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Protamine-Modified DDAB Lipid Vesicles Promote Gene Transfer in
the Presence of Serum1

Shinji Mizuarai, Ken-ichiro Ono, Jun You, Masamichi Kamihira,2 and Shinji Iijima

Department of Biotechnology, Graduate School of Engineering, Nagoya University, Chikusa-ku, Nagoya 464-8603

Received August 2, 2000; accepted November 2, 2000

Cationic lipid vesicle-mediated gene transfer has become common for in vitro gene
delivery. However, the transfection efficiency is often impaired by serum. DDAB (dime-
thyldioctadecyl ammonium bromide) lipid vesicle-mediated gene transfer, which we
previously reported, has the same problem. To overcome this obstacle, we here report a
novel transfection vehicle using protamine-modified DDAB lipid vesicles. While free pro-
tamine was simply added to the DNA/lipid complex in the previous study, in the present
method the protamine is chemically conjugated to stearic acid and incorporated into
DDAB lipid vesicles. Gene transfer was not significantly inhibited in 10% serum-contain-
ing medium by this method for the transfection of cultured cells. Protamine-modified
DDAB lipid vesicles also enhanced virus transduction efficiency in the presence of
serum using a replication-defective retroviral vector. Furthermore, the vesicles allowed
efficient gene transfer for avian embryos in vivo. These results indicate that the method
is useful for the production of transgenic animals and gene therapy.
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Since the first development in the late 1980s, cationic lipids
have been widely used as transfection reagents because of
their several advantages (1-5). For example, it is safer and
simpler than virus-mediated transfection (6-8), less toxic
and with a higher transfection efficiency than other non-
viral techniques such as electroporation (9) or calcium
phosphate precipitation (10). However, serum-containing
medium significantly impairs the transfection efficiency in
cationic lipid-mediated transfection (11—14). This makes it
difficult to apply the method to in vivo gene transfer. To
overcome this problem, some lipids or non-lipid chemical
substances have been developed (15-21). A cationic lipid re-
agent composed of l,2-dioleoyl-s«-glycero-3-trimethylam-
monium-propane (DOTAP) mixed with cholesterol allows a
high level of in vitro transfection efficiency in the presence
of serum (15). The addition of polybrene to the medium also
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abrogates the decrease in transfection efficiency caused by
serum using lipofection (16). A polyamine polymer with a
glucose backbone, as an example of a non-lipid reagent,
was found to give a higher level of reporter gene expression
in vitro and in vivo than a 2,3-dioleyloxy-iV-[2(sperminecar-
boxamido)ethyl]-Afr/V-dimethyl-l-propanaminium trifluoro-
acetate (DOSPA)-based cationic lipid (17).

There are many obstructive critical steps in exogenous
gene expression: entry into cytoplasm, degradation in endo-
some compartment and nuclear transfer. Most of transfec-
tion reagents, including the ones described above, were
only designed to work effectively at the entry into cyto-
plasm. However, it is necessary to treat all the obstructive
steps in developing a non-viral gene vehicle.

Viruses can efficiently deliver their genes from the entry
into the cell membrane to the nucleus and sometimes inte-
grate themselves into the host genome. A capsid-coated
viral genome escapes endosome degradation (22, 23). A
viral matrix attachment protein that includes a nuclear
localization signal enables lentivirus to pass through the
nuclear membrane (24,25). The retroviral genome can eas-
ily be integrated into the host chromosome by viral inte-
grase (26, 27). Viruses have evolved a specialized system
for each obstructive step of gene transfer. Thus, it is inter-
esting to incorporate a virus-like mechanism into non-viral
gene transfer.

Based on this concept, we previously developed a lipid-
based transfection method (28-30). In this method, lipid
vesicles composed of dimethyldioctadecyl ammonium bro-
mide (DDAB) and Tween 80 can efficiently introduce for-
eign DNA into cultured cell lines (28). To escape degrada-
tion inside the cytoplasm and to make it easier to pass
through the nuclear membrane, a sperm protein protamine
was added to the lipid/DNA complex (29). Protamine is
highly basic and binds strongly to negatively charged DNA
resulting in the protection of the delivered DNA from deg-
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radation by DNase. Furthermore, a protamine nuclear
localization signal makes it possible for the foreign DNA to
pass through the nuclear membrane (29). Recently, we re-
ported the incorporation of a retroviral integrase in DDAB
lipid vesicle-mediated gene transfer to enhance the integra-
tion of the transferred DNA into the host chromosome (30).
By this method, the stable transfection efficiency was in-
creased up to 15 times compared with DDAB lipid vesicles
alone.

Although these DDAB-based transfection methods mimic
a virus in some points and are superior to the first genera-
tion of cationic lipid-mediated gene transfer methods, the
transfection efficiency decreases drastically in the presence
of serum in the culture medium. In the present study, prot-
amine was covalently bound to stearic acid, and the stearyl
protamine was incorporated into lipid vesicles to make sta-
ble complexes between DNA and DDAB lipid vesicles. The
protamine-modined DDAB lipid vesicles were applied to
the transfection of cultured cells in the presence of serum,
and also quail embryos as an in vivo transfection study.

MATERIALS AND METHODS

Cell Lines, Media, and Plasmid DNAs— African green
monkey kidney, COS-7, NIH Swiss mouse embryo,
NIH3T3, and Chinese hamster ovary, CH0-K1, cell lines
were obtained from the RIKEN cell bank and used as host
cells for gene transfer. COS-7 cells were cultured in mini-
mum essential medium (MEM; Gibco BRL, Grand Island,
NY, USA) supplemented with 10% fetal bovine serum
(FBS; JRH Sciences, Lenexa, KS, USA). NIH3T3 cells were
cultured in Dulbecco's modified Eagle's medium (DMEM;
Gibco BRL) supplemented with 10% FBS. CHO-K1 cells
were cultured in Ham's F12 medium (Gibco BRL) supple-
mented with 10% FBS. Media for all cultures routinely
included 100 units/ml penicillin and 100 |jLg/ml streptomy-
cin.

Recombinant plasmids pCMVp (32) and pCMV-GFP
(pGREEN LANTERN-1; Gibco BRL), which encode p-ga-
lactosidase and green fluorescent protein, respectively,
under the control of the cytomegalovirus (CMV) early pro-
moter, were used for the transient expression of cultured
cells. A recombinant plasmid, pmiwZ (32), which encodes
the (3-galactosidase gene under the control of chicken (3-
actin and Rous sarcoma virus (RSV) hybrid promoter, was
used for gene transfer of quail embryos.

Preparation of Cationic Lipid Vesicles—The procedure for
the preparation of DDAB lipid vesicles was reported previ-
ously (28, 29). Briefly, a cationic surfactant, DDAB (Sigma
Chemical, St. Louis, MO, USA), and a nonionic surfactant,
Tween 80 (Wako Pure Chemical Industries, Tokyo), were
dissolved in double-distilled water in a 1:1 weight ratio by
vortexing at 60 °C. This lipid vesicle solution (1 mg/ml
DDAB) was autociaved at 120°C for 20 min, then preserved
at 4°C. The solution was prewarmed and homogenized
before use. For the preparation of protamine-modified vesi-
cles, stearic acid was first activated by AyV-dicyclohexyl-
carbodiimide and mixed with protamine sulfate (Wako
Pure Chemical Industries) solution at pH 9.5 to produce
covalent binding between stearic acid and protamine. The
molar ratio of stearic acid to protamine was 1.0. After dia-
lyzing with phosphate buffered saline (PBS; 150 mM NaCl,
16 mM NajHPO,,, and 4 mM NarLjPO^ pH 7.4), the stearic
acid-protamine conjugate was incorporated into the DDAB
lipid vesicles by soriication (Fig. 1).

Transient Transfection Assay—Growth media in plastic
dishes (35 mm in diameter; Iwaki Glass Works, Tokyo) with
50 to 70% confluent cells were replaced with 1.5 ml of fresh
growth media containing the respective concentration of
serum. Three micrograms of DNA and 36 |xg (calculated as
DDAB+Tween 80 weight) of protamine-modified vesicles,
composed of DDAB and Tween 80 in a weight ratio of 1:1,
were used for transfection. DNA and the lipid vesicle solu-
tions were diluted separately in 250 \t\ of opti-MEM (Gibco
BRL) and incubated for 10 min at room temperature. The
solutions were then mixed and incubated at room tempera-
ture for 30 min to form complexes. The solution containing
protamine-modified DDAB lipid vesicles/DNA complexes
was added to the cells in culture dishes. The transient ex-
pression of p-galactosidase was assayed 24 h post-transfec-
tion. For transfections using commercially available trans-
fection reagents, Lipofectin® (DOTMA/DOPE); 1:1 liposome
formulation of A^-[l-(2,3-dioleyloxy)propyl]-AyvyV-trimety-
lammonium chloride (DOTMA) and dioleoyl phosphatidyl-
ethanolamine (DOPE), Lipofectamine® (DOSPA/DOPE); 3:1
liposome formulation of DOSPA and DOPE, Cellfectin®
(TMTPS/DOPE); 1:1.5 liposome formulation of NJJ',N"JST"-
tetramethyl-A/^V'^V'yV'"-tetrapalmitylspermine (TMTPS)
and DOPE, and DMRIE-C® (DMRIE/cholesterol); 1:1 lipo-
some formulation of l,2-dimyristyloxypropyl-3-dimethyl-
hydroxy ethyl ammonium bromide (DMRIE) and choles-
terol were purchased from Gibco BRL. The optimal volume
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Fig. 1. Schematic diagram of
the modification of DDAB
lipid vesicles by protamine.
Protamine sulfate and stearic
acid were covalently bound by
the carbodiimide method. The
stearate-modified protamine
was incorporated into DDAB
lipid vesicles by sonication.
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of each reagent and 3 |xg of DNA were used as described in
the manufacturer's instructions. Transfection methods with
DDAB lipid vesicles alone or protamine-added lipid vesicles
in the absence of serum were described previously {29).

In situ staining was performed to identify (3-galactosi-
dase-expressing cells. Cells were rinsed twice with PBS,
fixed with 1 ml of 2% (v/v) formaldehyde and 0.2% glutaral-
dehyde in PBS for 5 min at room temperature, rinsed
3 times with PBS, and then stained for 10 h with 1 ml
of 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside (X-gal)
solution (5 mM potassium ferricyanide, 5 mM potassium
ferrocyanide, 2 mM MgC^, and 1 mg/ml X-gal) in PBS.
Stained cells were counted under a microscope, and the
percentage of stained cells (transfection efficiency) was de-
termined as the average count in five different fields.

For quantification of p-galactosidase activity, 0.8 ml of
reaction buffer (10 mM KC1, 1 mM MgCL,, 0.1% Triton X-
100, 5 mM 2-mercaptoethanol, 2 mM phenylmethylsulfonyl
fluoride, 0.1 M sodium phosphate buffer, pH 7.5) was added
to the harvested cells, and then cell lysates were obtained
by vortexing. After centrifugation, 0.6 ml of the superna-
tant was transferred to a new tube and incubated at 37°C
for 10 min, and then 0.1ml of prewarmed 4 mg/ml o-nitro-
phenyl p-D-galactopyranoside (ONPG) in 0.1 M sodium
phosphate buffer (pH 7.5) was added. After a suitable reac-
tion time, 0.3 ml of 1 M NajCOj was added, and the absor-
bance of the solution at 420 nm was measured with a
spectrophotometer. P-Galactosidase activity is expressed as
ONPG units (1 unit: the activity producing 1 jjLmol o-nitro-
phenol per minute, normalized against the inoculated cell
number).

Viral Transduction—Viruses were produced using a pan-
tropic retroviral expression system obtained from Clontech
(Palo Alto, CA, USA). A green fluorescent protein gene was
inserted into the multicloning site of pLXRN plasmid
(pLGRN). A retrovirus packaging cell line GP293 express-
ing gag and pol genes derived from Moloney murine leuke-
mia virus (MoMLV) was transfected with pLGRN to estab-
lish stable expression clones. After screening for a good
virus producer clone, the cells were transfected with pVSV-
G plasmid encoding the vesicular stomatitis virus G protein
(VSV-G) gene to produce pantropic retroviruses in the
medium. Then 0.25 ml of filtered and centrifuged viral
supernatant was mixed at a volume ratio of 1:1 with opti-
MEM containing 8 |xg/ml of protamine-modified DDAB
lipid vesicles, 8 |xg/ml of DDAB lipid vesicles alone or 2 (xg/
ml of DOSPA/DOPE. After 20 min incubation, 0.5 ml of
lipid/virus mixture was added to NIH3T3 cells that were
cultured in 24-well tissue culture plates with 0.5 ml of the
medium containing 20% serum. For infection with poly-
brene, 0.25 ml of polybrene (Sigma Chemical) dissolved in
DMEM (8 n-g/ml) was mixed with 0.25 ml of viral solution,
and then added to NIH3T3 cells in the same manner. Viral
titers were determined by counting GFP-expressing cells
48 h post-transduction under a fluorescence microscope.
Without any additive, the viral titer was about 109 cfu/ml.

Transfection to Quail Embryos—Protamine-modified
lipid vesicles and plasmid solutions were diluted separately
to final concentration of 0.2 |xg/ml DNA and 1 |xg/ml DDAB
in the same volume of opti-MEM. The mixtures were gently
mixed and then left to stand at room temperature for about
30 min to form complexes. Fertilized quail eggs were ob-
tained from Nisseiken (Yamanashi). The egg shells were

wiped with 70% ethanol, and then cut horizontally with a
drill to make an opening 10 mm in diameter at the sharp
end. Then 2 |JL1 of the protamine-modified lipid vesicle/DNA
complex solution was injected into the heart of 48-h-stage
embryos using a glass micropipette. For injection using
commercially available reagents, the optimal ratios of
reagent to DNA were chosen as described in the manufac-
turer's instructions. After the injection, the opening of the
egg shell was sealed with a gas-permeable porous PTFE
membrane (Milliwrap™; Millipore, Tokyo) and plastic film
(Saran Wrap™; Asahi Kasei Kogyo, Tokyo) using quail thin
albumen as glue. The eggs were incubated at 37.7°C and a
relative humidity of 65% with rocking through an angle of
90°C at 30 min intervals for 2 days, and then the embryos
were evaluated for gene expression.

Evaluation of Transfection Efficiency of Quail Embryos—
In situ staining of quail embryos was performed to detect p-
galactosidase expression 2 days post-transfection. Embryos
washed with PBS were fixed in 0.4 ml of 2% glutaralde-
hyde in PBS for 40 min at 4°C, rinsed 3 times with PBS,
and then stained with 0.4 ml of X-gal solution for 3 h at
37°C. The embryos were observed under a microscope.

For quantification of p-galactosidase activity, whole body
of embryos were collected 2 days after transfection, washed
with PBS, and then the heads, limbs and membranes were
removed. The remaining body was cut in pieces and soni-
cated in 0.8 ml of reaction buffer to obtain cell lysates. p-
Galactosidase activity of the lysates was measured using
ONPG as a substrate, as described above.

RESULTS

In Vitro Gene Transfection Using Protamine-Modified
DDAB Lipid Vesicles in the Presence of Serum—Figure 2A
shows the transfection efficiency using protamine-modified
DDAB lipid vesicles to COS-7 cells in serum-containing
medium. To optimize the ratio of DDAB to protamine, vari-
ous amounts of stearate-conjugated protamine were incor-
porated into DDAB lipid vesicles, and then COS-7 cells
were transfected with pCMVp using protamine-modified
lipid vesicles in the presence of 10% serum. Maximal trans-
fection efficiency was achieved when 3.6 (xg (protein basis)
of protamine conjugated with stearic acid was incorporated
into 18 |xg of DDAB lipid vesicles. The optimal ratio of
DDAB to protamine (5:1) gave about 50% transfection effi-
ciency, whereas 18:1 of DDAB/protamine ratio showed an
efficiency below 5%. Figure 2B shows the effects of increas-
ing concentrations of serum on transfection efficiency, and
also shows comparative efficiency data with our previous
methods, DDAB lipid vesicles alone and protamine-added
(not modified) DDAB lipid vesicle-mediated gene transfer.
When transfection was performed under serum-free condi-
tions, protamine-modified and -added lipid vesicles
achieved more than 50% transfection efficiency. About 30%
of cells expressed p-galactosidase when DDAB lipid vesicles
alone were used. While the transfection efficiencies of the
two previous methods decreased drastically with increasing
serum concentrations, the efficiency of protamine-modified
vesicles was not significantly inhibited up to 10% serum
concentration. In the presence of 10% serum, the transfec-
tion efficiencies in the previous methods were less than 3%.
On the other hand, the efficiency of the protamine-modified
method was 50%. Even with 20% serum, about 20% of the
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cells still expressed (3-galactosidase when protamine-modi-
fied b'pid vesicles were used.

We then examined whether protamine-modified lipid
vesicles are useful for various cell lines such as COS-7,
NIH3T3, and CHO-Kl cells, by measuring the P-galactosi-
dase activity as an index of transfection efficiency (Fig. 3).
As shown in our previous study, DDAB lipid vesicle-medi-
ated transfection introduces DNA into CHO-Kl cells at a
high efficiency in the absence of serum (28), although rela-
tively low efficiencies are achieved in COS-7 and NIH3T3
cell lines. The addition of protamine to the DDAB/lipid vesi-
cle complex promotes the efficiency in the absence of serum
(29). However, transfection is inhibited in 10% serum-con-
taining medium. In the case of protamine-modified lipid
vesicles, no significant decrease in p-galactosidase activity
was observed regardless of the cell line. These data indicate
that protamine-modified lipid vesicles are useful for trans-
fection to various cell lines.

Comparative Study of Protamine-Modified DDAB Lipid
Vesicles with Other Cationic Lipid Reagents—The transfec-
tion efficiency of protamine-modified lipid vesicles were
compared to those of other cationic lipid reagents (DOTMA/
DOPE, DOSPA/DOPE, TMTPS/DOPE, and DMRIE/choles-

terol) under optimal conditions using pCMVp as a reporter
plasmid (Fig. 4A). When transfection was performed with-
out serum, all reagents, including our previous methods,
showed relatively high transfection efficiency (around 50%).
In the presence of 10% serum, however, the transfection
efficiencies of other cationic lipids decreased drastically.
The efficiency of DMRIE/cholesterol, which showed the
highest transfection efficiency among the four cationic
reagents, was about 10% in the presence of serum. Another
reporter plasmid, pCMV-GFP, allowing the visual evalua-
tion of transfection efficiency, also gave similar results
showing that protamine-modified lipid vesicles are superior
to DOSPA/DOPE (Fig. 4B) and the other cationic lipid re-
agents (data not shown).

Protamine-Modified DDAB Lipid Vesicles Also Enhance
Viral Transduction—Generally, retroviral transduction into
cultured cells is performed in serum-containing medium. It
is known that the addition of a polycation molecule, poly-
brene, enhances retroviral transduction (33, 34). Recently,
it was reported that cationic lipids such as DOSPA/DOPE
promote retroviral transduction (35). Thus, we examined
whether protamine-modified DDAB lipid vesicles enhance
the viral transduction titer in the presence of 10% serum

(A) (B)

36:1 18:1 9:1 6:1 5:1 4:1 3:1

DDAB : protamine
(weight ratio)

- O - DDAB
-A-Pro+DDAB
- D - Pro/DDAB

5 10 15 20

Serum concentration (%)

Fig. 2. Enhancement of in vitro gene
transfer into COS-7 cells using prot-
amine-modified DDAB lipid vesicles
in the presence of serum. (A) Dose-
response of transfection efficiency in the
presence of 10% serum by DDAB lipid
vesicles incorporating various amount of
protamine. At each ratio of protamine to
DDAB lipid vesicles, the weight of lipid
was fixed at 36 ng. (B) Effect of serum
concentration on transfection efficiency.
Increasing concentrations of serum up
to 20% were added to the culture medi-
um at the transfection with protamine-
modified lipid vesicles (Pro/DDAB).
DDAB lipid vesicles alone (DDAB) and
protamine-added lipid vesicles (Pro+
DDAB) were used as controls. The ex-
periments were performed in triplicate
and the data represent means ± SD.

=• (A) (B)

P+D P/D
Pig. 3. Expression levels of p-galactosidase in various cell
lines. Three cell lines, COS-7 (A), NIH3T3 (B), and CHO-Kl (C) were
transfected with pCMV(3 using DDAB lipid vesicles alone (D), prota-
mine-added lipid vesicles (P+D), or protamine-modified lipid vesicles

(P/D) in the absence (open bar) and presence (closed bar) of 10% se-
rum. p-Galactosidase activities were measured 2 days post-transfec-
tion. The experiments were performed in triplicate and the data
represent the mean ± SD.
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(B) 14

Fig. 4. Comparison of the transfection efficiency of prota-
mine-modified DDAB lipid vesicles with those of other cat-
ionic lipid reagents. (A) COS-7 cells were transfected with
pCMVp using DOTMA/DOPE (DT), DOSPA/DOPE (DS), TMTPS/
DOPE (TM), and DMRIE/cholesterol (DM) and protamine-modified
DDAB lipid vesicles (P/D) in the absence (open bars) or presence
(closed bars) of 10% serum. The experiments were performed in trip-
licate and the data represent the mean ± SD. (B) Photographs of
cells expressing green fluorescent protein after transfection. A re-
porter plasmid, pCMV-GFP, was used to transfect COS-7 cells using
DOSPA/DOPE (a) and protamine-modified DDAB lipid vesicles (b).

(Fig. 5). A retroviral vector, in which the viral envelope was
changed to VSV-G protein, was used. Pantropic retroviral
vectors that express VSV-G as an envelope protein are
superior to usual retroviral vectors such as MoMLV based
vector in terms of host specifity and ease of obtaining con-
centrated viral solutions by ultracentrifugation (36, 37).
Compared with the virus alone, DDAB lipid vesicles, prota-
mine-added lipid vesicles and DOSPA/DOPE increased the
transduction efficiency by 4- to 6-fold. The degree of en-
hancement was almost the same as that of polybrene. On
the other hand, protamine-modified lipid vesicles showed a
12-fold increase in transduction efficiency, indicating that
the vesicles are not only useful as a nonviral gene vehicle
but also as an enhancing reagent for retroviral transduc-
tion.

Enhancement of Gene Transfer to Quail Embryos—As de-
scribed above, efficient gene transfer of cultured cells was
achieved with protamine-modified DDAB lipid vesicles.
Therefore, we applied the method to gene delivery for quail
embryos as an example of in vivo transfection to an animal
organ. A solution of protamine-modified lipid vesicles was
administered into hearts of 48-h-stage embryos by direct
injection. Among all organs, heart contains the largest
amount of blood, thus it should reflect well the serum-effect
on transfection. The reporter plasmid used in this experi-
ment was pmiwZ, which encodes |}-galactosidase and has
been shown to be well expressed in quail embryos (32, 38).
For comparison, other cationic lipids were also utilized in
these assays. Figure 6A shows the p-galactosidase activity
per transfected embryo. Protamine-modified lipid vesicles
achieved higher p-galactosidase activity than those of other
cationic reagents. Whole mount-staining of the transfected
embryos performed 2 days post-transfection is shown in
Fig. 6B. Embryos transfected with DOSPA/DOPE showed
faint and mosaic-like staining at the hearts [Fig. 6B (b)],
and no staining was detected visually with other cationic

CD

CO

CD

1 2 -

1 0 -

8 -

6 -

J5 4 -

o
N PB DS D P+D P/D

Fig. 5. Improvement of retroviral transduction efficiency us-
ing protamine-modified DDAB lipid vesicles. A pantropic ret-
roviral vector pseudotyped by VSV-G protein was transduced to
NIH3T3 cells without any reagent (N), with polybrene (PB),
DOSPA/DOPE (DS), DDAB lipid vesicles (D), protamine-added lipid
vesicles (P+D), or protamine-modified vesicles (P/D). The experi-
ments were performed in triplicate and the data represent the mean
±SD.

reagents. On the other hand, gross staining of the hearts
was observed in most of the transfected embryos when
protamine-modified lipid vesicles were used. Unexpectedly
some embryos showed mosaic-like staining around the
heads [Fig. 6B (e, f)], although the vesicle/DNA solution
was injected into the hearts. Furthermore, the chorioallan-
toic membrane was often stained only in embryos trans-
fected using protamine-modified lipid vesicles (data not
shown). In addition to the effectiveness of transfection to
cultured cells in serum-containing medium, protamine-
modified lipid vesicles might be useful for in vivo gene
transfer.

DISCUSSION

A novel lipid-based gene vehicle that can be used for effi-
cient gene transfer in the presence of serum was developed.
Protamine, a DNA binding nuclear protein in sperm, was
conjugated to stearic acid, and then incorporated into
DDAB lipid vesicles. Our previously reported methods
(DDAB lipid vesicles and the vesicles with protamine addi-
tion) undergo a significant loss of their transfection ability
in serum-containing medium, whereas protamine-modified
DDAB lipid vesicles enable efficient gene delivery in
medium containing up to 10% serum. Comparative studies
using other cationic lipid reagents also revealed the effec-
tiveness of protamine-modified lipid vesicles. In addition, in
vivo gene transfer to the hearts of quail embryos using pro-
tamine-modified lipid vesicles was successfully achieved.

The reason protamine-modified vesicles work effectively
in the presence of serum is not clear. A possible mechanism
is that a stable association of lipid vesicles with DNA is
achieved by protamine-modification of the lipid vesicles. It
is known that protamine is a highly basic protein and binds
strongly to DNA (39). Thus, the protamine-modification of
lipid vesicles may cause an increased + / - charge ratio and
lead to the stabilization of DNA/lipid vesicle complexes,
which cannot be achieved by the simple addition of prota-
mine in the presence of serum. Several studies using other
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Fig. 6. /n vivo gene transfer to quail embryos using protamine-
modified DDAB lipid vesicles. (A) Expression level of (3-galactosidase
per embryo. The hearts of 48-h-stage quail embryos were transfected
with pmiwZ using DOTMA/DOPE (DT), DOSPA/DOPE (DS), TMTPS/
DOPE (TM), DMRIE/cholesterol (DM), or protamine-modified DDAB
lipid vesicles (P/D). p-Galactosidase activities were measured 2 days
post-transfection. The same stage embryos without transfection were
used as controls (C). The experiments were performed in triplicate and
the data represent means ± SD. (B) Photographs of whole mount-
stained embryos transfected using DOSPA/DOPE (a, b) and protamine-
modified lipid vesicles (c-f). Whole embryos (a, c) and 2.5-fold magnified
embryos (b, d: hearts; e, f: heads) were observed.

cationic lipids support this hypothesis (16, 20). In case of
DC-chol liposome, constituted with 3|}-(N-((JV',iV-dimethy-
lamino)ethane)carbamoyl)-cholesterol and DOPE, the max-
imal transfection efficiency was achieved at a charge ratio
of 2.0 in the absence of serum, whereas a ratio of 4.0 gave
maximal efficiency in the presence of serum (20). The addi-
tion of a detergent (1% octylglucoside) at the formation of
the (DOSPA/DOPE)/DNA complex to stabilize the complex
improves transfection in the presence of serum (21). More-
over, several serum components that have inhibitory effects
on transfection have recently been identified (40). For in-
stance, the oleic acid and heparin contained in serum dis-
places DNA from lipid/DNA complexes, and interferes with
gene delivery. These studies suggest again that the serum-
resistant properties of protamine-modified lipid vesicles are
attributable to the stabilization of lipid/DNA complexes due
to a high affinity of protamine for DNA.

Protamine-modified lipid vesicles also enhance the viral
transduction efficiency, as shown in Fig. 5. The addition of
protamine-modified lipid vesicles to pantropic retroviral
particles increased the viral titer 12-fold. One of important
step in viral infection is the attachment of the viral particle
to the cellular membrane. It is known that polybrene medi-
ates the association between viral particle and cellular
membrane, which results in the enhancement of infection
efficiency (33, 34). Previous research showed that DOSPA/
DOPE also increase viral transduction in an amphotropic

retroviral system (35). The reduction of the negative charge
repulsion between the cell and viral membrane phospholip-
ids, which facilitates interaction of the envelope glycopro-
tein and cell surface, was a possible mechanism for the en-
hancement of virus transduction by DOSPA/DOPE. In the
case of protamine-modified lipid vesicles, a similar mecha-
nism can be assumed, although the enhancement of pan-
tropic retroviral transduction was 2-fold higher than that
achieved by DOSPA/DOPE. Retroviral infection of cultured
cells is usually performed in serum-containing medium.
Since protamine-modified lipid vesicles are highly posi-
tively charged and stable in the presence of serum, as indi-
cated in the DNA transfection study, it can effectively medi-
ate the virus-cell interaction in the presence of serum and
enhance retroviral transduction.

A lipid that mediates gene transfer in the presence of
serum in vitro is not always effective in in vivo gene trans-
fer (19, 41). This makes the development of gene transfer
more complicated. In a gene transfection study using a
series of amphiphilic imidazolinium compounds, which dif-
fer only in the structure of the hydrophobic acyl-chains, the
myristoyl-form was the most effective in vitro, whereas the
oleoyl-form was the most effective in vivo (19). In the pre-
sent study, protamine-modified lipid vesicles showed excel-
lent transfection ability for in vivo gene delivery to quail
embryos. In a study of transgenic birds, replication compe-
tent retroviruses have been often used, although they pos-
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sess some problems in terms of safety and reproducibility
(42, 43). To avoid these problems, several researchers at-
tempted the transfection of avian embryos using cationic
lipid reagents (44 47). However, faint or mosaic-like ex-
pression of reporter gene was observed in the previous
methods. In this study, gross staining of the reporter gene
expression was observed at hearts by the injection of prota-
mine-modified lipid vesicle/DNA complexes to hearts of
quail embryos. Thus, this method may be used for site spe-
cific exogenous gene expression in vivo by direct injection.

Gene transfer using the protamine-modified lipid vesicles
developed in this study effectively utilizes the function of
protamine. As described in previous studies, protamine con-
denses DNA (39), prevents DNA from degradation by
DNase, and enforces nuclear transport (29, 48). By the
addition of protamine, transfection efficiency is improved in
cationic lipid vesicle-mediated gene transfer (29,49). In the
present study, protamine might have similar effects since
protamine-modified lipid vesicles gave almost same trans-
fection efficiency as protamine-added lipid vesicles under
serum-free conditions (Fig. 2B). Furthermore, the gene
vehicle acquired serum durability by protamine incorpora-
tion. In our previous studies, DDAB lipid vesicles were con-
jugated to cell specific ligands to improve specifity (49), and
combined with viral integrase to enhance genome integra-
tion of the transferred gene (30). In the future, incorporat-
ing these functions, gene transfer using protamine-mo-
dified lipid vesicles might be established as a safe and effi-
cient method for gene delivery.
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