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ABSTRACT

Several homeodomains and homeodomain-contain-
ing proteins enter live cells through a receptor- and
energy-independent mechanism. Translocation
through biological membranes is conferred by the
third a-helix of the homeodomain, also known as
Penetratin. Biophysical studies demonstrate that
entry of Penetratin into cells requires its binding to
surface lipids but that binding and translocation are
differentially affected by modi®cations of some
physico-chemical properties of the peptide, like
helical amphipathicity or net charge. This suggests
that the plasma membrane lipid composition affects
the internalization of Penetratin and that internaliza-
tion requires both lipid binding and other speci®c
properties. Using a phase transfer assay, it is
shown that negatively charged lipids promote the
transfer of Penetratin from a hydrophilic into a
hydrophobic environment, probably through charge
neutralization. Accordingly, transfer into a hydro-
phobic milieu can also be obtained in the absence
of negatively charged lipids, by the addition of DNA
oligonucleotides. Strikingly, phase transfer by
charge neutralization was also observed with a vari-
ant peptide of same charge and hydrophobicity in
which the tryptophan at position 6 was replaced by
a phenylalanine. However, Penetratin, but not its
mutant version, is internalized by live cells. This
underscores that charge neutralization and phase
transfer represent only a ®rst step in the internaliza-
tion process and that further crossing of a bio-
logical membrane necessitates the critical
tryptophan residue at position 6.

INTRODUCTION

Homeoproteins de®ne a large class of transcription factors
sharing an evolutionary conserved DNA-binding domain, the
homeodomain (1). Homeodomains fold into a globular
structure made of two antiparallel a-helices followed by a
third, orthogonal one (2±5). Upon DNA binding, the third
a-helix of the homeodomain ®ts into the major groove of
cognate DNA sites where amino acid residues make speci®c
contacts with the base pairs. In addition, the extended
N-terminal arm of the homeodomain speci®cally interacts
with base pairs via the double helix minor groove.

In addition to DNA binding, the homeodomain achieves
other functions like binding to RNA (6), making protein-to-
protein contacts (4,5,7±11) and acting as a transcriptional
activation or repression domain (12±15). Among the new roles
discovered for some homeodomains, the most unforeseen
one is their involvement in secretion and internalization,
thus intercellular traf®cking, of homeoproteins (16±22).
Homeoprotein and homeodomain internalization property is
conferred by a 16-amino acid long peptide corresponding to
the third a-helix of the homeodomain (19). Homeoprotein
secretion is dependent upon another sequence overlapping
with helices 2 and 3 of the homeodomain and presenting a
nuclear export signal activity (20,21). These data strongly
suggest a paracrine function for some homeoproteins and
show that the homeodomain provides the necessary signals for
internalization and secretion. However, the exact cellular and
molecular mechanisms underlying intercellular traf®cking are
not fully understood.

The third a-helix of the Antennapedia homeodomain,
hereafter referred to as Penetratin, is internalized by several
cell types at 37°C and at 4°C and reaches the cell nucleus (23).
Retro, enantio and retro-inverso forms of Penetratin are also
ef®ciently captured at 4°C, demonstrating that cellular entry is
energy and receptor independent (23). In the proposed model
of internalization through the transient formation of inverted
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micelles (17,24), the interaction between negatively charged
phospholipids and Penetratin is critical. Indeed, Penetratin
contains seven arginine or lysine residues, and an alanine scan
mapping has shown that the mutation of any of these residues
signi®cantly reduces cellular entry (25).

Many experiments, however, suggest that the lipid-binding
af®nity of Penetratin and of its internalized variants is not
suf®cient to explain their capacity to enter live cells (25,26).
Modulating the hydrophobicity and the hydrophobic moment
of the peptide differently affects its binding to lipid bilayer
models depending on their content in charged lipids. In
addition, there is no correlation between the helical amphi-
pathicity of the variant peptides and their internalization. The
substitution of several hydrophobic residues causes a decrease
in Penetratin internalization. Of particular interest is the
almost full loss of Penetratin internalization that follows the
change of tryptophan 6 residue (W6) into a phenylalanine
(W6F mutant) (16,19).

A very recent study addressing the mode of interaction of
Penetratin with lipid bilayers provided evidence that wild type
and W6F mutant Penetratins only interact with negatively
charged phospholipids, therefore showing that peptide±lipid
association is primarily due to electrostatic interactions (27).
Furthermore, Christiaens et al. (27) showed that the W6
residue deeply inserts into the lipid bilayer, and that the W6F
Penetratin mutant shows lower af®nity for lipids than wild
type Penetratin.

Here, we compare the ability of Penetratin and its W6F
mutant variant to reach a hydrophobic environment through
charge neutralization, by a simple phase transfer assay. We
also compare the capacity of these peptides to promote the
entry of a non-conjugated anionic polymer, i.e. a double-
stranded DNA (ds DNA) oligonucleotide, into live cells.
While the peptides are equally competent for the phase
transfer of negatively charged molecules, only the wild type
Penetratin allows the cellular uptake of DNA in the absence of
endocytosis, at 4°C. This strongly suggests that internalization
detected in the presence of Penetratin is a two step event that
requires (i) Penetratin binding to the cell surface, basically by
electrostatic interactions with lipids, and (ii) translocation
across the lipid bilayer possibly through a tryptophan-induced
destabilization of the membrane.

MATERIALS AND METHODS

Phase transfer assay

Phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylserine (PS), and phosphatidic acid (PA)
were conditioned in chloroform. Penetratin (sequence:
6 NH2-RQIKIWFQNRRMKWKK-CONH2), the W6-to-F6
Penetratin mutant (W6F) and NBD-Penetratin were synthe-
sized and provided by Synt:em SA (NõÃmes, France). Peptides
were blocked at both N- and C-terminal extremities and
were >98% pure, as monitored by HPLC. Peptide aliquots
were conditioned in Tris 10 mM, pH 7.4. DNA oligonucleo-
tides (5¢-CGAAATTGATTGATTGATGCTTTAATTGAC-3¢
and 5¢-GTCAATTAAAGCATCAATCAATCAATTTCG-3¢;
Eurogentec) were end labeled by T4 polynucleotide kinase
(NEBiolabs) and 32P-dCTP (Amersham), as recommended by
the manufacturer.

For the phase transfer assays, 1 ml of the water phase (Tris
10 mM, pH 7.4), containing the peptide, and/or dsDNA
oligonucleotides when indicated, was mixed to 1 ml of organic
phase, with or without lipids, by vortexing (30 s). Both phases
were decanted overnight at 4°C or separated by centrifugation
(800 g, 15 min). The NBD-Penetratin recovered from the
water phase was quanti®ed by ¯uorimetry (Perkin Elmer LS30
¯uorimeter). NBD emits ¯uorescence at a wavelength of
537 nm after excitation at 464 nm. 32P-labeled oligonucleo-
tides retrieved from both phases were dosed by radioactivity
counting (liquid scintillation in Ultima-Gold or Pico-Fluor 40,
Packard).

Cellular internalization of Penetratin and DNA
oligonucleotides

COS7 cells were maintained in Dulbecco's modi®ed Eagle's
medium (DMEM, Gibco) supplemented with 10% fetal calf
serum (PAA laboratories, GmbH), 100 IU/ml of penicillin and
100 mg/ml of streptomycin (Sigma), at 37°C in a humidi®ed,
5% CO2 atmosphere. Twenty-four hours before peptide, DNA
or peptide±DNA internalization, cells proliferating exponen-
tially were trypsinized and 3 or 6 3 104 cells were plated per
well in 24-well plates. Before adding the peptide (Penetratin or
the W6F variant), DNA, or peptide±DNA mix, cells were
rinsed twice in phosphate buffered saline (PBS). Peptides,
DNA or peptide±DNA mix were conditioned in DMEM
(without serum and antibiotics) and added to the cells for 2 h at
37 or 4°C.

To quantify the entry of radioactively labeled DNA into
cells, the culture medium was collected and processed for
liquid scintillation counting, the cells were washed twice with
PBS-NaCl 0.5 M and PBS, trypsin treated and lysed in Triton
3100 2% for counting the internalized radioactivity. To
visualize internalized FITC-labeled oligonucleotides (Gibco
BRL Life Technologies), cells grown on glass coverslips were
exposed to DNA or to peptide±DNA mix, rinsed, ®xed in 4%
paraformaldehyde and mounted in Vectashield mounting
medium (Vector laboratories). Oligonucleotides were pro-
tected from degradation by phosphorothioate bonds.
Intracellular distribution of DNA was determined by confocal
microscopy (Axiovert 135 M, Zeiss).

RESULTS

Charged phospholipids allow the transfer of Penetratin
into a hydrophobic environment

To evaluate the relationship between the nature of phospho-
lipids and their ability to interact with Penetratin, we followed
the transfer of the peptide from an aqueous into a hydrophobic
phase, i.e. chloroform, in the presence of different lipids.
Penetratin was N-terminally labeled with a NBD ¯uorophore
and phase transfer was quanti®ed by measuring the residual
NBD ¯uorescence in the water phase. In the absence of lipid,
about one-half of added NBD-Penetratin (2.2 mM) was
detected in the water phase (relative ¯uorescence of 100; see
Fig. 1). The addition of zwitterionic lipids (PC or PE) to the
organic phase, with a lipid:peptide molar ratio of 17:1, slightly
decreased (up to two-fold) NBD-Penetratin phase transfer
(Fig. 1).
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In strong contrast, negatively charged PS or PA enhanced
the transfer of NBD-Penetratin into the hydrophobic phase. As
illustrated in Figure 1, the addition of PS and PA (lipid:peptide
molar ratio of 17:1) decreased water-soluble NBD-Penetratin
to 15 and 50% of that measured in control conditions,
respectively.

Varying the lipid:peptide molar ratio from 2 3 10±3:1 to
34:1, we observed a maximal NBD-Penetratin transfer in the
presence of PS when reaching a 8:1 molar ratio (Fig. 2).
Considering that NBD-Penetratin harbors seven positive
charges at pH 7.2, optimal peptide transfer occurs when
reaching a lipid:peptide ratio that allows charge neutralization.
Also illustrated in Figure 2 is the absence of NBD-Penetratin
phase transfer in presence of PC, even at very high
lipid:peptide ratios (up to 34:1). Rather, addition of PC
impaired phase transfer of the peptide. Taken together, these
experiments suggest that peptide±lipid association is primarily
due to electrostatic interactions and that charge neutralization
is the ®rst step allowing the peptide to enter into a hydrophobic
environment.

Penetratin promotes the transfer of non-conjugated
DNA oligonucleotides into a hydrophobic environment

If phase transfer is due to Penetratin charge neutralization by
anionic lipids, oligonucleotides, as anionic polymers, might
bind Penetratin and ®nd access, through peptide neutraliza-
tion, to the hydrophobic phase. In the absence of peptide,
~60% of added radioactive dsDNA (16 pM) remained in
the water phase (Fig. 3). However, the addition of Penetratin
(4.4 mM) allowed the passage of up to 80% of the dsDNA
oligonucleotides into the hydrophobic phase (Fig. 3).
Similarly, Penetratin also enhanced phase transfer of single-
stranded DNA oligonucleotides, but with a somewhat lower
ef®ciency (data not shown).

The charge neutralization hypothesis was further tested by a
competition experiment where the peptides and PS were added
together. Figure 3 illustrates that the addition of PS, at a
concentration of 37 mM, inhibits oligonucleotide transfer
when Penetratin was used at 0.44 mM, compared with a
transfer of 60% of the oligonucleotide in the absence of lipid.
However, a high Penetratin concentration (4.4 mM) restored
oligonucleotide transfer to levels similar to those observed in
the absence of PS. Taken together these results suggest that PS
competes with the oligonucleotide for Penetratin binding. It is
noteworthy that, even in the absence of PS, Penetratin-
mediated transfer of DNA was effective only in presence of a
large excess of peptide.

Penetratin enhances the cellular entry of non-conjugated
DNA both at 37°C and 4°C

Since Penetratin promoted the passage of anionic polymers,
like DNA, to a hydrophobic phase, we postulated that it may
also trigger the entry of non-conjugated DNA into live cells.
COS7 cells were exposed to DNA pre-incubated, or not, with
Penetratin. Radioactive dsDNA (6.5 nM) was maintained
constant and diluted with non-labeled dsDNA (up to 65 nM
®nal). Penetratin and DNA were mixed in a molar ratio
varying from 5 3 102 to 5 3 103 and added to the cells. After 2
h, the culture medium was recovered for counting (data not
shown) and the intracellular amount of radioactive material
was evaluated after washings and trypsin treatment.

Although Penetratin stimulated the entry of DNA at all
DNA concentrations, optimal internalization was obtained
with 6.5 nM of dsDNA and a 5 3 103 molar excess of
Penetratin (32 mM; Fig. 4). At 4°C, Penetratin induced a 60-
fold increase in DNA internalization with respect to a control
situation (no peptide added). At 37°C, the amount of
internalized DNA was higher but the Penetratin effect was
30-fold, suggesting that, at this temperature, part of the
oligonucleotide is captured through classical endocytosis.
Internalization experiments were also performed with FITC-
labeled DNA (0.2±2 mM), in the presence or in the absence of
Penetratin (100 mM). Interestingly, in the presence of
Penetratin, a strong signal was detected within the nucleus
of all the cells following exposure at 4°C (confocal
microscopy, Fig. 5). Thus, the Penetratin peptide is effective
to carry along non-conjugated DNA into cells.

The translocation-defective W6F Penetratin mutant
allows the phase transfer but not the cellular entry of
non-conjugated DNA

The translocation-defective W6F Penetratin mutant (19)
harbors the same net charge and hydrophobicity as the wild
type peptide. We tested whether it can promote the transfer of
DNA to a hydrophobic phase through charge neutralization.
As observed with the wild type peptide, the W6F mutant
allowed the passage of 80% of the dsDNA oligonucleotides
into the hydrophobic phase (Fig. 3). Moreover, addition of PS
in the assay competed with the oligonucleotide transfer. This
inhibitory effect was quantatively similar to that observed with
the wild type Penetratin, and was also released at higher
peptide concentration (4.4 mM; Fig. 3). This shows that
Penetratin and its W6F mutant derivative equally set up
electrostatic interactions with negatively charged molecules.

Figure 1. Negatively charged lipids promote the water-to-hydrophobic
phase transfer of Penetratin. NBD-Penetratin was dissolved in Tris 10 mM,
pH 7.4, to reach a concentration of 2.2 mM. Lipids were conditioned in
chloroform. After mixing and decanting the phases, the NBD ¯uorescence
corresponding to the NBD-Penetratin remaining in the water phase was
quanti®ed. Bars indicate the standard variation of at least three independent
experiments.
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The W6F mutant peptide was therefore assayed for its
capacity to stimulate the cellular uptake of oligonucleotides.
While Penetratin enhanced the entry of DNA into cells at both

4 and 37°C, its W6F variant only promoted DNA internaliza-
tion at 37°C (15-fold stimulation as compared with control,
Fig. 4). Indeed, at 4°C, the stimulatory effect observed with
Penetratin was almost lost when the W6 residue was changed
into F (from 60- to 6-fold, Fig. 4). Thus, the W6F amino acid
substitution, which did not affect the capacity of the peptide to

Figure 2. PS induces an optimal phase transfer of Penetratin when reaching a lipid:peptide molar ratio of 8:1. NBD-Penetratin was dissolved in Tris 10 mM,
pH 7.4, to reach a concentration of 4.4 mM. PS and PC were conditioned in chloroform. After mixing and decanting the phases, the NBD ¯uorescence
corresponding to the NBD-Penetratin remaining in the water phase was quanti®ed. Bars indicate the standard variation of at least three independent
experiments.

Figure 3. Penetratin allows the transfer of DNA oligonucleotides to a
hydrophobic environment. Various amounts of Penetratin (Pen) or W6F
mutant peptide (PenWF) were added to 32P-labeled dsDNA at 16 pM, condi-
tioned in Tris 10 mM pH 7.4. PS was conditioned in chloroform. After mix-
ing and decanting the phases, the radioactivity retrieved from both phases
was counted and reported to that of the input (relative c.p.m. of 100). Only
the data corresponding to the water phase are shown. Bars indicate the
standard variation of at least three independent experiments.

Figure 4. Penetratin promotes the cellular entry of non-conjugated DNA
oligonucleotides both at 37 and at 4°C. 32P-labeled dsDNA oligonucleotide
(6.5 nM) was preincubated in DMEM medium in the absence of peptide
(control), in the presence of Penetratin (Pen) (32 mM) or in the presence of
the W6F mutant peptide (PenWF) (32 mM), and added to COS7 cells for
2 h. Cells were then lysed and processed to quantify the internalized
radioactivity. Bars indicate the standard variation of at least three
independent experiments.
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enter a hydrophobic milieu through charge neutralization,
impaired its ability to cross biological membranes. This
therefore strongly suggests that internalization at 37°C has a
strong endocytotic component stimulated by the
peptide±DNA complex but that the uptake of DNA molecules
in the absence of endocytosis is dependent on the presence of
the wild type peptide.

DISCUSSION

Penetratin is an amphipathic peptide that can cross biological
membranes and gain access to the cytoplasm as well as to the
nucleus of live cells. This cellular uptake occurs ef®ciently
despite the net positive charge of the peptide. By the use of a
phase transfer assay, we provided evidence that Penetratin
may enter a hydrophobic environment upon interaction with
negatively charged molecules, like PS or PA. Accordingly,
Penetratin may bring hydrophilic, negatively charged poly-
mers like DNA oligonucleotides into a hydrophobic phase,

presumably by virtue of charge neutralization. In fact, the
negatively charged lipid PS, which permits phase transfer of
Penetratin, inhibits to some extent that of Penetratin-DNA, as
shown by PS versus DNA competition experiments.

The W6F Penetratin variant has been shown to be impaired
for translocation through biological membranes (16,19). In
addition, it has been reported recently that Penetratin and the
W6F mutant, which still harbors a tryptophan residue at
position 14, displayed similar ¯uorescence emission spectra in
the presence of lipid vesicles indicative of a low af®nity of the
peptides for zwitterionic lipids and of an equal interaction with
negatively charged phospholipids (27). This suggests a
signi®cant role for electrostatic interactions in lipid±peptide
binding. Christiaens et al. (27) further provided evidence that
the W6 residue of Penetratin was deeply inserted into the lipid
bilayer in vesicles. Finally, comparing the W6F mutant with
another variant in which the tryptophan residue at position 14
was also replaced by phenylalanine, these authors showed that
the W6 residue displayed a tighter association with the lipids
than the W14 residue. Since the W6F Penetratin mutant is
defective for the entry into cells (16,19), these recent data
together point to a possible involvement of the W6 residue in
the interaction with the lipid acyl chains to destabilize the
bilayer.

Although the phase transfer assay is only a simpli®ed model
of the interaction between the peptides and biological
membrane, our results demonstrate that the W6F mutant
displays the same capacity as Penetratin to interact with
negatively charged molecules and to promote their phase
transfer. However, Penetratin also strongly enhances the entry
of dsDNA into cells in the absence of endocytosis, whereas the
W6F mutant is devoid of such activity. Since the cellular
uptake of DNA occurs at 4°C in the presence of Penetratin, but
not of the W6F mutant peptide, it is highly probable that DNA
enters the cell through the Penetratin translocation route.

Some reports on the intracellular delivery of cationic cell-
penetrating peptides and of oligonucleotides suggest that cell
washing and ®xation cause artifactual uptake or intracellular
distribution of these molecules (28±30). This is not the
case here for the following reasons. First, ¯uorescent
Antennapedia-like peptides can be localized within un®xed
live cells by confocal microscopy (31). Second, the wild type
peptide, but not the W6F variant, is internalized and
internalizes dsDNA (this study), and is retrieved from live
cells by cell fractionation (19). Third, the activity of cargoes
linked to the peptide occurs in live cells (reviewed in 32).
Fourth, the quantitation of Penetratin-DNA entry into cells
(this study) did not involve cell ®xation and the washing steps
included a trypsin treatment, thus precluding that peptides
bound to the extracellular membrane are internalized (30).
Fifth, the mild ®xative protocol we used to detect FITC-
labeled oligonucleotides was reported not to in¯uence the
uptake and intracellular localization of oligonucleotides (28).
In conclusion, although some redistribution during ®xation
cannot be entirely precluded, we are con®dent that peptide and
dsDNA entry and nuclear accumulation is not an artifact.

Altogether our data ®t with a model suggesting that the
entry of Penetratin into cells requires at least two consecutive
events (16,19,33, and references therein). Firstly, the peptide
should interact with and enter the membrane bilayer. This ®rst
step would depend on the hydrophobicity and the hydrophobic

Figure 5. Internalized DNA oligonucleotides reach the nucleus of COS7
cells at 4°C. Penetratin (100 mM) and/or FITC-labeled dsDNA oligonucle-
otides (0.2 mM) were preincubated in DMEM medium and added to COS7
cells for 2 h at 4°C. Cells were then processed for visualization under
confocal microscopy. (A) Intracellular ¯uorescence detected after incubation
with Penetratin and FITC dsDNA, at 4°C. (B) Intracellular ¯uorescence
detected after incubation at 4°C with FITC dsDNA oligonucleotides alone.
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moment of the peptide, as well as on charge neutralization, for
which both Penetratin and the W6F variant are similar. The
second step should involve membrane destabilization and
further intracellular delivery, for which the W6 residue seems
to play a critical role. As proposed by others, the Penetratin
peptide may enter live cells by the transient formation of
inverted micelles (16,17,24) provoked by the tryptophan in
position 6 (W6). Accordingly, it has been suggested that the
substitution of the W6 residue into F6 would impair this
transient membrane destabilization.
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