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Abstract: The Cell membrane is impermeable for most peptides, proteins, and oligonucleotides. Moreover, some cationic peptides,
the so-called cell-penetrating peptides (CPPs), are able to translocate across the membrane. This observation has attracted much
attention because these peptides can be covalently coupled to different macromolecules, which are efficiently delivered inside
the cell. The mechanism used by these peptides to pass across the membrane is a controversial matter of debate. It has been
suggested that endocytosis is the main mechanism of internalization and this was confirmed by several studies for different
peptides. Pep-1 is an exception worthy of attention for its ability to translocate cargo macromolecules without the need to be
covalently attached to them. A preferential internalization by an endocytosis-independent mechanism was demonstrated both
in vitro and in vivo. Pep-1 has a high affinity to lipidic membranes, it is able to insert and induce local destabilization in the lipidic
bilayer, although without pore formation. No cytotoxic effects were found for pep-1 concentrations where translocation is fully
operative. At much higher concentrations, membrane disintegration takes place by a detergent-like mechanism that resembles
anti-microbial peptide activity. In this review, the ability of pep-1 to transverse the membrane by an endocytosis-independent
mechanism, not mediated by pores as well as an ability to induce membrane disintegration at high peptide concentration, is
demonstrated. Copyright  2008 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

The hydrophobic nature of the cell membrane is respon-
sible for cellular integrity and is one of the limitations
for the introduction of hydrophilic macromolecules in
the cytoplasm. Microinjection, electroporation, lipo-
somes and viral vectors have been used as delivery
strategies to overcome membrane permeability. All
these methods have drawbacks such as toxicity, poor
specificity and being time consuming [1]. The observa-
tion that some cytoplasmic proteins are able to cross the
membrane when added to extracellular medium, (e.g.
HIV-1 transcriptional activator Tat protein [2] and the
Drosophila antennapedia transcription protein (pAntp)
[3]) originated an alternative strategy based on the basic
amino acid sequences within these proteins which are
translocating-enabling sequences. The observation that
these basic peptides allow cellular delivery of conju-
gated molecules such as peptides or proteins made
these molecules attractive and a new class of vectors,
known as cell-penetrating peptides (CPPs), emerged [4].
This family now includes all the peptides with the abil-
ity to translocate across membranes, whether natural
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peptides, synthetic, or chimaeric peptides. So far, these
vectors have been used to translocate a wide range of
macromolecules into living cells such as proteins [5–7],
peptides [8,9], oligonucleotides [10,11], peptide nucleic
acids [12], and polysaccharides [13]. Nanoparticles [14]
and liposomes [15] have also been internalized in cells
by means of CPP.

The mechanism used by these peptides to translocate
across biologic membranes has been a subject of
debate and controversy in the literature (Ref. 16 and
references therein). The CPP derived from pAntp
(penetratin) and the one from Tat protein (TAT)
are the two most intensively studied CPPs. Both
peptides use endocytic pathways to reach the cytoplasm
[17–23]. Moreover, even in a scenario where the
endocytosis is the physiological means of CPP uptake,
the escape of the CPP/cargo from endosomes into the
cytoplasm is mandatory for a successful delivery of
the cargo molecule. An escape from endosomes due
to acidification was proposed for penetratin and TAT
and confirmed [24]. A translocation dependent on a
transmembrane potential was also identified in vitro for
TAT and penetratin [25].

PEP-1 A CHIMAERIC PEPTIDE

Pep-1 (acetyl-KETWWETWWTEWSQPKKKRKV-cystea-
mine) is a CPP with primary amphipathicity (i.e
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amphipathicity resulting from the aminoacid sequence
itself, not from the folding structure) composed by:
(i) a Trp-rich domain (KETWWETWWTEW), responsible
for hydrophobic interactions with both proteins and
cell membranes, (ii) a hydrophilic domain (KKKRKV)
derived from a nuclear localization signal (NLS) of
Simian Virus 40 (SV-40) large T-antigen, required to
improve solubility, and (iii) a spacer domain (SPQ),
which improves the flexibility and the integrity of the
other two domains [26]. A cysteamine group is present
in the C-terminal and an acetyl group caps the N-
terminus. In oxidizing conditions dimmers may form
due to a disulfide linking of cysteamine groups.

Pep-1 has been efficiently used to introduce several
large proteins inside different cellular lines such as
mammalian cells [26–29] or plant cells converted
into protoplasts [30]. The efficiency of translocation,
however, can vary depending on the cell type and the
cargo molecule.

PEP-1 INTERACTION WITH MEMBRANES

Pep-1 is intrinsically fluorescent, which overcomes the
necessity to couple a fluorescent dye in fluorescence
spectroscopy studies. Trp fluorescence emission is
environmental-sensitive: when Trp residues are totally
exposed to aqueous environment its fluorescence emis-
sion has a spectral maximum at ∼350 nm; at variance,
in a more hydrophobic environment there is a blue
shift in fluorescence emission spectrum with a con-
comitant increase in quantum yield (Figure 1(A)). The
pep-1 extent of interaction with lipid membranes was
quantified by means of molar ratio partition coefficient,
KP (KP = [Pep − 1]Lipid/[Pep − 1]Aqueous). The increase in
the fluorescence intensity (I ) with lipid concentra-
tion was used to determine KP (I = (IW + KpγL[L]IL)/(1 +
KPγL[L]); where IW and IL are the fluorescence intensi-
ties in the absence of lipid and limit value for increasing
lipid concentrations, respectively, γL is the molar vol-
ume of lipid and [L] is the lipid concentration – for
more details see Ref. 31). Pep-1 has high affinity for
neutral membranes vesicles. The peptide insertion
kinetics is fast and the interaction is highly enhanced
in the presence of negatively-charged phospholipids
(Figure 1(B)) [32]. This suggests that the highly charged
hydrophilic domain, should be responsible for the first
contact with the membrane owing to the electrostatic
interactions between the polar headgroup of phospho-
lipids and the positive charges of pep-1. This was
further confirmed by the effect of ionic strength on
peptide–membrane interaction [33]. The hydrophobic
domain, containing five Trp residues, inserts in the
membrane with a shallow positioning [32]. Together, the
dehydration at membrane surface by the hydrophilic
domain and the insertion of the hydrophobic domain
promote membrane destabilization. Membrane destabi-
lization was confirmed by aggregation (Figure 2(A)) and
fusion (Figure 2(B)) of vesicles in the presence of pep-1
[33,34]. Moreover, segregation of anionic phospholipids
induced by the presence of pep-1 was also detected
[34]. However, pore formation was not detected [34–37].
At variance, other study [38] proposed a pore forma-
tion by a barrel-stave-like mechanism. This conclusion
was based on changes in the membrane conductance
in voltage-clamped oocytes, when a transmembrane
potential was applied [38].

In reducing conditions the peptide decreases its
affinity for the membrane [32]. Under these conditions
the disulfide link in between two peptide molecules
is reduced. Therefore, the loss in affinity can result
from an alteration in peptide conformation due to
the cleavage of the disulfide bond. The importance
of the cysteamine group was confirmed with peptide
molecules without this group (non-capped peptide [35]
or peptide with an amide group [35] or a fluorophore
[39]) at C-terminal). The modified peptides have a
decreased capacity to translocate into cells.
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Figure 1 Pep-1 interaction with phospholipid bilayers, reported by Trp fluorescence emission (excitation at 280 nm). Titration
of 6.88 µM pep-1 with large unilamellar vesicles (LUVs) of POPC, followed by normalized Trp fluorescence emission spectra (A) and
total Trp fluorescence emission (B). With lipid addition there is a blue shift in the emission spectra and an increase in fluorescence
intensity. The pep-1 affinity for lipidic membranes can be quantified by means of partition coefficient, KP, which was calculated
by fluorescence emission intensity and obtained by non-linear regression fit (data points omitted for the sake of clarity) – see text
and Refs. 31,32 for further information. Neutral bilayers (POPC) and negatively-charged membranes [POPC : POPG (4 : 1)] are
compared. A more extensive partition is obtained with negatively-charged vesicles (for further details see Ref. 32).

Figure 2 Vesicle aggregation and fusion induced by pep-1. (A) Aggregation of LUVs [25 µM POPC : POPG (4 : 1)] induced by
6.88 µM pep-1, followed by optical density and confirmed by fluorescence microscopy (inserts). (B) Fusion percentage in POPC and
POPC/POPG LUVs. All data were obtained in the presence of 6.88 µM pep-1 total concentration; however, effective concentration
in membranes vary (Ref. 34). Fusion extension and effective concentration in membranes are linearly correlated.

Pep-1 interaction with membranes is associated with
a conformational alteration [35,36,38]. In aqueous
environment the peptide is mainly unstructured but
with a tendency to aggregate forming inter-molecular
β-sheet aggregates [36]. In the presence of lipidic
membranes, a structural alteration from random coil to
α-helix conformation, was detected. NMR studies show
that the part of the molecule that undergoes structural
alteration is the hydrophobic domain [35,38]. This
domain is known to easily insert in the membrane [32].

PEP-1 TRANSLOCATION ACROSS CELL
MEMBRANES

Pep-1 has been efficiently used in different cellular
lines, with several proteins and cargoes. Although,

in vitro studies with model membranes revealed a high
affinity for lipidic bilayers and capacity to perturb the
membrane mainly in the presence of anionic phos-
pholipids [34], peptide translocation in vitro was only
detected in the presence of a negative transmembrane
potential (negative inside) [34]. In the absence of trans-
membrane potential, the peptide inserts only in the
outer layer [32]. An excess of negative charges inside
the liposome promotes the passage of the peptide from
the outer layer to the inner layer (Figure 3(A)) [34].
The transmembrane potential is also essential for the
translocation to occur in vivo. When HeLa cells were
depolarized the uptake of Beta-Gal mediated by the
pep-1 was severely reduced (Figure 3(B)).

The pep-1 uptake by endocytosis was tested by
means of different methodologies. Delivery efficiency
of a cargo molecule attached to pep-1 was compared
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Figure 3 Pep-1 passes through membranes by a mechanism dependent on negative transmembrane potential, �, (inside).
(A) Pep-1 translocation in vitro followed by rhodamine (Rh) quenching [POPC : POPG (4 : 1) LUVs doped with 1% of Rh-labelled
phospholipid] induced by the pep-1. In the absence of a � pep-1 is able to quench Rh fluorophores in the outer layer. In the
presence of a negative � (created by the addition of valinomycin to liposomes loaded with K+ and dispersed in Na+) pep-1
translocates and a drop in Rh fluorescence is clear. With a positive � (liposomes loaded with Na+ and dispersed in K+) pep-1
does not translocate. Controls without pep-1 and where a � is not established in the presence of valinomycin (a – liposomes
loaded with Na+ and dispersed in Na+; b – liposomes loaded with K+ and dispersed in K+) (Ref. 34 for further details) are also
represented. (B) β-Gal delivery into HeLa cells, mediated by pep-1. Pep-1/β-Gal complex was incubated with HeLa cells, for 30 min
at 37 °C. Cell polarization was decreased by increasing external K+ concentrations, and maintaining the ionic strength constant
([K+] + [Na+] = 150 mM). The relative level of β-Gal uptake was determined by its enzymatic activity (Ref. 13). Depolarization of
cells severely reduces the level of β-Gal uptake.

Figure 4 β-Gal delivery into HeLa cells mediated by pep-1 or pep-1 CF, followed by β-Gal enzymatic activity. HeLa cells were
incubated during different intervals with Pep-1/β –Gal complex or pep-1CF/β-Gal (molar ratio 320) at 37 or 4 °C. No fixation
procedures were used in this protocol. Pep-1 is able to internalize β-Gal in HeLa cells maintaining its enzymatic activity.
No differences were detected for incubations at 4 or 37 °C, which suggests an endocytosis-independent internalization. β-Gal
internalization is decreased when pep-1CF is used instead of pep-1 (Ref. 39 for further details).

at 4 and 37 °C [13,26] and no differences in deliv-
ery efficiency were observed (Figure 4). These results
were confirmed not only by imaging methods follow-
ing the protein by immunofluorescence [13,26] but
also by protein activity (measurement of β-Gal enzy-
matic activity) (Figure 4) [13,26,39]. Procedures used to
quantify the protein activity inside the cells exclude the
possibility of artefacts associated with fixation proce-
dures. Moreover co-localization of β-Gal internalized by

the pep-1 with different endocytotic markers (Dextran,
EEA1, Caveolin-1, and cathepsin D) followed by confo-
cal microscopy revealed that this protein is inside cells
and does not co-localize with any of these endocytic
markers [13] (in the case of translocation by an endo-
cytic pathway a co-localization with at least one of
these endocytic markers would be expected when the
incubation of cells with the complex pep-1/protein is
performed at 37 °C).
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At variance, Weller et al. proposed an endocytosis-
mediated entrance based on the internalization of
pep-1/Thioredoxin (TRX) in the presence/absence of
endocytic inhibitors. In these experiments 0.1% NaN3

and 50 mM deoxy-D-glucose were added to the cells
to inhibit ATP production. When pep-1/TRX was
incubated with cells (still in the presence of NaN3 and
50 mM deoxy-D-glucose) the TRX uptake was reduced
[35]. As has been previously verified, pep-1 is able
to interact with dextran molecules with 10 kDa (i.e.
about 55 glucose monomers per dextran molecule) and
introduce these molecules inside cells [13]. A decrease
in the TRX uptake mediated by the pep-1 could thus
result from the interference of glucose (which was
present in a high concentration, 50 mM), decreasing
pep-1/TRX complex formation and/or pep-1 capacity
to deliver TRX inside cells.

Under in vitro conditions, pep-1 translocates through
a mechanism mediated by the transmembrane poten-
tial. This hypothesis was also tested in vivo. Cellular
depolarization inhibited β-Gal uptake mediated by pep-
1 (Figure 3(B)) [13]. Considering the overall results we
conclude that the endocytic pathway is not the main
internalization pathway used by this peptide to intro-
duce proteins inside cells.

A modified pep-1, in which a carboxyfluorescein (CF)
probe was added at the C-terminus, lost the ability to
internalize β-Gal (Figure 4) [39]. This was emcompassed
by a decrease in the affinity for lipidic bilayers [39]. The
loss in membrane affinity with a decrease in uptake
suggests that translocation efficiency and partition of
pep-1 in lipidic membranes are strongly correlated.
However, comparing incubations at 4 and 37 °C it
was possible to identify a slight internalization of pep-
1 CF by an endocytosis-dependent uptake (at 4 °C
internalization was inhibited) [39]. This small uptake by
endocytosis seems to operate only when the membrane
affinity is lost, suggesting that membrane affinity and
the capacity to destabilize it, dictate the extent to which
the peptide enters the cell by a physical mechanism (a
process faster than the endocytosis) to the detriment of
the endocytosis itself.

CAN PEP-1 WORK AS ANTI-MICROBIAL PEPTIDE?

Like CPPs, anti-microbial peptides (AMPs) are short
and cationic peptides with high affinity for membranes.
These peptides are characterized by an efficient killing
of several species of bacteria with the ability to preserve
host-cell integrity. The main target of these peptides
is the bacterial membrane, provoking membrane lysis,
membrane permeabilization or other forms of bilayers
disruption [40].

A pep-1 translocation by pore formation was recently
suggested [38] but this suggestion was not confirmed
by experiments where the capacity of pep-1 to induce

leakage was tested [34–37]. For high peptide/lipid
ratios, pronounced membrane damage takes place in
lipidic vesicles. Pore formation is not the course of the
damage. A detergent-like mechanism seems to operate
[36]. This explains the toxicity when pep-1 is present at
high concentration [26,35].

Pep-1 anti-microbial activity was tested for different
bacterial strains. The minimal inhibitory concentration
(MIC) is dependent on the strain [37]. Although pep-1
is not as efficient as mellitin to kill bacteria, it is able to
efficiently kill bacillus subtilus at a low concentration,
and to kill other strains at higher concentrations.
The capacity to kill bacteria was truly improved and
comparable to the one observed for mellitin when Glu
residues were replaced by Lys. The capacity of Lys-
modified-pep-1 to kill bacteria is not related with the
capacity to induce leakage [37], this further implying
that pep-1 translocation and vector activity cannot be
explained by a pore formation mechanism.

Considering these results we can conclude that
pep-1 has the capacity to work as a CPP or as an
AMP. The threshold between these two properties relies
on the peptide concentration, the composition of the
membrane, and the final peptide/lipid ratio.

CONCLUSION

Pep-1 translocates and is able to work as a vector
to introduce proteins or other cargo molecules inside
cells. This peptide is able to strongly interact with
the lipid bilayer causing local pertubation, and is also
able to cross the membrane by a physical mediated
mechanism promoted by the transmembrane potential
and not involving pore formation. For many CPPs
endocytosis uptake may be the main mechanism
of uptake but sound evidence show that pep-1
translocates by a mechanism mediated by physical
peptide–membrane interactions when a favourable
transmembrane potential is present. This does not
exclude a possible internalization by an endocytic route
in all situations. Nevertheless, the time required for
the physical mechanism to be completed is lesser
than that for the endocytic uptake. Therefore, if both
mechanisms are operative the non-endocytic route is
dominant. Differences between pep-1 and other CPPs
can be related to the affinity for membrane lipids.
Peptides with higher affinity have a greater propensity to
be internalized by a non-endocytic mechanism. Lower
affinity for membranes can favour endocytic uptake.
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