
Abstract. A short peptide, corresponding to the nuclear
localization signal of the human immunodeficiency virus-1
Tat protein, Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg, was
modified by adding a cysteine residue at the COOH terminus.
The peptide was mixed with a reporter plasmid, and then
with cationic lipids, to form a tripartite complex, DNA/
peptide/lipid (DPL). Various cell lines were treated with the
DPL complex and compared for transfection efficiency with
those of the conventional DNA/lipid (DL) complex. With the
simple inclusion of the peptide, the DPL complex showed
much enhanced transfection. Meanwhile, the plasmid DNA
mixed only with the peptide exhibited some improvement but
with much lower transfection than the DPL complex. When
the DPL complex was formed with various cationic lipids,
the DOSPA/DOPE exhibited superior transfection efficiency
than the other cationic lipids tested at the optimal ratio of
1:3:5 (w:w:w) in many cell types. At the optimal ratio of the
DPL components, transfection efficiency was routinely
shown to be ~10-fold higher for reporter gene expression

than that of the conventional DL complex. Furthermore,
when subcutaneous tumors of a colon cancer cell line
(SW480) were treated intratumorally with antisense oligos,
k-ras-RiAS, delivered as a DPL complex, tumor growth was
markedly suppressed. This study shows that the DPL
complex, which is easy to formulate by ordered mixing, can
be employed for a much enhanced cellular uptake of a
transgene both in vitro and in vivo. 

Introduction

As the fields of molecular biology and gene therapy progress,
an urgent need for the efficient delivery of nucleic acids into
cells or tissues has emerged (1-4). To be useful for both in vitro
and in vivo gene delivery, a nucleic acid must be delivered
into the target cells or tissue in an effective amount. At the
same time, it is desired that the nucleic acid delivery does not
induce cellular cytotoxicity and host immune responses. 

Gene deliveries may be performed by viral and non-viral
vectors (5). For viral vectors, many different agents, such as
retrovirus, adenovirus and adeno-associated virus vectors,
have been employed. However, viral vectors have several
drawbacks, including host immune responses to viral proteins
and difficulties in the large-scale production of recombinant
viruses (6,7). For non-viral vectors, many different agents or
methods, such as cationic lipids, polymers, calcium phosphate,
electroporation and microinjection, have been used (8-12).
Non-viral vectors are easy to prepare and induce less immune
responses, which allow repeated administration of the vectors
to the host. For these reasons, gene delivery using non-viral
vectors has increasingly become popular (1). However, non-
viral vectors show, in general, less transfection efficiency
than those of viral vectors, necessitating further improvement.

Cationic lipids have been widely employed for gene
delivery both in vitro and in vivo. In order to take advantage
of the negatively charged nature of DNA and the cell surface,
a large number of lipids are cationic or positively charged.
Cationic lipids, complexed with nucleic acids or DNA, interact
electrostatically with the cell surface, and endocytose into the
cell cytoplasm. Cationic lipids mediate effective gene
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delivery into cells, but still exhibit much poorer delivery than
viral vectors. Further, the efficiency of gene delivery using
cationic lipids is affected by the size of the nucleic acids and
host cells used. In addition, cationic lipids can induce cyto-
toxicity in cells, and may exhibit decreased transfection in
the presence of serum (2,3,13). 

Previously, peptides consisting largely of basic amino
acids have been shown to mediate intracellular delivery of
macromolecules, including proteins and nucleic acid
molecules (14,15). These peptides are derived from the HIV
Tat protein (16-19), SV40 large T antigen (20,21), Drosophila
Antennapedia (22), protamine sulfate (23,24) and histone H1
(25,26). The Tat peptide of the NLS signal sequence has been
shown to improve the cellular uptake of macromolecules
when chemically conjugated to, or expressed as a part of,
recombinant proteins. 

In the present study, the enhanced cellular uptake of
plasmid DNA has been studied by forming a tripartite
transfection complex of DNA/Tat peptide/cationic lipid
(DPL). The transfection efficiency was investigated with
various peptides of a similar nature and with the Tat peptide
with C-terminal modifications (Tat-C). The mixing order and
differing ratios of the three components were examined for
an optimal delivery. Furthermore, the cellular uptake of
antisense oligos in DPL was studied in vivo for enhanced
silencing of a target gene. 

Materials and methods

Cell lines and cell culture. Nine cancer cell lines, K562
(chronic myelogenous leukemia), HeLa (cervix adeno-
carcinoma), HepG2 (hepatoblastoma), Hep3B (liver
carcinoma), A549 (lung carcinoma), HT-29 (colon adeno-
carcinoma), NCI-H1299 (lung carcinoma), MCF-7 (breast
carcinoma) and SW480 (colon cancer) were obtained from
the Korean Cell Line Bank (Seoul, Korea). Cells were
cultured in either RPMI-1640 or EMEM, supplemented with
10% heat-inactivated FBS, 2 mM L-glutamine, 100 units/ml
penicillin and 100 μg/ml streptomycin. Cells were incubated
in an atmosphere of 5% CO2 at 37˚C. The cell culture reagents,
including FBS, were purchased from WelGENE (Daegu,
Korea). Cells were maintained at a proper density and replaced
with fresh medium one day before transfection. Cell survival
was examined with 0.4% trypan blue staining. 

Construction of plasmid vectors with reporter genes.
Transfection efficiency was examined for the expression

level of reporter genes in eukaryotic expression vectors. The
three reporter genes used were those encoding luciferase, ß-
galactosidase and GFP (Green fluorescence protein). The
luciferase gene was rescued from the pGEM-luc vector
(Promega, Madison, WI) and cloned into the BamHI-XhoI
site of the pcDNA3 vector (Invitrogen, Carlsbad, CA), which
was named pcDNA3-luc. The ß-galactosidase (LacZ) gene
from the pHook-2 LacZ (Invitrogen) vector was cloned into
the HindIII-BamHI sites of pcDNA3, and designated
pcDNA3-LacZ. The GFP gene from pEGFP-N1 (Clontech
Laboratories Inc, Palo Alto, CA) was cloned into the
pΔE1sp1A vector (Microbix Biosystems Inc., Ontario,
Canada).

Peptide synthesis and modifications. The peptide used in the
present study was derived from the Tat protein of HIV-1. The
Tat peptide corresponds to the nuclear localization signal
(NLS) sequence of 9 amino acids (49-57; Arg-Lys-Lys-Arg-
Arg-Gln-Arg-Arg-Arg). The peptide was modified at either
the N- or C-terminus by the addition of an amino acid (Table I).
Peptides were prepared in a solid phase synthesis using a
peptide synthesizer, purified by preparative LC, and
characterized using an analytical HPLC system (Shimadzu,
Japan) comprised of a C18 column and a MALDI-TOF mass
spectrometer (Applied Biosystems, Foster City, CA). The
SV40 large T antigen peptide (Pro-Lys-Lys-Arg-Lys-Val-
Cys) was also prepared in the same manner. The protamine
sulfate was purchased from Sigma (St. Louis, Missouri).
Purified peptides were re-suspended at a concentration of
10 μg/μl in ddH2O and kept at -70˚C prior to further use. 

Formation of DPL (DNA/peptide/lipid) and transfection.
Plasmid DNA was first mixed with the Tat peptide, and with
cationic lipids at various ratios, to obtain the highest possible
transfection efficiency. The mixing order of the three
components of DPL was examined for optimal transfection.
DPL and conventional DNA/lipid (DL) complexes were
formed in the TOM transfection media (WelGENE) or PBS.
For the formation of DPL, DNA (0.3 μg/50 μl) was mixed
with different amounts of the peptide and cationic lipids. The
combinations were first formed between those shown in
parentheses, and then with the third component: i) (DNA+
peptide)+lipids, ii) (lipids+peptide)+DNA, and iii) (DNA+
lipids)+peptide. Among the 3 components of DPL, one
component was re-suspended in 50 μl TOM media, and then
added to the second one in 50 μl TOM media. After a 10-min
incubation at room temperature, 50 μl TOM media containing
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Table I. List of peptides.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Name Peptide sequences Size
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Tat Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg-Pro-Pro-Gln 12
C-Tat Cys-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg-Pro-Pro-Gln 13
Tat-C Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg-Pro-Pro-Gln-Cys 13
G-Tat Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg-Pro-Pro-Gln 13
Tat-G Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg-Pro-Pro-Gln-Gly 13
Tat-P Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg-Pro-Pro-Gln-Pro 13
SVp Pro-Lys-Lys-Arg-Lys-Val-Cys 7
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

429-437  10/9/07  11:18  Page 430



the third component was added and incubated for a further
10 min. The cationic lipids used were: Lipofectin™ (LF:
DOTMA/DOPE), Oligofectin™ (OF), DMRIE-C™ (DMC),
Lipofectamine (LFA: DOSPA/DOPE), Lipofectamine plus™
(LFAP), Lipofectamine™ 2000 (LFAMi) (Invitrogen) and
DOTAP (DOTAP/DOPE). Transfections were performed for
5 h at 37˚C. The transfectants were then added with 150 μl
TOM media containing 20% FBS, and incubated for a further
16 h.

Measurement of reporter gene activity after transfection. The
luciferase activity of the cells transfected with the luciferase
gene was measured using a Luciferase assay kit (Promega,
Madison, WI, USA). The transfectants were removed from
the culture media, washed twice with PBS (without Mg2+ and
Ca2+), lysed in 100 μl/well 1X CCLR solution [cell culture
lysis reagent, 25 mM Tris-phosphate (pH 7.8), 2 mM DTT,
2 mM 1,2-diaminocyclohexane-N,N,N'-tetraacetic acid, 10%
glycerol and 1% Triton X-100]. The supernatant from the
cell lysate was transferred to a 5-ml round bottom test tube
and 20 μl luciferase assay reagent was added. The luciferase
activity was measured for 10 sec in a luminometer (Berthold
Detection Systems, Pforzheim, Germany). To measure ß-
galactosidase activity, cells transfected with the LacZ
plasmid were washed twice with PBS, fixed in 0.05% glutar-
aldehyde for 10 min and incubated in 200 μl/well X-gal
solution (0.1 M sodium phosphate, 1 mM magnesium
chloride, 150 mM sodium chloride, 1.5 mM potassium
ferricyanide, 1.5 mM potassium ferrocyanide and 0.1% X-
gal) for 4 h in a CO2 incubator at 37˚C. The cells were then
subjected to microscopic observation.

In vivo transfection of ribbon antisense oligos by DPL.
Antisense and mismatch oligo sequences to human k-ras are
as follows: k-ras-RiAS sequence, 5'-GATCCAGGGTTT
ACATAATTACACACTTTGTCTTTGACTTCTTTTTC
TTCCCTG-3' and k-ras SC scrambled sequence, 5'-GA
TCCAGGGATTTCTATTATGTCTTCTGTTTCATTT
ACTCTTCATTAACCCTG-3'. Both k-ras antisense and k-ras
scrambled sequence (SC) are designed to form a stem-loop
structure, placing the antisense sequence in the loop (27).
k-ras-RiAS oligos with FITC labeling were synthesized by
the incorporation of fluorescein-11dUTP instead of TTP. To
make a single-stranded ribbon antisense molecule, the stem-
loop k-ras AS oligos were ligated overnight at 16˚C with T4
DNA ligase. The ribbon antisense was purged of unligated
linear molecules with exonuclease III treatment.

SW480 cells (1x107 cells) in 200 μl PBS were injected
subcutaneously into the right flanks of 6- to 8-week-old male
BALBc (nu/nu) nude mice (six mice per group). Animals
were monitored regularly for tumor occurrence, size and
weight. Tumor growth was monitored with a caliper on
alternate days. When the desired tumor size was reached (40-
50 mm3), animals were injected intratumorally with either PBS
alone, k-ras-RiAS (100 μg/mouse), or k-ras SC scrambled
oligos (100 μg/mouse). The k-ras-RiAS oligos were mixed
with the Tat-C peptide and cationic lipids (DOTAP/DOPE)
at a ratio of 1:2:2 and administered 6 times on alternate days.
Tumors were removed 16 h after the antisense injection, and
were embedded in a Tissue-Tek™ OCT compound (Miles,

Elkhart, IL, USA) under liquid nitrogen. Tissue blocks of the
tumors were cryo-sectioned to 10-μm thicknesses and
mounted on Poly-Prep™ slides (Sigma, St. Louis, MO,
USA). The tissues were mounted with Synthetic Mountant™
(Shandon, Pittsburgh, PA, USA) for microscopic observation.
The efficacy of FITC-labeled k-ras-RiAS transfer was
evaluated in the frozen sections of the tumors using a
fluorescent microscope.
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Figure 1. Enhanced transfection achieved using the DPL (DNA/peptide/
lipid) complex in K562 cells. Cells (2x105 cells/well) were transfected with
DPL and measured for luciferase activity. Plasmid DNA (0.3 μg in 50 μl
TOM media) was mixed with peptides and cationic lipids. (A) DPL formed
with the Tat-C peptide and LFA were compared for transfection efficiency
to DL (DNA/lipids). The cationic lipids used were Lipofectamine (LFA),
Lipofectamine plus (LFAP) and Lipofectamine 2000 (LFAMi). (B) Various
peptides with C-terminal cysteine were used to form DPL and compared for
transfection efficiency. A control experiment was performed with the DL
transfection using LFA. Tat-C, Tat peptide with a C-terminal cysteine; PS,
protamine sulfate with a C-terminal cysteine; and SVT, SV40 large T
antigen with a C-terminal cysteine. (C) The Tat peptide was modified at
either the N- or C-terminus by the addition of an amino acid residue. Tat,
Tat NLS peptide; C-Tat, Tat peptide with an N-terminal cysteine; G-Tat, Tat
peptide with an N-terminal glycine; Tat-G, Tat peptide with a C-terminal
glycine; and Tat-P, Tat peptide with a C-terminal proline. 
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Results

A modified HIV-1 Tat peptide for the enhanced transfection
when forming a DPL (DNA/peptide/lipid) transfection
complex. A peptide derived from the HIV-1 Tat protein was
previously shown to improve the cellular uptake of macro-
molecules upon chemical conjugation, or when expressed as
a part of recombinant proteins (28-30). The Tat peptide was
initially synthesized with a C-terminal cysteine modification
for chemical conjugation to cargo DNA molecules for
improved transfection. Transfection enhancement has been
reported with chemical conjugates of a peptide to oligo-
nucleotides (31,32). In one series of the experiments, the Tat
peptide with the C-terminal modification was simply
combined with DNA and then with cationic lipids, and
compared for transfection efficiency as a control. The tripartite
transfection complex was termed DPL (DNA/peptide/lipid)
and the conventional DNA/lipid complex as DL (DNA/lipid).
To our surprise, the DPL transfection complex resulted in a
much enhanced transgene expression than the DL complexes,
measured by luciferase expression (Fig. 1A). 

Peptides with similar properties, such as the SV40 large T
antigen peptide (SVT), and protamine sulfate (PS), harboring
nuclear localization signal sequences, were then tested to
examine if other peptides were similarly enhancing
transfection. When tested for transfection efficiency, the Tat
peptide showed ~3- and 4-fold enhanced transfection,
respectively, compared to those obtained using PS and SVT
(Fig. 1B).

As the Tat peptide with the C-terminal cysteine (Tat-C )
exhibited significantly enhanced transfection, the cysteine
modification at the C-terminus was studied for its role in the

enhanced transfection of the DPL complex. When the Tat
peptide lacking the C-terminal cysteine was used, the peptide
showed ~3.5-fold improved transfection. Similar levels of
transfection enhancement were observed when the C-terminus
of the Tat peptide was replaced with the other amino acid
residues, glycine and proline. Meanwhile, the Tat peptide
with an N-terminal cysteine showed ~7-fold transfection
enhancement compared with the DL transfection (Table I;
Fig. 1C). With Tat-C, the DPL complex showed >10-fold
enhancement in transfection. These results demonstrate that
the Tat peptide with the C-terminal cysteine is important for
enhanced transfection when used in the DPL complex.

Effect of the mixing order and ratio of DPL components on
transfection efficiency. Since each component of DPL is a
charged molecule, the mixing order of each component may
affect the complex formation, thus transfection efficiency. To
test this possibility, each component of the transfection
complex was mixed in different orders and compared to the
transfection efficiency obtained from DL. When Tat-C was
first mixed with cationic lipids, and then with DNA
[(peptide+lipids)+DNA], the transfection increased 2-fold.
When plasmid DNA was mixed with cationic lipids, and then
with Tat-C [(DNA+lipids)+peptide], the level of transfection
was only comparable to that of DL. Tat-C alone failed to
improve the transfection. In contrast, when plasmid DNA
was first mixed with the peptide and then with lipids
[(DNA+peptide)+lipids; DPL] at a ratio of 1:2:5 (w:w:w), the

MOON et al:  MARKED TRANSFECTION ENHANCEMENT BY THE DPL COMPLEX432

Figure 2. The effect of the mixing order of the DPL components on the
transfection efficiency. The transfection complex was first formed with the
two components shown in parentheses, and then with the third component
shown outside the parentheses. Lane 1, (peptide+lipids)+DNA; lane 2,
(DNA+peptide)+lipids; lane 3, (DNA+lipids)+peptide; lane 4, DNA+
peptide; and lane 5, DNA+lipids.

Figure 3. Optimization of the component ratios of DPL. The DPL complex
was formed by mixing DNA with different amounts of Tat-C, and then with
LFA. Cells (2x105 cells/well) were seeded one day prior to transfection, and
transfected with DPL at the indicated ratios. The luciferase activity was
measured two days after transfection in K562 (A) and HeLa (B) cells. 
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transfection increased by >9-fold, as shown by luciferase
activity (Fig. 2), demonstrating the importance of a correct
mixing order for the formation of an effective DPL complex.

Transfection efficiency was then studied by changing the
ratio of each component of the DPL complex. The ratio of
each component was varied by using different amounts of
peptides and lipids, while maintaining the amount of plasmid
DNA constant. The DPL complexes formed with different
component ratios were introduced into both HeLa and K562
cells, and examined for luciferase activity. For 0.3 μg
plasmid DNA, the amounts of peptide and lipids were
increased fold-wise, in a weight by weight fashion. When the
amount of the Tat-C peptide was increased by >3-fold, and
the lipids >5-fold to the amount of plasmid DNA, the
luciferase activity became optimally high (Fig. 3A and B).
The transfection efficiencies obtained with a DPL ratio of
1:3:5 in K562 cells were enhanced by >12- and 4-fold
compared to those of the respective DL complexes containing
either Lipofectamine (LFA) or Lipofectamine plus (LFAP)
(Fig. 3A). In HeLa cells, the DPL ratio of 1:3:5 induced a 7-
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Figure 4. Disparate transfection efficiencies obtained with various lipids.
K562 cells (2x105 cells/well) were transfected with DPL containing
different cationic lipids. Plasmid DNA was mixed with Tat-C, and then with
cationic lipids, at the DPL ratio of 1:2:5 (w:w:w). LF, Lipofectin; OF,
Oligofectin; DM-C, DMRIE-C; DC, DOTAP-cholesterol; DOTAP,
DOTAP-DOPE; and LFA, Lipofectamine. 

Figure 5. Transfection efficiency in various cell lines using DPL. Cells were seeded at a density of 2x105 cells/well for the adherent cells and 5x105 cells/well
for the suspended cells. Cells were subjected to DPL transfection at the various component ratios, and the luciferase activities were measured two days after
transfection. The cationic lipids forming DPL were as follows: LFA, Lipofectamine; LFAP, Lipofectamine plus; and LFAMi, Lipofectamine 2000.
Transfected cell lines: (A) HepG2, (B) Hep3B, (C) HT-29, (D) A549, (E) NCI-H1299, and (F) MCF-7.
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fold increase in transfection compared to LFA alone
(Fig. 3B). 

Effects of different lipids in DPL on transfection efficiency.
The fact that transfection enhancement provided by DPL
requires not only the Tat-C peptide, but also the cationic
lipids, prompted us to examine the effect of different cationic
lipids on the transfection efficiency. The cationic lipids used
for DPL complex formations were Lipofectin (LF: DOTMA/
DOPE), Oligofectin (OF), DMRIE-C (DM-C), DOTAP-
cholesterol (DC), DOTAP/DOPE (DOTAP) and Lipo-
fectamine (LFA: DOSPA/DOPE). All the lipids were mixed
at the DPL ratio of 1:3:5 and examined for luciferase activity
in K562 cells. When formulated with DOTAP and LFA, the
luciferase activities were found to be 7- and 8-fold higher
than those achieved with the respective DL complex. In
contrast, LF, OF, DM-C and DC failed to increase transfection
efficiency when forming DPL over those obtained from each
DL complex with the respective lipids. In fact, LF, DM-C
and DC resulted in reduced transfection when combined with
Tat-C. These results show that the chemical composition of
the different cationic lipids may play an important role in
forming an effective DPL (Fig. 4).

Transfection efficiency of DPL in different cell lines. DPL
was next tested for transfection enhancement in 6 other cell
lines; HepG2, Hep3B, HT-29, A549, NCI-H1299 and
MCF-7. The transfection efficiencies were measured for the
activities of luciferase, ß-galactosidase or GFP (Green
fluorescent protein). The optimal ratios of DPL were found
to vary in the different cell lines. In the 6 cell lines studied,
DPL resulted in much enhanced, but varying degrees of,
luciferase activity over those of DL (shown in LFA-mediated
transfection), showing 2- to 18-fold increases in transgene
expression (Fig. 5A-F). Similar levels of transfection
enhancement were observed for expression of ß-galactosidase
and GFP in HepG2, HeLa and K562 cells (Fig. 6A and B). 

Effect of serum on the transfection of DPL. Cationic lipids
tend to exhibit reduced transfection in the presence of serum
(1-4). Transfection mediated by DPL was then tested for the
adverse effect on transfection by serum. DPL containing
either LFA or DOTAP (DOTAP/DOPE) was employed for
transfection either in the presence or absence of serum. The
luciferase activity after DPL transfection with LFA was
reduced 76% in the presence of serum, even though the
transfection level was still ~2-fold higher than that of DL
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Figure 6. Transfection efficiencies of DPL in three cell lines. (A) Cells were transfected with plasmids containing the LacZ gene. The transfections were
performed with DPL. (B) Cells were transfected with plasmids containing the GFP gene and were examined under a microscope (x100).
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transfection with LFA (Fig. 7A). Interestingly, when DOTAP
was used, DPL showed a higher transfection level in the
presence of serum than in the absence of serum indicating the
potential utility of DPL with DOTAP in animal studies
(Fig. 7B). 

Efficient in vivo tissue uptake of ribbon antisense oligos in
DPL. We have developed a series of antisense molecules
with enhanced stability and low toxicity (27,33). Among
these, ribbon antisense (RiAS) is the latest and has been
shown to exhibit effective antisense activity with exceptional
stability. Successful antisense activity is also heavily
dependent on the efficient cellular uptake of antisense
molecules (34).

DPL formed with DOTAP was employed for the efficient
uptake of antisense oligos in animals. Tumors were formed
in nude mice by the subcutaneous inoculation of SW480 that
easily forms tumors in mice. Ribbon antisense oligos (10 μg
antisense oligos with FITC labeling) to the k-ras mRNA
(k-ras-RiAS) were used to form the DPL complex at a ratio
of 1:2:2. Tumors were injected intratumorally with DPL
when they reached 40-50 mm3. Tumors were harvested 16 h
after the k-ras-RiAS treatment, and were examined for tissue
uptake of k-ras-RiAS, detected by fluorescent signals.
Whereas DL was not effective in antisense uptake (Fig. 8A,
b), k-ras-RiAS in DPL showed strong fluorescent signals in
SW480 xenograft tissue (Fig. 8A, c). The antisense activity

of k-ras-RiAS in DPL was then examined for its deterrence
of tumor growth in animals. Whereas k-ras-RiAS in DPL
was able to halt tumor growth to completion, control
treatments with naive and mismatched oligos failed to block
tumor growth resulting in the increase of tumor mass by
~300% in 3 weeks (Fig. 8B). 

Discussion

In the present study, the transfection complex of DNA/
peptide/lipid (DPL) was tested for enhanced cellular uptake
of plasmid DNA and antisense oligos. Cationic lipids improve
cellular uptake of plasmid DNA and antisense oligos, but
often result in insufficient and inconsistent cellular uptake.
Improved transfection should benefit various cell-based
assays as well as gene therapy.

A high level of transfection was achieved when a peptide
derived from the nuclear localization signal (NLS) of Tat was
added to plasmid DNA prior to the formation of the trans-
fection complex with cationic lipids. The Tat peptide has
been used to form chemical conjugates with macromolecules,
or expressed as a part of a recombinant protein for enhanced
cellular uptake (35). The DPL complex formed by the simple
mixing of the three components is an advantage over the use
of chemical conjugates for easy preparation of a transfection
complex.  

The Tat peptide consists largely of basic amino acids, and
is derived from the NLS domain of the HIV Tat protein,
which has been shown to be capable of intracellular trafficking
of small and macromolecules and of crossing the blood brain
barrier (17,36). The Tat peptide was shown to be superior to
other peptides of similar properties, such as the SV40 large
T antigen peptide and protamine sulfate. This observation
shows the importance of the Tat peptide sequence for
enhanced cellular uptake. The cysteine residue added to the
C-terminus of the Tat peptide is critical for high level
transfection, but the underlying mechanism for the enhanced
transfection by the cysteine residue merits further investigation.

An ordered mixing and an optimized ratio of each
component of DPL were important for enhanced transfection,
which suggests that plasmid DNA needs to be pre-condensed
by the Tat peptide. The DNA/peptide complex formed is then
bound to cationic lipids to form an effective transfection
complex. Having an optimal ratio of each component is
important in attaining the desired structure and/or net charge
of the transfection complex. 

Six different cationic lipids were shown to have varying
degrees of transfection efficiency upon forming DPL.
Among the lipids tested, the transfection mediated by
DOSPA/DOPE was highest, followed by DOTAP/DOPE. In
contrast, the transfection was not improved by the inclusion
of the other lipids. Different cationic lipids exhibited markedly
disparate cellular uptake of DPL, indicating that minor
charges and/or structural differences are critical to form an
effective DPL complex.

DPL was effective to varying degrees in different cell
lines. Thus, fine adjustment of the component ratio of DPL
may be needed to obtain optimal transfection for each cell
type. DPL consists of plasmid DNA of an anionic charge, the
Tat peptide of basic amino acids and cationic lipids. The
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Figure 7. The luciferase activity showing the effect of serum on transfection
efficiency. DPL transfections in HeLa cells were performed either in the
presence or absence of serum. (A) DPL was formed with LFA. (B) DPL
formed with DOTAP. ∫ 0% fetal bovine serum (FBS); ƒ 10% FBS.
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complex is formed by electrostatic charge interactions that
appear to be affected by the environmental pH during their
formation. The fact that optimal transfection was obtained by
DPL formed at a neutral pH, but not in acidic and basic
solutions (data not shown), supports the importance of the
charge to charge interactions of each component. 

In general, antisense oligos show poor cellular uptake due
to anionic charges on the molecule's polymeric backbone.
Cellular uptake of antisense oligos can be enhanced by
forming complexes with cationic lipids (37). Although cationic
lipids have several advantages such as low toxicity and
simple production, transfection efficiency needs further
improvement. It has been shown that a protein fused with the
protein transduction domain of the tat gene of the human
immunodeficiency virus (HIV) can be efficiently delivered to
most tissues in mice (17). The Tat peptide, residues from 49-
57, covalently harnessed on the surface of liposomes
increases intracellular delivery of bound DNA (20). DPL was
able to significantly enhance the cellular uptake of AS-
oligos, often resulting in >90% cells positive for AS-oligo
uptake. Improved antisense activity in animals shown in this

report may be, in part, explained by the enhanced cellular
uptake of antisense oligos. 

The DPL complex has also been shown to be very
effective for the transfection of plasmid DNA, and is much
easier to formulate than are chemical conjugates that are
formed with either lipids or proteins. DPL, although
providing much enhanced transfection, needs future
improvement in cells refractory to transfection and in the
ability of tissue-specific targeting.
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