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A peptide carrier for the
delivery of biologically
active proteins into
mammalian cells
May C. Morris, Julien Depollier, Jean Mery, 
Frederic Heitz, and Gilles Divita*

The development of peptide drugs and therapeutic proteins is
limited by the poor permeability and the selectivity of the cell
membrane. There is a growing effort to circumvent these prob-
lems by designing strategies to deliver full-length proteins into a
large number of cells1–3. A series of small protein domains,
termed protein transduction domains (PTDs), have been shown
to cross biological membranes efficiently and independently of
transporters or specific receptors, and to promote the delivery of
peptides and proteins into cells. TAT protein from human immun-
odeficiency virus (HIV-1) is able to deliver biological-
ly active proteins in vivo and has been shown to be of
considerable interest for protein therapeutics4–9.
Similarly, the third α-helix of Antennapedia home-
odomain10–12, and VP22 protein from herpes simplex
virus13,14 promote the delivery of covalently linked
peptides or proteins into cells. However, these PTD
vectors display a certain number of limitations in that
they all require crosslinking to the target peptide or
protein. Moreover, protein transduction using
PTD–TAT fusion protein systems may require denat-
uration of the protein before delivery to increase the
accessibility of the TAT–PTD domain. This require-
ment introduces an additional delay between the
time of delivery and intracellular activation of the pro-
tein1. In this report, we propose a new strategy for
protein delivery based on a short amphipathic pep-
tide carrier, Pep-1. This peptide carrier is able to effi-
ciently deliver a variety of peptides and proteins into
several cell lines in a fully biologically active form,
without the need for prior chemical covalent coupling
or denaturation steps. In addition, this peptide carrier
presents several advantages for protein therapy,
including stability in physiological buffer, lack of toxi-
city, and lack of sensitivity to serum. Pep-1 technolo-
gy should be extremely useful for targeting specific
protein–protein interactions in living cells and for
screening novel therapeutic proteins.

We designed a 21-residue peptide carrier, Pep-1
(KETWWETWWTEWSQPKKKRKV), consisting of
three domains: (1) a hydrophobic tryptophan-rich
motif containing five tryptophan residues (KETW
WETWWTEW), required for efficient targeting to the

cell membrane and for forming hydrophobic interactions with 
proteins; (2) a hydrophilic lysine-rich domain (KKKRKV) derived
from the nuclear localization sequence (NLS) of simian virus 40
(SV-40) large T antigen, required to improve intracellular delivery
and solubility of the peptide vector; and (3) a spacer domain
(SQP), separating the two domains mentioned above, containing
a proline residue, which improves the flexibility and the integrity
of both the hydrophobic and the hydrophilic domains. We first
investigated the ability of Pep-1 to penetrate into cells and 
characterized its subcellular localization. In standard cell culture
conditions, Pep-1 localizes rapidly, in <10 min, to the nucleus of
human HS-68, murine NIH-3T3 fibroblasts, or Cos cells 
(Fig. 1A). Similar experiments, performed by incubating cells for
30 min at 4°C before transfection, yielded essentially the same
result, indicating that Pep-1 internalization is independent of
normal endocytosis (data not shown). Interestingly, a similar
behavior has been described for TAT-derived peptides6,7, the
homeodomain of Antennapedia3, the HSV-1 structural protein
VP22 (ref. 12), and the peptide-based gene delivery system MPG
(ref. 15), indicating that the uptake of Pep-1 may occur through a
related mechanism.

Another major criterion to be considered in the design of any
delivery system is toxicity of the transfection carrier. To address this
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Figure 1. Cellular localization of Pep-1 and formation of Pep-1/protein complexes.
(A) Cellular localization of Pep-1. FITC-labeled Pep-1 (0.1 µM) was applied onto HS-68
cells grown to 75% confluency on glass coverslips in the presence of 10% serum for 
10 min at 37°C. Cellular localization was monitored by FITC fluorescence microscopy.
(B) Cytotoxicity of Pep-1. The toxicity of Pep-1 was monitored in different cell lines
including HS-68, NIH-3T3, 293, and Jurkat T. Cell death was quantified by MTT staining
(see Experimental Protocol) after two days of incubation. (C, D) Formation of Pep-1/Pep-A
and Pep-1/protein complexes. The formation and the size of Pep-1/peptide and Pep-
1/protein complexes were monitored by size-exclusion chromatography. Elution profiles
were followed by absorbance at 280 nm (dark line) and fluorescence of FITC-Pep-A or
GFP (red line). Pep-1/FITC-Pep-A (ratio 10:1) and Pep-1/GFP (ratio 30:1) complexes were
formed at 37°C for 30 min, then loaded onto Hi-load 16/60 Superdex 75 gel filtration
column, equilibrated in PBS buffer containing 200 mM NaCl. (C) Elution profile for 
Pep-1/GFP complex, which eluted mainly as a 65–70 kDa protein, with a small fraction
eluting as large-size aggregates (>160 kDa). (D) Elution profile for Pep-1/Pep-A complex.
This complex eluted mainly as a 30 kDa protein; free Pep-1 eluted as a 1.5 kDa protein.
The size of the complexes was estimated using calibration markers (see text).
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issue, we determined the degree of toxicity of Pep-1 on different cell
lines and found that no toxicity was observed at Pep-1 concentra-
tions up to 100 µM, while cell viability was only decreased by 
∼ 10% for a Pep-1 concentration of 1 mM (Fig. 1B).

We then examined to what extent Pep-1 could interact with a
variety of different peptides and proteins. We used two different
peptides that are unable to enter cells alone: a 51-mer peptide
(Pep-A) derived from human Cdc25C dual-specificity phos-
phatase16 and a 32-mer peptide (Pep-B) derived from HIV-1
reverse transcriptase17. Additionally, we used two proteins: the 
30 kDa green fluorescent protein (GFP) and 119 kDa β-galactosi-
dase (β-Gal). The interaction of peptides or proteins with Pep-1
were monitored by size-exclusion chromatography. Pep-1 was
incubated for 30 min in PBS buffer containing fluorescein isothio-
cyanate (FITC)-labeled Pep-A or GFP in a ratio of 10:1 and 30:1,
respectively. As reported in Figure 1C and D, Pep-1/Pep-A and
Pep-1/GFP complexes eluted as stable particles of 25–30 kDa and
65–70 kDa, respectively, based on marker calibration. These data
indicate that peptides and proteins interact strongly with more
than one molecule of this peptide carrier and suggest that the size
of the particles corresponds to 6–8 molecules of Pep-1 for one of
Pep-A and 12–14 molecules of Pep-1 for one of GFP protein. In
both cases, the excess of Pep-1 eluted in a monomeric form. For
Pep-1/protein complexes (30:1), a small fraction of the protein is
involved in large aggregates (<5%). In contrast, in the absence of
peptides and proteins, Pep-1 did not self-associate in the condi-
tions used for cell delivery experiments. Taken together, these data

demonstrate that when Pep-1 is mixed with pep-
tides or proteins in solution, they rapidly associ-
ate through noncovalent hydrophobic interac-
tions and form stable complexes. These interac-
tions are independent of a specific peptidyl
sequence. Similarly, the excess of GFP and Pep-A
eluted at 30 kDa and 15kDa, respectively.

We next evaluated the ability of Pep-1 to
deliver peptides and proteins into a human
fibroblastic cell line (HS-68) and Cos-7 cells.
FITC-labeled Pep-A (51-mer) and Pep-B (32-
mer) at a concentration of 50 nM were incubat-
ed with different concentrations of Pep-1 from
50 nM (ratio 1:1) to 2 µM (ratio 40:1) in serum-
free cell culture medium for 30 min at 37°C.
Cultured cells were then overlaid with the pre-
formed Pep-1/peptide complexes for 30 min in
the presence or absence of FBS. Complexes were
formed before addition of FBS to avoid interac-
tions between Pep-1 and serum proteins.
Fluorescently labeled Pep-A and Pep-B are
unable to enter the cells alone (Fig. 2A, C). In
contrast, incubation of Pep-1 with Pep-A (an
NLS-containing peptide) at a molar ratio of 20:1
promoted internalization of fluorescent peptide
and its localization to the nucleus in >90% of the
cells (Fig. 2B). Similarly, Pep-1 promoted inter-
nalization of Pep-B, which mainly localized to
the cytoplasm  due to the lack of an NLS motif
(Fig. 2D). These results show that Pep-1 can effi-
ciently deliver long peptides (30- to 50-mers)
into cells without perturbing their proper intra-
cellular localization. We have evaluated the effect
of different factors on the efficiency of peptide
transfection, such as Pep-1 ratio, the presence of
serum in the cell culture medium, and the tem-
perature (Fig. 2E). Maximal transfection effi-

ciency was obtained for a molecular ratio of 20:1 for both pep-
tides, and no transfection was observed for a ratio lower than 5:1,
indicating that the binding of a minimal threshold number of
Pep-1 molecules to the target peptide is required for its intracellu-
lar delivery. Conversely, we observed a large decrease in the effi-
ciency of transfection at a ratio greater than 30:1, which may be
explained by either precipitation or formation of large-size aggre-
gates that are unable to enter the cells. Remarkably, similar results
were obtained when transfections were performed at 37°C or at
4°C, indicating that, as for Pep-1 alone, the internalization process
is not dependent on the endosomal pathway. Finally, the efficiency
of Pep-1-mediated peptide delivery was not affected by the pres-
ence of serum (10%), which renders Pep-1 technology even more
attractive for future in vitro and possible in vivo applications.

To follow the behavior of both Pep-1 and peptide cargoes during
transduction, we performed similar experiments with Pep-1 and
Pep-B labeled with two different fluorophores (fluorescein and
coumarin) and followed their intracellular distribution. As shown in
Figure 2F–H, after 1 h of incubation Pep-1 localized to the nucleus,
while Pep-B remained in the cytoplasm. These results indicate that
the “de-caging” process, namely the dissociation between Pep-1 and
Pep-B, occurs rapidly in the cytoplasm once the complexes enter the
cells and confirm that Pep-1 does not affect the final localization of
the cargoes.

To characterize the efficiency of Pep-1 to deliver proteins, we
chose three very different types of proteins: 30 kDa GFP, 119 kDa 
β-Gal, and full-length specific antibodies. We incubated 50 nM of
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Figure 2. Pep-1-mediated delivery of peptide into human fibroblasts. Fluorescently labeled 
Pep-A (50 nM) and Pep-B (50 nM) were complexed with Pep-1 at a molar ratio of 20:1 for 
30 min, then overlaid onto cultured cells in the presence of 10% FBS. Cellular localization was
monitored by fluorescence microscopy. (A) Control experiment with Pep-A (50 nM) in the
absence of Pep-1. (B) Pep-1-mediated delivery of Pep-A at 37°C. (C) Control experiment with
Pep-B (50 nM) in the absence of Pep-1. (D) Pep-1-mediated delivery of Pep-B at 37°C.
(E) Pep-1 concentration-dependent peptide delivery. Both peptides (50 nM) were incubated with
different concentrations of Pep-1 from 50 nM (ratio 1:1) to 2 µM (ratio 40:1), in serum-free cell
culture medium for 30 min. Following this transfection step, fresh DMEM supplemented with
serum was added for another 30 min. Cells were then extensively washed and examined by
fluorescence microscopy. The efficiency of transfection was determined by counting fluorescent
cells. Experiments were done in the absence at 37°C (open bars) and  in the presence of serum
at 37°C (dark bars) or at 4°C (hatched bars). Co-localization experiments were performed with
fluorescein-labeled Pep-1 and coumarin-labeled Pep-B. Cultured cells (0.5 to 1.0 × 106) were
then overlaid with the preformed Pep-1/Pep-B complexes for 30 min in the presence of FBS.
(F) Localization of Pep-1. (G) Localization of Pep-B and (H) co-localization of Pep-1/Pep-B.
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GFP and β-Gal proteins for 30 min at 37°C with different concentra-
tions of Pep-1 varying from 0.5 µM to 50 µM, which we then over-
laid onto cultured cells for 1 h. After extensive washing, the cells were
observed and the efficiency of protein delivery determined by count-
ing fluorescent cells or by monitoring enzymatic β-Gal activity by 
X-Gal staining. In both cases, >80% efficiency was observed for a
molar ratio of Pep-1:protein of 40:1. All cells exhibited strong and
uniform β-Gal activity (Fig. 3B). Most notably, the presence of Pep-1
did not alter the enzymatic activity of β-Gal upon delivery into cells.
Finally, efficient transfection of β-Gal was equally observed when
transfection was performed at 4°C (Fig. 3C), again supporting the
idea that Pep-1-mediated transfection is independent of the endoso-
mal pathway. In the case of GFP, >80% of the cells exhibited fluores-
cent GFP staining in their cytoplasm. As observed for peptide 
delivery, the efficiency of protein delivery was not affected by the
presence of 10% FBS, and no protein delivery was observed for con-
centrations of Pep-1 lower than 0.5 µM or greater than 50 µM 
(Fig. 3D), supporting the idea that the size of the particle and the
number of Pep-1 molecules are important for delivery.

We next verified that Pep-1 did not affect the proper cellular localiza-
tion of larger proteins. To this aim, we investigated the subcellular local-
ization of FITC-conjugated antibodies following Pep-1-mediated
delivery. We evaluated delivery of two different FITC-conjugated anti-
bodies: anti-Lamp-1, which recognizes the lysosome-associated mem-
brane protein 1 (LAMP-1), and monoclonal anti-β-actin. Antibodies
were used at a concentration of 0.1 µM and incubated with Pep-1 
(5 µM), as described for GFP and β-Gal delivery. As shown in Figure 3E
and F, characteristic labeling of both actin and lysosomes was observed,
confirming that Pep-1 is able to deliver antibodies into cells, while pre-
serving their ability to recognize antigens within cells. Our observation
that Pep-1 is able to promote delivery and proper localization of two
different antibodies to their target antigens confirms that although
Pep-1 alone localizes to the nucleus, it does not affect the appropriate

subcellular localization of the proteins it delivers.
Peptide carriers are one of the most promising tools

for delivering biologically active molecules into
cells18,19. In addition to their usefulness in the laborato-
ry, they are promising reagents for therapeutic screens
and may potentially enable direct targeting of specific
events throughout the cell cycle. Protein delivery could
improve the development of vaccines and therapies in
a variety of viral diseases and cancers. Recently, the use
of PTD-mediated transfection has proved that 
“protein therapy” can have a major impact on future
treatments1–3. Here we describe a strategy for the deliv-
ery of full-length proteins and peptides into mam-
malian cells, based on a short peptide carrier, Pep-1,
which allows the delivery of several distinct proteins
and peptides into different cell lines without the need
for crosslinking or denaturation steps. This carrier 
presents several advantages for protein therapy,
including the rapid delivery of proteins into cells with
very high efficiency, stability in physiological buffer,
lack of toxicity, and lack of sensitivity to serum. Taken
together, the data presented in this study reveal that
Pep-1 technology constitutes a useful tool for basic
research, for studying the role of proteins and pro-
tein–protein interactions in living cells, as well as in a
therapeutic context for the screening of potential ther-
apeutic proteins and peptides.

Experimental protocol
Peptide synthesis and analysis. All peptides were synthe-
sized by solid-phase peptide synthesis using AEDI-

Expansin resin with a 9050 Pep Synthesizer (Millipore, Wartford, UK)
according to the Fmoc/tBoc method, and purified as already described15.
Peptides (Pep-1, Pep-A, Pep-B) were acetylated at their N terminus. Pep-1
and Pep-B were synthesized with a cysteamine group at their C terminus, so
as to enable coupling of fluorescein maleimide or coumarin maleimide
(Molecular Probes, Eugene, OR).

Pep-A:MEFSLKDQEAKVSRSGLYRSPSMPENLNRPRLKQVEKFKD-
NTIPDKKKC

Pep-B: RGTKALTEVIPLTEEAELELAENREILKEPVH

Proteins and products. β-Gal was purchased from Novagen (Madison, WI),
FITC-conjugated anti-Lamp-1 (CD107a, clone 1D4B) and FITC-conjugated
anti-β-actin (clone AC15, F 3022) were from PharMingen (San Diego, CA)
and Sigma (St. Louis, MO), respectively. His-tagged GFP was subcloned into
pET28a vector (Novagen), expressed in Escherichia coli, and purified to
homogeneity using a nitrilotriacetic acid (NTA)–agarose column, followed
by size-exclusion column.

Size-exclusion chromatography experiments. Experiments were done in PBS
buffer containing 200 mM NaCl. Pep-1/FITC-Pep-A and Pep-1/GFP com-
plexes were formed at a molar ratio of 10:1 and 30:1 in PBS buffer, then
loaded onto a HiLoad 16/60 Superdex 75 gel filtration column (Pharmacia,
Uppsala, Sweden). Elution was carried out at a flow rate of 0.8 ml/min, and
both protein absorption at 280 nm and fluorescence elution profiles were
monitored. The column was calibrated in the same buffer with calibration
markers: vitamin B12 (1.35 kDa), myoglobin (17 kDa), ovalbumin (44 kDa),
albumin (66 kDa), IgG (158 kDa), and thyroglobin (670 kDa).

Cell culture, cytotoxicity assays, Pep-1-mediated delivery. Adherent 
fibroblastic HS-68, NIH-3T3, 293, Jurkat T, and Cos-7 cell lines were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 
1% (vol/vol) 200 mM glutamine, 1% (vol/vol) antibiotics (streptomycin,
10,000 µg/ml; penicillin, 10,000 IU/ml), and 10% (wt/vol) FBS, at 37°C in a
humidified atmosphere containing 5% CO2 as described15. The cytotoxicity
of Pep-1 was investigated in the cell lines mentioned above. Cells grown in
35-mm-diameter dishes to 75% confluency (0.5 to 1 × 106 cells per dish) were
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Figure 3. Pep-1-mediated delivery of proteins into mammalian cells. GFP and β-Gal proteins
(50 nM) were mixed with different concentrations of Pep-1 varying from 0.05 µM to 50 µM,
incubated for 30 min at 37°C, then overlaid onto cultured cells for 1 h. Cells were then
extensively washed before observation, and the efficiency of protein delivery was determined
by counting fluorescent cells or by following β-Gal activity by X-Gal staining. (A) Control
experiments with β-Gal (50 nM) in the absence of Pep-1. (B) Pep-1-mediated cellular delivery
of β-Gal at 37°C. (C) Pep-1-mediated cellular delivery of β-Gal at 4°C. (D) Concentration-
dependent Pep-1-mediated cellular delivery of GFP. Experiments were done either in the
absence (open bars) or in the presence of serum (closed bars). (E, F) Pep-1-mediated
antibody delivery into mammalian cells. Two different FITC-conjugated antibodies, a
monoclonal anti-β-actin (E) and an anti-Lamp-1 (F) were used at a concentration of 0.1 µM
and incubated with 5 µM Pep-1 for 30 min at 37°C, then overlaid onto cultured cells for 1 h.
Cells were then extensively washed and observed by fluorescence microscopy.
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incubated with 0.1–10 mM Pep-1, in 1 ml DMEM for 1 h, after which 
10% (vol/vol) serum was added. Cell proliferation was measured over four
days, and cytotoxicity was evaluated in a colorimetric assay using 3-(4,5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT), after
removing cell culture medium and replacing it with PBS containing 5 mg/ml
of MTT (ref. 20). For Pep-1-mediated delivery of proteins and peptides,
Pep-1/protein or Pep-1/peptide complexes were formed in DMEM or PBS
(500 µl of DMEM containing 0.25 µg of protein or peptide and a variable
Pep-1:protein molecular ratio from 1:1 to 40:1) and incubated for 30 min at
37°C. Cells grown to 75% confluency were then overlaid with these pre-
formed complexes. After 30 min incubation at 37°C, 1 ml of fresh DMEM
supplemented with 10% FBS was added to the cells, without removing the
overlay of Pep-1:peptide or Pep-1:protein, and cells were returned to the
incubator for another 30 min. Cells were then extensively washed with PBS
and examined for GFP or FITC fluorescence. For β-Gal staining, cells were
fixed with 2% formalin (Sigma), then incubated with 1 mg X-Gal in buffer
containing 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, and 2 mM MgCl2. For trans-
fection in the presence of serum, Pep-1/peptide and Pep-1/protein complexes
were preincubated for 30 min in DMEM or PBS in the absence of serum, to
which 10% FBS was added before addition to the cells.
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Production of calves from
G1 fibroblasts
Poothappillai Kasinathan1,2, Jason G. Knott1,2, 
Zhongde Wang1, D. Joseph Jerry1, and James M. Robl3*

Since the landmark study of Wilmut et al.1 describing the birth of
a cloned lamb derived from a somatic cell nucleus, there has
been debate about the donor nucleus cell cycle stage required
for somatic cell nuclear transfer (NT). Wilmut et al.1 suggested
that induction of quiescence by serum starvation was critical in
allowing donor somatic cells to support development of cloned
embryos. In a subsequent report, Cibelli et al.2 proposed that G0
was unnecessary and that calves could be produced from active-
ly dividing fibroblasts. Neither study conclusively documented the
importance of donor cell cycle stage for development to term.
Other laboratories have had success with NT in several
species1–7, and most have used a serum starvation treatment.
Here we evaluate methods for producing G0 and G1 cell popula-
tions and compare development following NT. High confluence
was more effective than serum starvation for arresting cells in
G0. Pure G1 cell populations could be obtained using a “shake-
off” procedure. No differences in in vitro development were
observed between cells derived from the high-confluence treat-
ment and from the “shake-off” treatment. However, when
embryos from each treatment were transferred to 50 recipients,
five calves were obtained from embryos derived from “shake-off”
cells, whereas no embryos from confluent cells survived beyond
180 days of gestation.These results indicate that donor cell cycle
stage is important for NT, particularly during late fetal develop-
ment, and that actively dividing G1 cells support higher develop-
ment rates than cells in G0.

Although various chemical approaches have been used to synchro-
nize cells in G1 (ref. 8), these methods are rarely 100% effective and
may alter cell viability. Fibroblast cells are tightly attached to the bot-
tom of the culture dish except during cell division. At mitosis the cell
rounds up, and the attached surface area of the cell decreases until
the two resulting daughter cells reenter interphase. This characteris-
tic has been used for many years to isolate dividing cells simply by
shaking the culture dish9. Here we evaluated a mechanical “shake-
off” procedure10 for isolation of a synchronous population of cells in
G1 phase.

We compared cell cycle characteristics for cell doublets prepared
by the “shake-off” method and cells from either confluent or serum-
starved cultures (0.5% serum for five days1). The first approach for
evaluating the cell cycle was to isolate individual cells following treat-
ments and observe the timing of cell division. This simulates the cell
isolation that normally precedes NT. Confluent and serum-starved
cells isolated by standard trypsinization and placed in microdrops of
conditioned medium were observed10. For “shake-off” cells, the
length of the cell cycle was timed from the moment of “shake-off”.
For cells recovered from either confluent or serum-starved cultures,
the length of the cell cycle was timed from the first division to the
second division after isolation. The results indicated that a high pro-
portion of isolated cells from each treatment group divided by 24 h
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