[9]. Several active and inactive analogues have been
synthesized [10,11] among them the inactive
[Pro19]transportan which is used as a negative con-
trol in this study.

Oehlke et al. introduced an 18-mer MAP [6] (table

1) that has been used for transmembrane transport
of peptides. An extensive structure^activity relation-
ship study has been carried out [2] showing that hel-
ical amphipathicity is the most important factor for
the uptake of this type of peptide.

In the present study, a short £uorophore labelled
peptide, with the sequence: 2-amino benzoic acid
(Abz)^Cys^LKANL, was used as cargo in the deliv-
ery measurements. The sequence was chosen at ran-
dom, with the only requirement that it would be
unable to translocate through the plasma membrane
by itself. All four CPPs contain a Cys-residue used
for covalent attachment of the cargo peptide via a
disul¢de bond, and a 3-nitro-tyrosine extension act-
ing as a quencher to the Abz group, resulting in
reduction sensitive constructs (Fig. 1). The disul¢de
bond is quickly reduced in the intracellular milieu,
resulting in increased £uorescence intensity upon
CPP^S^S^cargo construct internalization. Biotinyl-
ated CPPs were used for the [3H]deoxyglucose-6-
phosphate leakage experiments.

Based on these measurements, we propose a ki-
netic model for the penetration process and suggest
that future designs of CPPs should aim to minimize
the hydrophobic moment (W) and thereby decrease
the membrane-disturbing properties of these pep-
tides.

2. Materials and methods

2.1. Materials

MgCl2, NaCl, H3PO4, and EDTA were purchased
from Merck, Germany, tert-butyloxycarbonyl (t-
Boc)- and Fmoc-protected amino acids were from
Bachem, Switzerland and Chemimpex, USA. [3H]2-
Deoxyglucose was purchased from NEN, USA. Cell
culture media and reagents were from Gibco, USA.
All other chemicals were from Sigma, St. Louis, MO,
USA. Data evaluation was performed using the soft-
ware Dyna¢t from Biokin, USA and ¢gures were
produced with GraphPad Prism 2.0 from GraphPad
soft, USA.

2.2. Peptide synthesis

Peptides (cf. table 1) were synthesized in a stepwise
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manner in a 0.1-mmol scale on an Applied Biosystem
Model 431A peptide synthesizer on solid support us-
ing dicyclohexyl-carbodiimide/hydroxybenzotriazole
activation strategy. t-Boc amino acids were coupled
as hydroxybenzotriazole esters to a p-methylbenzyl-
hydrylamine (MBHA) resin (1.1 mmol of amino
groups g31, Bachem, Switzerland) to obtain C-termi-
nally amidated peptides. Fmoc-nitro-Tyr and t-Boc^
Cys^(NPys) or biotin were coupled manually after
completion of the automatic synthesis. Deprotection
of the side-chains, cleavage of the peptides and puri-
¢cation on HPLC were carried out as described in
detail earlier [12]. The purity of the peptides was
s 99% as checked by HPLC analysis on Nucleosil
120^3 C18 column (0.4 cmU10 cm). Molecular
mass of each synthetic peptide was determined on a
plasma desorption mass spectrometer (Bioion 20,
Applied Biosystems), and the calculated values were
obtained in each case.

2.3. Synthesis of disul¢de £uorophore^quencher
constructs

1 eq. of CPP^(nitro-Tyr)^Cys(NPys) and 1.2 eq. of
free thiol containing Abz^Cys^cargo peptide was dis-
solved in a deoxygenated mixture of 3:2:1 DMSO/
NMP/0.1 M sodium acetate, pH 4.5. The mixture
was stirred for 4 h under nitrogen £ow, and subse-

quently puri¢ed on RP-HPLC. The yield of the de-
sired heterodimers (Fig. 1) was approximately 30%.

2.4. Cell cultures

Bowes human melanoma cells (American Type
Culture Collection CRL-9607) were cultured in Ea-
gle's minimal essential medium with Glutamax-I
(Life Technologies, Gaithersburg, MD, USA) sup-
plemented with 10% fetal calf serum, 1% non-essen-
tial amino acids, 1% sodium pyruvate, 100 Wg ml31

streptomycin, 100 U ml31 penicillin. Cells for deoxy-
glucose leakage experiment were seeded in 12-well
plates (Life Technologies, Gaithersburg, MD, USA)
to a density of 70 000 cells/well in 2 ml medium. The
cells were used for experiments 2 days after seeding
at approximately 70^90% con£uence.

Cell volume was measured in a channalyser 256
culture counter (Pharmacia, Sweden) The mean vol-
ume of Bowes melanoma cells was found to be about
1.5 pl.

2.5. Determining of reduction rate constants in the
presence of lipid vesicles

10 mg of phosphatidyl choline and 5 mg of phos-
phatidyl serine (Sigma, Sweden) were dispersed into
1 ml of HKR by vigorous vortex mixing. The mix-
ture was sonicated with a probe tip sonicator in 25³C
for 30 min. The resulting vesicles were puri¢ed by gel
¢ltration on Sephadex G50. The vesicles were diluted
to a ¢nal concentration of 2 mg ml31 in HKR. Con-
struct was added to yield a lipid to peptide ration of
about 500:1 and the mixture incubated for 10 min
after which glutathione (100 WM, 500 WM, 1 mM and
2 mM) was added. Fluorescence increase was mea-
sured in a Hitachi F-2000 £uorometer and data were
¢tted using a numerical procedure (cf. below) to:

�Glutathione� � �Construct�ÿ!k �Free cargo�
using Dyna¢t software [13] (Biokin, USA).

2.6. Cellular uptake of £uorophore^quencher
constructs

Cells were washed and harvested by scraping into
HEPES-bu¡ered Krebs^Ringer solution (HKR) con-
taining 0.5 g l31 glucose and counted in a Neubauer

Fig. 1. The general structure of the £uoresence^quencher con-
struct used in this study. The £uorophore-labelled cargo pep-
tide, Abz^CLNKAL, is attached via a disul¢de bond to a
transporter peptide containing a 3-nitro-tyrosine, acting as
quencher for Abz.
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chamber. In 96-well plates, approximately 250 000
cells in 50 Wl were added to wells containing 150 Wl
of peptide construct dissolved in HKR to reach con-
centrations of 0.1, 0.5, 1, 5 or 10 WM. The cells were
kept suspended by shaking between readings and the
temperature was held constant at 37³C throughout
the experiment. After 70 min, 5 Wl 100 mM dithio-
threitol (DTT) was added to reduce all remaining
construct. The £uorescence intensity value obtained
after DTT reduction was used to de¢ne 100%. The
£uorescence intensity was found to linearly depend
on construct concentration. Fluorescence was mea-
sured (ex: 320 nm, em: 420 nm) in a spectra max
Gemini XS (Molecular Devices, USA) 96-well £uo-
ro-spectrometer. After the experiment the cells were
harvested by centrifugation and counted again in or-
der to ascertain that no substantial lysis of the cells
had occurred. Cells for control experiments were per-
forated by 5 min sonication on ice under nitrogen
gas.

2.7. Fitting of the uptake of CPP^cargo constructs

In the ¢tting of the uptake of CPP^cargo con-
structs by Bowes cells we considered the reduction
of the constructs in the cellular interior according to:

�Constructextracellular�ÿ!k1 �Constructintracellular� �1�

�Constructintracellular� � �Glutathione�ÿ!k2 �Free cargo�
�2�

To calculate the ¢rst-order rate constant for the
uptake (k1) a numerical treatment of the experimen-

tal data was applied, with the previously measured
values for the second order rate constant k2 using
Dyna¢t software [13] (Biokin, USA). The maximum
free cargo concentration was set at the concentration
as endpoint. The curves for all ¢ve initial concentra-
tions ([Constructextracellular]) of construct were ¢tted
simultaneously to the obtained experimental points.
Consequently, the obtained values for the rate con-
stants are valid for all curves.

2.8. Determination of intracellular glutathione
concentration

Intracellular glutathione concentration was deter-
mined using a glutathione assay kit (Calbiochem,
San Diego, CA, USA) according to the manufactur-
er's instructions.

2.9. 2-[3H]Deoxyglucose-6-phosphate leakage

The glucose analogue, 2-deoxyglucose, is taken up
by cells via glucose carriers and then phosphorylated
by hexokinase. The product, 2-deoxyglucose-6-phos-
phate is not able to exit the cells through the plasma
membrane [14]. The e¥ux of radioactivity from cells
preloaded with tritium-labelled 2-deoxyglucose was
measured according to the method described previ-
ously [15] with some modi¢cations. The cells were
washed with 1 ml PBS, whereupon 0.5 WCi 2-
[3H]deoxyglucose (Amersham, UK) in 800 Wl PBS
was added to preload the cells for 45 min at 37³C.
Then the cells were washed rapidly three times with
1-ml portions of ice-cold PBS to remove all extracel-
lular radioactivity. Peptides in serum-free medium

Table 1
Sequences, uptake rate constants (k1), reduction rate constant (k2), hydrophobic moment (W), and equilibrium constant (Kio) of the
CPPs used in this work

Name and sequence k1 (s31)U1033 k2 (M31 s31) W (Kio)

Penetratin
X-RQIKIWFQNRRMKWKK-amide 0.20 þ 0.06 3.00 þ 0.04 0.091 71 þ 12
Tat (48^60)
X-GRKKRRQRRRPQ-amide 0.34 þ 0.11 12 þ 0.2 0.073 107 þ 10
Transportan
(NO13-X)GWTLNSAGYLLGKINLKALAALAKKIL-amide 1.00 þ 0.012 1.50 þ 0.03 0.22 353 þ 11
MAP
X-KLALKLALKALKAALKLA-amide 1.70 þ 0.011 2.3 þ 0.04 0.31 484 þ 29

X = biotin or 2-nitro-tyrosinylcysteine.
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were added to the wells to reach the ¢nal concentra-
tions of 1, 5, 10 and 20 WM. As a positive control,
some cells were treated with 1% Triton X-100 in PBS
to establish the upper boundary of leakage. The plate
was incubated at 37³C for 1 min after the addition of
peptide, after which a 50-Wl aliquot was transferred
to a scintillation vial for quanti¢cation of 2-
[3H]deoxyglucose-6-phosphate leakage. The proce-
dure was repeated after 5, 15 and 30 min, after which
the remainder of the incubation solution (800 Wl) was
collected. The cells were dissolved by incubation in
0.5 ml of 1 M NaOH for 15 min. The base was
transferred to scintillation vials and the wells were
rinsed with 0.5 ml 1 M HCl. The acid fraction was
used to neutralize the base fraction and the collected
radioactivity in the combined fractions was measured
in a L-scintillation counter (Packard, USA). The rel-
ative radioactive e¥ux from each well was calculated
as percentage of control.

2.10. Calculation of mean W

The mean W [16] of the CPPs was calculated using
the Kyte and Doolitle scale of hydrophobicity and a
sliding window of nine amino acids on Winpep Soft-
ware [17].

3. Results

The uptake and/or delivery of CPP^S^S^cargo £u-
orophore^quencher construct was measured as an

increase in £uorescence using an energy transfer
quenching method described by Meldal and Bred-
dam [18] with some modi¢cations. In order to mea-
sure the intracellular reduction rate constants, the
constructs at 1 WM were reduced with various con-
centration of glutathione ranging from 100 WM to
2 mM. As the constructs probably are adsorbed to
membranes also in the interior of the cells, the re-
duction was made in the presence of an excess of
lipid vesicles. The observed reduction rate constants
(k2) are summarized in Table 1.

The glutathione concentration in Bowes cells was
determined to be 5.5 þ 0.4 mM, and this value was
used in the ¢tting of the uptake data.

To con¢rm that the cargo peptide could not be
internalized after extracellular reduction of the con-
struct, independent uptake experiments were per-
formed with the unconjugated cargo peptide. After
60 min incubation, no signi¢cant uptake could be
measured.

To ascertain that the increase in £uorescence is not
caused by glutathione out£ow due to peptide-in-
duced membrane leakage, cells were incubated in
5 WM of the inactive [Pro19]transportan construct to-
gether with 10 WM of the biotinyl^MAP, the peptide
showing most membrane disturbance (cf. below, Fig.
5). Only modest (6 1% of total) £uorescence increase
above baseline was detected (data not shown). This
experiment also excludes the possibility that unspe-
ci¢c interaction with extracellular proteins would en-
hance the reduction signi¢cantly.

As a further control, cells and constructs were
mixed and immediately reduced with DTT. The re-
sulting £uorescence intensity was similar to that ob-

Fig. 2. Example illustrating uptake curves; uptake of £uores-
ence^quencher construct at 1 WM concentration expressed as
fraction of total amount of construct plotted versus time. 1 is
de¢ned as the £uorescence intensity obtained after total reduc-
tion of constructs with DTT.

Fig. 3. The uptake rate constants (k1) þ S.E.M. of the di¡erent
£uorophore^quencher constructs used in this study.
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tained at the end of the uptake experiments, showing
that the observed uptake plateau is not due to
quenching of the £uorophore intracellularly. An ex-
ample of the uptake curves is illustrated with the
curve for 1 WM of construct in Fig. 2. The uptake
curves for all concentrations were simultaneously ¢t-
ted using the Dyna¢t program package using the
independently measured k2 and intracellular gluta-
thione concentration. This procedure showed that

MAP had the fastest uptake (k1 = 1.7U1033 s31),
followed by transportan (k1 = 1U1033 s31), Tat
(48^60) (k1 = 0.34U1033 s31), and penetratin
(k1 = 0.2U1033 s31). The uptake rate constants are
summarized in Fig. 3 and table 1.

In Fig. 4, the estimated intracellular concentration
at saturation (total intracellular volume 0.375 Wl for
250 000 cells) is plotted against the extracellular con-
centration. The apparent cellular transport equilibri-
um constant (Kio) is obtained from the slope of the
line (table 1). The linear dependence shows that the
upper limit of the construct import (saturation) was
not reached within the concentration range used. The
CPPs seem to divide into two groups: group 1: MAP
(Kio = 417) and transportan (Kio = 353); that possess
higher delivery e¤ciency than group 2: Tat (48^60)
(Kio = 107) and penetratin (Kio = 71). Thus, in all con-
struct concentrations tested, transport stopped before
100% of the construct was internalized.

According to the 2-[3H]deoxyglucose-6-phosphate
leakage assay, MAP is the most potent inducer of
membrane leakage, causing high out£ow of radioac-
tivity already at 1 WM concentration (Fig. 5). Higher
concentrations of this peptide totally disrupt the cell
plasma membranes and the leakage is comparable to
the positive control, 1% Triton X-100 (data not
shown). Tat (48^60) did not induce any detectable

Fig. 4. Intracellular concentration of the £uorophore plotted
against the extracellular concentration. The slope of the line de-
termines the equilibrium constant, Kio.

Fig. 5. Relative permeability of Bowes melanoma cells preloaded with 2-deoxyglucose, points are expressed as radioactivity retained in
cells in % of non-treated cells. (A) penetratin, (B) Tat (48^60), (C) transportan and (D) MAP. Filled square = 1 WM, ¢lled triangle =
5 WM, ¢lled inverted triangle = 10 WM and ¢lled diamond = 20 WM.
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leakage at all, even at the highest concentration used
(20 WM). Only a negligible e¡ect was detected for
penetratin: after 30 min of incubation with 20 WM
the 90% of basal level radioactivity was retained in
the cells (Fig. 5). Penetratin at lower concentrations
induces less membrane leakage in a dose-dependent
manner. Transportan had no e¡ect at 1 WM but at
higher concentrations the membrane leakage in-
creased. Bowes cells incubated with 20 WM transpor-
tan for 15 min retained about 45% of basal radio-
activity (Fig. 5).

4. Discussion

By using CPP^S^S^cargo constructs where the car-
go is labelled with the Abz £uorophore and the CPP
with the 3-nitrotyrosine quencher (Fig. 1), it is pos-
sible to monitor (in real time) the intracellular deg-
radation of the disul¢de bond, and hence the cellular
uptake of the constructs by increase in apparent £uo-
rescence intensity.

In order to calculate the uptake rate constants
(k1), the reduction rate constant (k2) was ¢rst mea-
sured in experiments where the CPP^S^S^cargo con-
structs were exposed to varying concentrations of
glutathione (Table 1). Since the amount of cells
was kept constant throughout the experiments, the
cellular uptake was modelled as a pseudo-¢rst-order
process while the reduction was modelled as a second
order reaction. Hence, the uptake curves were nu-
merically ¢tted to:

�Constructextracellular�ÿ!k1 �Constructintracellular�

�Constructintracellular� � �Glutathione�ÿ!k2 �Free cargo�

with the maximum concentration of free cargo set to
the intracellular endpoint concentration.

From earlier measurements of the uptake kinetics
of transportan [5] it has not been clear whether a
transmembrane equilibrium is involved in the trans-
port process, or if the cells are saturated with the
peptide. For the Tat (48^60) and penetratin peptides,
no out£ow from incubated cells has been measured
[19,20], arguing that these peptides are not in a trans-
membrane equilibrium. However, for labelled trans-
portan [5] and MAP [6], an out£ow of label has been

measured, but it is not clear if it is the intact peptide
or metabolites that are exported.

Recalculated data from our previous work [11]
show that the accumulation of the transportan and
penetratin peptides in Bowes cells is 123- and 60-fold
respectively. Thus, the value for the penetratin con-
struct (Table 1) is similar to the peptide itself while
for transportan, the intracellular cargo concentration
is 4-fold higher than for the transporter peptide, im-
plying that transportan is in an equilibrium over the
membrane while penetratin is not.

In this experimental setup, an unrestricted equilib-
rium over the plasma membrane would drive the
reduction of the construct to completion, ending at
an uptake of 100% of available label as the labile
nature of the disul¢de bond lead to dissociation of
the quencher and the £uorophore once the construct
has entered the cells. However, dependent of con-
struct and construct concentration, between 12 and
90% of the total amount of the constructs was inter-
nalized. The lack of complete uptake indicates that
some equilibrium conditions must exist in the cellular
uptake process, but, as mentioned, it should not be
primarily over the plasma membrane. Consequently,
the inhibition of uptake that results in a plateau must
take some other form.

Recently Bellet-Amalric et al. showed that model
membranes are quickly saturated with penetratin
[21]. It would be reasonable to speculate that this is
the case for the plasma membrane as well. Moreover,
in cells, the peptide in the outer lea£et is transported
into the cell where an equilibrium between cytosolic
and membrane-bound peptide should be established.
In the uptake process, the intracellular and mem-
brane concentration of the peptide increases. At the
endpoint, the membrane would be saturated with
peptide and this would prevent further import. This
is supported by a previous study showing that after
the membrane potential-dependent uptake of a small
positively charged amphipathic peptide into arti¢cial
vesicles [22] the peptide accumulates in the inner leaf-
let interface. This would explain why uptake stops
apparently without equilibrium over the plasma
membrane. The proposed process is illustrated in
Fig. 6.

The di¡erence in cargo delivery e¤ciency between
the two groups of CPPs could be explained by the
ability of the amphipathic transportan^MAP group
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of peptides to enter and exit cells, in contrast to the
Tat (48^60)-penetratin group which are trapped in
the cells.

Previously we have measured uptake of radio-iodi-
nated transportan [5]. However, the ¢tting used con-
sidered an equilibrium over the membrane giving an
overall (k1+kÿ1) rate constant of 2.8U1033 s31. This
is higher than the constant measured for the trans-
portan construct in this work (k1 = 1U1033 s31), sug-
gesting that, at least for the transportan construct,
the added cargo decrease the uptake rate. Further-
more, a study on cells treated with transportan con-
jugated to gold particles showed that the complexes
are residing both in vesicular structures and the cy-
toplasm [23], suggesting that for large transportan^
cargo complexes, endocytosis occurs side-by-side
with the cell-penetrating process. Thus, the delivery
process appears to consist of two competing mecha-
nisms: the fast cellular penetration and the `normal',
slower, endocytosis. From this it seem reasonable to
conclude, at least for transportan, that the rate of

cell penetration decreases with larger cargo, while
that of endocytosis is more or less constant.

However, the kinetic constants are probably de-
pendent not only on the peptides, but also on the
membrane area as well as the lipid composition of
the cell membrane, and consequently will vary with
the cell-line used.

The glucose analogue, 2-deoxyglucose, is taken up
into cells by glucose transporters and is phosphory-
lated inside the cells by hexokinase. The product,
2-deoxyglucose-6-phosphate, cannot leave the cell via
the plasma membrane [14]. Thus, the e¥ux of radio-
activity from cells preloaded with tritium-labelled
2-deoxyglucose requires some form of membrane dis-
turbance. The W of a peptide is a measure of its
amphipaticity and has been implied as an important
factor in peptide-mediated membrane disturbance.
As can be seen from Fig. 7, the leakage seems to
be linearly dependent of the mean W of the peptides
used. The relationship between the percentage of re-
tained radioactivity (R) and W can be empirically
de¢ned as R = 120^293 W. This is supported by a
study by Wieprecht et al., showing that the even
slight changes in W of melittin analogues have pro-
found e¡ects on the membrane permeabilization by
the peptides [24].

In conclusion, there are two classes of CPPs. The
¢rst class consisting of amphipatic helical peptides
where Lys is the main contributor to the positive
charge. The representatives of this class, MAP and
transportan cause membrane leakage at lower con-

Fig. 7. 2-[3H]Deoxyglucose retained in Bowes melanoma cells
after a 30-min treatment with 20 WM peptide, plotted against
the W of the peptide, showing the correlation between mem-
brane leakage and amphipathicity.

Fig. 6. Kinetic model of CPP uptake; the peptide in solution
(A) is in equilibrium with peptide bound to the outer lea£et
(Am), which then translocates the plasma membrane. Inside the
cell, the membrane-bound peptide (Bm) is in equilibrium with
cytoplasmic peptide (B). The uptake rate constants (k1) mea-
sured in this work would then correspond to the overall rate
constant for the process and Kio should be the equilibrium con-
stant. The construct uptake stops due to build-up of the libera-
ted transporter peptide in the membrane.
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centrations and deliver more cargo into the cells than
the representatives of the second class: the Arg rich
Tat (48^60) and penetratin. Peptides of the ¢rst class
are in equilibrium over the membrane while members
of the second class are not.

The peptide-induced membrane leakage seems to
be proportional to W. Thus, in the design of novel
CPP analogues, W should be minimized in order to
decrease the CPP-induced plasma membrane dam-
age.
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