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Purpose. The purpose of this study was to evaluate protamine-
mediated gene transfection by liposomes with a novel cationic cho-
lesterol derivative (I) compared to those with DC-Chol or DOTMA
(Lipofectin).
Methods. Plasmid pGL3 DNA was complexed to the cationic lipo-
somes with the derivative (I), DC-Chol, or DOTMA in
SFM101(Nissui) at room temperature for 15 min, and thereafter the
complex was incubated with target cells (NIH3T3) for 4 h at 37°C.
The cells then were washed and cultured for another 40 h in the
growth medium at 37°C before luciferase assay.
Results. The transfection efficiency by the liposomes with the deriva-
tive (I) was much higher than that by the liposomes with DC-Chol or
DOTMA. In addition, its transfection efficiency was enhanced
greatly by the addition of protamine. Atomic force microscopy
showed clearly how the size of the DNA-liposome complex was
changed by protamine. Furthermore, fluorescence microscopic im-
ages showed that Cy5-labeled antisense DNAs were transferred
quicker into the nucleus of the target cells by the liposomes with the
derivative I in the presence of protamine.
Conclusion. Although there exist several possible mechanisms, such
as improved protection of DNA intracellularly by derivative (I), one
possibility is that the DNA-protamine-liposome complex with the
derivative (I) promoted gene transfection more significantly into the
nucleus of the target cells using the nuclear localization signal of
protamine.

KEY WORDS: cationic liposome; gene transfection; atomic force
microscopy; confocal laser scanning microscopy; protamine; nuclear
localization signal.

INTRODUCTION

Gene therapy refers to the transmission of DNA encod-
ing a therapeutic gene of interest into appropriate target cells
or organs with consequent expression of the transgene. Over
the past several years, this approach has been increasingly
considered as a modality for the treatment of variety of ge-
netic and acquired diseases (1–4). However, the success of
gene therapy is predicated on the development of gene trans-
fer vectors that are safe and efficacious (2). Of nonviral vec-
tors for gene transfection, cationic liposomes have proven to
be useful tools for the delivery of plasmid DNA and antisense
oligonucleotides into mammalian cells (1–11).

For such experiments of the cationic liposomes, cationic
cholesterol derivatives are very useful as a result of their high
transfection efficiency and low toxicity (1,9–11). We recently

have shown that the cationic liposomes containing a cationic
cholesterol derivative, 3-�[N-(N�-2-hydroxyethylaminoeth-
ane)-carbamoyl]-cholestene (I) were the most effective
among various derivatives of cationic cholesterol (1). In that
study, the cationic liposomes were made by a mixture of
DOPE/cholesterol, and the details of liposome preparation
were described in our previous papers (1,6). In addition, we
showed by atomic force microscopy (AFM) that one of the
important steps that was involved in the process of gene trans-
fection was the delivery of the liposome-DNA complex into
target cells by endocytosis (12). However, it has been sug-
gested that another step is playing a role for gene transfection
into the target cells (12–14), the step in which plasmid DNAs
(oligonucleotides) are released from the cationic liposomes
and become accessible to the transcription apparatus (13–15).
Previous works have tried to explain the mechanism of DNA
release from cationic liposomes using a model membrane sys-
tem in vitro. They proposed the possibility that the membrane
fusion between cationic liposomes and endosome membranes
led to displacement of DNA from the complex (14–16), al-
though it had not been determined directly whether the mem-
brane fusion occurred between the cationic liposomes and
endosome membranes in the target cells. However, by con-
focal laser-scanning microscopy (CLSM) we showed that the
membrane fusion between cationic liposomes and the endo-
some membranes involved in gene transfection was mediated
by cationic liposomes (17).

Since then several investigators have been using a cat-
ionic polymer, poly-L-lysine or protamine, in an effort to con-
dense DNA into an artificial virus-like structure to facilitate
entry into the target cell (18–20). Indeed, the addition of a
polycation to the transfection media has been shown to en-
hance cationic liposome-mediated gene transfections (19).
This is thought to occur due to electrostatic interactions be-
tween the polycation and DNA, resulting in a charge neutral-
ization of the complex and the formation of a condensed
structure. This condensed structure, as a result of its dimin-
ished size, may be more readily endocytosed by the cell, re-
sulting in the increased levels of transgene expression. Fur-
thermore, protamine contains a nuclear localization signal
(NLS), which specifically directs the complex to the nucleus.
However, the role of NLS has not been well characterized in
gene transfection mediated by cationic liposomes. Here, we
studied the effect of protamine on the gene transfection by
liposomes with the derivative (I) and analyzed the vesicle size
of the individual complex by AFM. In a previous study, AFM
images showed clearly the relation between transfection effi-
ciency and the size of the liposome-DNA complex (12). Then,
we studied, using AFM, how protamine changes the size of
individual DNA-liposome complex and affects gene transfec-
tion by cationic liposomes. The present experimental results
show it is possible to promote NLS recognition in gene trans-
fection by the cationic liposomes with the cationic cholesterol
derivative (I).
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MATERIALS AND METHODS

Materials

1,2-Dioleoyl-sn-glycero-3-phosphatidylethanolamine
(DOPE) and protamine were purchased from Sigma (St.
Louis, Missouri). The synthesis of a cationic cholesterol de-
rivative (I) and DC-Chol was described in our previous works
(1,6). Lipofectin (DOTMA) was from Gibco (Gaithersburg,
Maryland). Plasmid pGL3 was obtained from Promega
(Madison, Wisconsin).

Liposome Preparation

DOPE was combined with a cationic derivative of cho-
lesterol in chloroform and dried with N2 gas to remove chlo-
roform solvent. A molar ratio of 2:3 was used for DOPE/
cholesterol for the derivative (I) and 3:2 for DC-Chol (1,6). A
mixture was dried under reduced pressure to remove chloro-
form solvent. The dried lipid film was vacuum desiccated for
at least half an hour and suspended by vortexing, and the
samples were sonicated in a bath type sonicator (Branson
model B 1200) to generate small unilamellar vesicles (1). Li-
pofectin (DOTMA) was used by the following instruction
from Gibco: The diameter of the cationic liposomes was mea-
sured by an atomic force microscope (Digital Instruments)
described below and by a multiangle light-scattering instru-
ment (Otsuka Electronics) (6). Free cationic liposomes were
very homogeneous, and their diameters were 150–200 nm.

Cell Culture and Transfection

NIH3T3 cells were cultured in DMEM from Gibco
(Grand Island, New York) supplemented with 10% fetal bo-
vine serum (TRACE, Melbourne, Australia). Plasmid pGL3
DNA was complexed to the cationic liposomes in
SFM101(Nissui) at room temperature for 15 min and then the
complex was incubated with target cells for 4 h at 37°C ([5 �g
DNA + 106 cells] /well). Then the cells were washed and
cultured for another 40 h in the growth medium at 37°C be-
fore luciferase assay.

Transfection Activity

The luciferase assay was performed using a luciferase
assay kit (Toyo, Tokyo, Japan). The cells were washed three
times with phosphate-buffered saline and lysed in a cell-lysis
buffer for 15 min at room temperature. The samples were
centrifuged in a microfuge at 13200 × g at 4°C for 1 min. The
luciferase assay was performed using the cell lysates. The
activity was measured with a luminometer from Turner De-
signs (model TD-20/20; Sunnyvale, California).

AFM

AFM was performed using an atomic force microscopic
instrument model NanoScope III (Digital Instruments).
Samples for AFM were prepared by complexing cationic li-
posomes and plasmid pGL3 DNA at 37°C for 15 min. The
DNA-liposome complex and the DNA protamine-liposome
complex with the derivative (I) were deposited on a cleaved
fresh mica for a few minutes and dried in the air after ab-
sorbing excess solution using a paper filter. A silicon contile-
ver (Digital Instruments; D-NCH, 20-100 N/m) was used for

the experiments. AFM images were observed by recording
feedback signals under constant tapping forces (1–10 nN).
Scan frequency was 0.5–1.0 Hz, and acquisition points were
512 × 512 (12).

Confocal Laser-Scanning Microscopy

CLSM was performed by a confocal laser-scanning mi-
croscope (LSM-410, Zeiss) equipped with a He-Ne ion laser
(633 nm) and with a band-pass filter (above 665 nm). For
imaging of Cy5-labeled c-myc antisense DNA (15-mer), the
samples were excited by the He-Ne ion laser, and their emis-
sion was observed through the band-pass filter. The observa-
tion chamber was kept at 37°C during the imaging experi-
ments.

Flow Cytometry

To evaluate the interaction of cells with the DNA-
liposome complex and the DNA-protamine-liposome com-
plex with the derivative (I), NIH3T3 cells were loaded with
NBD-labeled PE (Molcular Probe, Eugene, Oregon). After
the cells were incubated with the NBD-PE-labeled liposomes
for 4 h, they were washed and resuspended in phosphate-
buffered saline. The fluorescence intensity of 104 cells was
measured with a FACSort cytometer (Becton Dickinson).

RESULTS

Cationic Liposomes

Cationic liposomes made by the cholesterol derivative (I)
promoted significantly gene transfection of plasmids, pGL3
(luciferase) and antisense oligonucleotides into various cul-
tured cells (1,21). As shown in Fig. 1, the efficiency of gene
transfection by the liposomes with the derivative (I) (Fig. 1c;
a gray column) was much higher than that by DC-Chol lipo-
somes or DOTMA liposomes (Fig. 1a and 1b; gray columns).

Fig. 1. Effects of cationic liposomes with a different cationic choles-
terol or a cationic lipid derivative on transfection efficiency. Lucifer-
ase activity for pGL3 plasmid DNAs transferred into NIH3T3 cells by
the cationic liposomes with the cationic cholesterol (lipid) derivative
(I), DC-Chol, or DOTMA. The vertical axis shows RLU. (a) Lucif-
erase activity by the cationic liposomes with DC-Chol, (b) that by
DOTMA (Lipofectine), and (c) that by the cationic liposomes with
the derivative (I). Gray columns are RLU without protamine, and
white columns are RLU with protamine.
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In NIH3T3 cells, the luciferase activity (in relative light units;
RLU) of the liposomes with the derivative (I) was much
higher than that of DC-Chol liposomes or DOTMA. In the
presence of protamine, RLUs increased significantly in all
liposomes of the derivative (I), DC-Chol, and DOTMA in
Fig. 1 (white columns). The RLUs by liposomes with the
derivative (I) were more prominent in the presence of prot-
amine than those in the absence of protamine.

AFM Images of Cationic Liposomes Complexed with DNA

To understand the reason why protamine enhanced
RLUs in the cationic liposomes with the derivative (I), we
turned to AFM first because AFM gives information regard-
ing the size of individual vesicles. One of AFM images is
shown in Fig. 2. Images (a) and (b) in Fig. 2 are of the DNA-
liposome complex and the DNA-protamine-liposome com-
plex with the derivative (I), respectively. White scale bars in
Fig. 2 were 500 nm. These images show that the size of DNA-
liposome complex decreased remarkably by the addition of
protamine.

To clarify the effects of protamine on the vesicle size of
the complexes, we measured the distribution of the vesicle
size of the DNA-liposome complexes and the DNA-
protamine-liposome complexes as shown in Fig. 3. In Fig. 3,
we plotted apparent numbers of vesicles against their diam-
eters. The horizontal axis indicates the vesicle diameters and
the vertical axis indicates numbers of the vesicles. To show
the effects of the vesicle sizes on gene transfection more pre-
cisely, we plotted the total number of moles on the vertical
axis as shown in Fig. 3. The total number of moles was cal-
culated from the diameter and the number of vesicles as de-
scribed in the legend of Fig. 3. The vesicle sizes of the DNA-
liposome complex with the derivative (I) belonged to 0.4–1.8
�m, and those of the DNA-protamine-liposome complex
were to 0.1–0.8 �m. This indicated that the size of the DNA-
liposome complex decreased significantly by the addition of
protamine. The decreased size of vesicles must be favorable
for gene transfection by endocytosis (12,18,19). We measured
also the vesicle sizes of both DNA-liposome complexes and
DNA-protamine-liposome complexes by dynamic light scat-
tering. The average size of vesicle prepared with the deriva-
tive (I) decreased from 743 (± 420) nm to 245 (± 61) nm by the

presence of protamine. The results of the average vesicle sizes
by light scattering were well consistent with those by AFM.

Effects of Serum on Gene Transfection

Next, we checked the effects of serum on the gene trans-
fection by cationic liposomes. The transfection efficiency was
apparently decreased in the presence of fetal bovine serum
(50%) as described in the previous article (1). However, the
decrease was not so great in the case of the DNA-protamine-
liposome complex with the derivative (I), as shown in Table I.
That is, the cationic liposomes with the derivative (I) were
keeping much high efficiency by the addition of protamine for
gene transfection.

Flow Cytometric Measurements

We conducted flow cytometric experiments on NIH3T3
cells that were incubated with the DNA-liposome complex
and the DNA-protamine-liposome complex with the deriva-
tive (I) or DC-Chol for 4 h. The results are shown in Fig. 4.
Interestingly, the patterns of the flow cytometric measure-
ments were quite different between DC-Chol and the deriva-
tive (I). In Fig. 4, we changed the amounts (1.7 and 5 �g of
DNA) of the complex to the target cells (106 cells/well). For
liposomes with the derivative (I), the total amounts of lipo-
somes that attached to and/or internalized the cells were not
influenced by the addition of protamine but not for liposomes
with DC-Chol (see Fig. 4). However, the luciferace activity
(RLU) increased greatly by the addition of protamine to the
DNA-liposome complex with the derivative (I), as shown in
Fig. 1.

Confocal Fluorescence Microscopy

Last, we have measured antisense DNA uptake by con-
focal fluorescence microscopy, as shown in Fig. 5A. Here,
Cy5-labeled c-myc antisense DNA (15-mer) was used for
gene transfer. Figure 5A(a) is a typical image of antisense
DNA for the DNA-liposome complex with the derivative (I),
and Fig. 5A(b) is that for the DNA-protamine-liposome com-
plex with the derivative (I). The results indicated that vesicles
containing the derivative (I) and protamine facilitated the
uptake of DNA (Cy5-labeled c-myc) by the nuclei. Cy5 fluo-

Fig. 2. AFM images of (a) the DNA-liposome complex with the derivative (I) and (b) the DNA-
protamine-liposome complex with the derivative (I). AFM was performed using AFM instrument
model NanoScope III.
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rescence intensities in the nucleus were compared between
the DNA-liposome complex and the DNA-protamine com-
plex as shown in Fig. 5B. The results suggested that the cho-
lesterol derivative (I) promoted protamine-mediated DNA
uptake into the nucleus of the target cells.

DISCUSSION

Cationic liposomes are a promising system for use in
gene therapy (22,23). In the transfection-mediated by cationic
liposomes, the steps involved in the process to transfection in
vitro were supposed to include the initial interaction of the
cationic liposomes with DNA to form a complex, the delivery
of the complex into the target cells, and the release of DNA;
then, it is accessible to the transcription apparatus (13–15).

Protamine is known to be the major component in the
sperm nucleus for condensing DNA. The addition of prot-
amine or polycation to the transfection media has been shown
to enhance cationic liposome-mediated transfections (18,19).
This is thought to occur because of electrostatic interactions
between the polycation and DNA, resulting in a charge neu-
tralization of the complex and the formation of a condensed
structure. This condensed structure, because of its diminished
size, may be more readily endocytosed by the target cells,
resulting in the increased levels of trasgene expression (19). It
is said that the monovalent cationic liposomal formulations
(DC-Chol liposome and DOTMA liposome) exhibited in-
creased transfection activities comparable to that seen with
the multivalent cationic liposomal formulation, Lipofect-
amine.

These results suggest that the enhancement of transfec-

tion efficiency is due to the facilitation of steps after internal-
ization of complex, especially the nuclear translocation pro-
cess. Although the precise mechanism of this facilitation of
nuclear translocation is unclear yet, one of possibilities is that
the recognition of NLS by the nuclear transport machinery
was more effective in the case of the derivative (I) than that
in the case of DC-Chol. That is, the cationic cholesterol de-
rivative (I) might promote the NLS recognition in protamine-
mediated gene transfection. Another possibility is that the
diminished size of complex due to protamine facilitated the
nuclear translocation. However this is less likely because the
size of complex is too large to pass through the nuclear pore
by diffusion even in the compacted structure with protamine.
Therefore, the major contribution of protamine is thought to
be the enhancement NLS-dependent nuclear transport pro-
cess.

Table I. Effects of Serum on the Transfection Efficiency

Liposomes Protaminea Serumb RLU/mg protein (× 107)

DC-Chol − − 2.2
− + 0.1
+ − 20.7
+ + 8.6

Derivative (I) − − 16.9
− + 5.5
+ − 103
+ + 56.4

a DNA � 5 �g/well; protamine � 5 �g/well.
b FBS (50%).

Fig. 3. Distribution of the sizes (diameters) and the total number of moles of the vesicles.
Apparent numbers of vesicles are plotted against diameters of vesicles and the vertical
axis is shown by percentages of numbers of the vesicles (a and b). We counted more than
3000 vesicles from AFM images for each sample. The DNA-liposome complex (a) and the
DNA-protamine-liposome complex (b). The total number of moles was calculated from
diameters (volumes) of vesicles assuming that the vesicles were homogeneous spheres (c
and d): the DNA-liposome complex (c) and the DNA-protamine-liposome complex (d).
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Fig. 5. Confocal fluorescence microscopic images of Cy5-labeled c-myc DNA in NIH3T3 cells. (A) Cy5 fluorescence images in the nucleus:
(a) DNA-liposome complex with the derivative (I) and (b) DNA-protamine-liposome complex with the derivative (I). (B) Cy5 fluorescence
intensities in the nucleus of the target NIH3T3 cells (400 cells). A gray column is the fluorescence intensity without protamine and a white
column is that with protamine.

Fig. 4. NIH3T3 cells were incubated with the DNA-liposome complex or the DNA-protamine-liposome complex that contained NBD-labeled
PE for 4 h. After washing, the cells bearing NBD fluorescence were detected by a flow cytometer. (A) The cells treated with the DNA-
liposome complex with DC-Chol (dotted line), and the cells treated with the DNA-protamine-liposome complex with DC-Chol (solid line);
(B) the cells treated with the DNA-liposome complex with derivative (I) (dotted line), and the cells treated with the DNA-protamine-liposome
complex with the derivative (I) (solid line). A dotted line is auto-fluorescence on NIH3T3 cells alone. (upper) 1.7 �g DNA/106 cells and
(lower) 5 �g DNA/106 cells.
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The cationic liposome with the cholesterol derivative (I)
belongs to the monovalent liposomal formulations as same as
DC-Chol liposome and DOTMA liposome. However, the
present results indicated that the DNA-protamine-liposome
complex with the derivative (I) was much more effective than
the complex with DC-Chol and DOTMA for gene transfec-
tion into the target cells. For this it was reported that a hy-
droxyethyl-residue to the head group of a cationic lipid en-
hanced more gene transfection (24,25). At the present time,
we cannot determine exactly why the liposomes with the de-
rivative (I) were so effective for protamine-mediated gene
transfer. From the structural viewpoint, however, a hydroxy
group at hydroxyethyl terminal of the derivative (I) is the
most unique property among cationic cholesterol derivatives
of a dialkylamino head group. The hydroxy group confers the
hydrophilicity to the derivative (I), and this might make the
NLS of protamine be more recognizable by the nuclear trans-
port machinery.

In Figure 5 CLSM was used to study gene transfection
into the nucleus of the target cells. CLSM fluorescence images
showed that Cy5 conjugated c-myc antisense DNA was trans-
ferred into the nucleus of the target cells by the cationic li-
posomes with the derivative (I) although there still existed
other possible mechanisms such as improved protection of
DNA intracellularly by the derivative (I).
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