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We newly prepared a polyion complex of DNA with lipoglutamide, N,N’-bis(18-hydroxy-7,10,13,16-tetraoxaoc-
tadecyl)-L-glutamide hydrochloride (abbreviated to 2EO4C¢N™). Formation and characterization of the DNA/2EQ4C¢N*
complex were investigated by elemental analysis, melting temperature, and light-scattering measurements. Compaction of
DNA by binding with the cationic 2EO4C¢N™ was seen by multi-angle light scattering. Aggregation of the DNA/2EO4C¢N*
complex was significantly depressed compared with the DNA complex without tetraethylene glycol. The DNA/2EO4C¢N*
complex had low cytotoxicity and efficient internalization into tumor cells compared with native DNA.

A number of new techniques have been developed to in-
troduce oligonucleotides and foreign genes into mammalian
cells. A basic requirement for the therapeutic use of nu-
cleotides is efficient cell uptake. Several modifications have
been proposed to increase the cell uptake of nucleic acids.
Substitutions of nucleic acids with lipophilic groups®™ or
cell receptor ligands®—® have been explored as a method
of efficient transport into cells. An alternative approach
would be to use molecular assemblies without any chemical
modification of the nucleic acids themselves. Encapsula-
tions of nucleic acid into liposomes®'? increased the activ-
ity. Bindings of nucleic acid to polycations such as cationic
liposomes,'" lipopolyamines,'? poly(L-lysine),'® or DEAE-
dextran'? through ionic interaction have been developed to
increase cell uptake. Though those chemically modified
DNAs and the DNA complexes had high cell uptake, one
of the problems is poor water-solubility. Especially DNA
complexes with cationic lipids and cation polymers precipi-
tate easily. Production of precipitates restricts the dose of the
DNA complex. Exploration of a DNA complex that dose not
produce precipitate and shows strong interaction with cells
is necessary to the progress in DNA delivery systems.

On the other hand, it is known that administered proteins
are cleared from circulation by the reticuloendotherial sys-
tem. Proteins are also metabolized by peptidases and thus
lose their biological activity. Similar problems will happen in
the administration of DNA. However, it was found that con-
jugation of proteins with ethylene glycol chains resulted in
increased blood clearance time and decreased immuogenicity
or antigenicity.'>'® Based on this knowledge, we considered
that modification of DNA with ethylene glycol chain might
be important in the development of DNA delivery systems.

In our previous paper,'” we developed DNA complexes
with cationic lipoglutamates such as «,y-dibutyl glutamate
(2C4N*) and a,y-dihexyl glutamate (2CgN™) through ionic

interaction, as shown in Fig. 1. We investigated the structure
and cell uptake of the DNA/lipoglutamate complex. In this
paper, we newly synthesized a cationic lipoglutamide having
tetraethylene glycol tails, N,N’'-bis(18-hydroxy-7,10,13,16-
tetraoxaoctadecyl)-L-glutamide hydrochloride (abbreviated
to 2EO4CgN*, Fig. 1). The DNA/2EO4C¢N* complex would
be expected to show higher water-solubility than the previ-
ous DNA/lipoglutamate complexes. We investigated forma-
tion, water solubility, structure, and cellular interaction of
the DNA/2EO,CgN* complex.

Experimental

Chemicals.  Syntheses of 2C4N*, 2C¢N*, and FITC (fluoro-
ceinisothiocyanate)-labeled DNA were described in detail in our
previous paper.'”

2EQ4CsN* was synthesized as follows:" 1,6-Dibromohexane
and potassium phthalimide were reacted in DMF at 70—80 °C to
obtain N-(6-bromohexyl)phthalimide in a yield of 41%. Tetraeth-
ylene glycol was conjugated with N-(6-bromohexyl)phthalimide in
THF by refluxing for 15 h (yield, 31%). The N-(18-hydroxy-7,10,
13,16-tetraoxaoctadecyl)phthalimide obtained was reacted with tri-
phenylmethoxy chloride to protect the 18-hydroxy group in pyridine
atr.t. for 15h (yield, 55%). The phthalimide group was transformed
into a primary amine by refluxing for 15 h in the presence of hy-
drazine monohydrate (yield, 90%). The 18-triphenylmethoxy-7,
10,13, 16-tetraoxaoctadecylamine was conjugated with N-benzyl-
oxycarbonyl-L-glutamic acid in the presence of diethyl phosphoro-
cyanidate at r.t. for 15 h. The product was purified with silica gel
chromatography (ethyl acetate : methanol =95 : 5). Removal of the
benzyloxycarbonyl group was done by refluxing in the presence
of ammonium formate and Pd~C for 15 h. The removal of the
triphenylmethoxy group was done in the presence of formic acid
overnight. The product was mixed with 20 vol% HCI in ethanol
to give product 2EQ4CsN* (yield, 100%). '"HNMR (300 MHz,
CDCl) 8=8.0 (3H, NH3), 4.1 (1H, «-CH of glu), 3.5—3.8 (38H,
6, 8,9, 11, 12, 14, 15, 17, 18-CH,), 3.3 (4H, 1-CHy), 2.1—2.5
(4H, B-,y-CH; of glu), 1.5—1.7 (4H, 2-CHa), 1.3—1.4 (8H, 3,
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Fig. 1. A schematic illustration of DNA complexes.

4-CH,). From the '"HNMR, removal of Z- and triphenylmethoxy
groups was cofirmed by the disappearance of a peak at 7.2—7.5
ppm due to the phenyl group.

Preparation of DNA Complexes. Preparation of
DNA/2EO4CgN* complex was done by the same method as that of
DNA/2C¢N* complex previously reported.'” Salmon sperm DNA
(Na salt) was purchased from Sigma. The DNA was irradiated with
a probe-type sonifier (UR-200P, Tomy Co., Tokyo) at 80 W and 4
°C for 30 min. The molecular weight of the sonicated DNA was
236000 (weight-average molecular weight, Mw) by the multi-angle
light scattering method. The length of the sonicated DNA was esti-
mated from the weight-averaged molecular weight to be about 357
base-pairs.

The aqueous solution of the sonicated DNA (10 mg DNA in 10
ml pure water) was mixed with 10 ml of pure water containing 22 mg
of 2EQ4CsN* or 9.6 mg of 2C¢N*. The stoichiometry of phosphate
anions of DNA to cationic glutamic acid derivatives was 1:1. The
solution containing DNA and glutamic acid derivatives was stirred
at room temperature for a couple of hours. Collection and purifi-
cation of the DNA complexes were done by gel chromatography
(Sephacryl S-1000 super fine, ¢ 16 X330 mm).

Spectroscopic Observation.  Absorbance and turbidity were
recorded on a UV-240 spectrophotometer (Shimadzu Co., Tokyo).
Circular dichroism (CD) spectra were recorded on a J-20A spec-
tropolarimeter (JASCO Co., Tokyo) with a 10 mm path-length
cuvette. Hyperchromicity changes of DNA and DNA complexes at
elevated temperature (12 °C per hour) were monitored at 260 nm.
Experiments were done in an aqueous solution containing 20 mM
NaCl (1 M=1 mol dm~>). The concentration of DNA was 0.02 mg
ml~'.

The absolute molecular weight of DNA was measured by multi-
angle light scattering photometers (Dawn Model F, Wyatt Tech-
nology, California) connected with a high-performance size ex-
clusion chromatography (pump, JASCO Model PU-980; injector,
Rheodyne; Model 7125; column, Shodex KW-804). The quan-
tity of DNA injected was 0.1 mg in 20 pl. The elution solvent
was 100 mM NaCl aqueous solution. The elution rate was 1 ml
ml~!. Elution was monitored by both a refractive index detector
(Showa Denko K.K. Model SE-61) and a light-scattering detector
(Dawn Model F). Analyses such as molecular weight and radius at
an elution peak were done by the Wyatt Technology software pro-
gram, ASTRA GPC. According to the software program, molecular
weight were calculated from Debye plots.'®

MTT Assay. MTT assay is a convenient method to mea-
sure cell growth and cell viability.'” Monkey kidney COS-7 cells
(1x10* cells) which are suspended in 0.1 ml of culture medium

(Eagle MEM, Nissui Pharmaceutical Co., Ltd., Japan) with 10%
fetal bovine serum, were seeded into a 96-well multiplate, and were
incubated overnight in 5% CO;-95% air at 37 °C. The serum
medium in each well was replaced with serum-free medium, and
the solutions of DNA complex were added to each well. The final
concentrations of DNA were 10-200 pg ml™".

The cells were incubated with DNA complexes at 37 °C for
6 h, and thereafter were washed with serum-free medium. MTT
reagents (20 pg in 10 pl of phosphate-buffered saline, Sigma) were
added to the cell-adherent wells, and the mixtures were incubated at
37 °C for 3 h. The supernatant was removed, and 100 pl dimethyl
sulfoxide was added to each well. Absorbance at 550 nm due to
formazane was measured by an ELISA reader.

Assay for Cellular Interaction of DNA Complexes.  Hela
cells (2% 10° cells) in 1 ml of serum-free culture medium (ASF104,
Ajinomoto Co., Inc., Japan) was seed into 24-well multiplates, and
incubated in 5% CO»-95% air at 37 °C. Then the cells were incu-
bated with FITC-DNA and FITC-DNA complexes ((DNA]=10—
150 ug m1~") for 3—24 h at 37 °C. Thereafter, cells were collected
by treating with an aqueous solution of 0.05% trypsin-0.02% ethyl-
enediaminetetraacetic acid. The cells loading with FITC-DNA was
detected by a flow cytofluorometer (EPICS-XL, Coulter, USA).

Results and Discussion

Formation of a DNA/2EQ4C¢N* Complex.  Mixing
of DNA aqueous solution and 2EQ4C¢N* aqueous solution
gave transparent solutions. The DNA/2EO,C¢N* complex
obtained was isolated by gel chromatography using pure wa-
ter as the elution solvent. Elutions were monitored by a
spectrophotometer (260 nm). The elution peak of the DNA
complex appeared at the same volume (60 ml) as that of the
native DNA. The stoichiometry of the anionic phosphate
group of DNA to cationic 2EQ4CgN* was found to be 1:1
from the C/N ratio of elemental analysis.

Molecular weight was measured by multi-angle light-scat-
tering method. The weight-averaged molecular weights (My,)
of the native DNA and the DNA/2EO4C¢N* complex were
236000 and 441000, respectively. The ratio of anionic phos-
phate groups of DNA to cationic 2EO4C¢N* was calculated
to be 1:0.58, which was less than that found by elemental
analysis (1: 1). This may indicate that the DNA/2EO4CsN*
complex was partly dissociated in the presence of 100 mM
NaCl.

Coformational Changes of DNA Complexes. We
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have already reported the CD spectrum of DNA/2C¢N*
complex.'"” The maximum wavelength of the DNA/2C¢N*
complex shifted from 277 nm to 284 nm. On the other
hand, the CD spectrum of the DNA/2EOQ,Cg¢N* complex in
aqueous solution showed no shift of maximum wavelength
compared with the native DNA (Fig. 2). However, the ratio
([O1280/ — [E1250) of the peak intensity in CD spectrum of the
DNA/2EO4C¢N* complex was 0.5, which was smaller than
1.2 of the native DNA. This may indicate that the structure
of the DNA changed in a C-type double helix form from a
B-type form by the binding with 2EQ,C¢N*+.20

Information about DNA structures in aqueous solution can
be obtained by multi-angle light-scattering measurements.
The slope of log—log plots of (root mean square radius,
(rz)]/ %) vs. (weight-averaged molecular weight, M,,) gives
a conformation parameter.'® This conformation parameter
corresponds to the “a” value of the following equation.

log <r*>'?= ((a+1)/3)logM,, +A (1)

For example, « values for rod-like polymers, random coil
polymers, and spherical polymers are 2, about 0.5, and 0,
respectively.'® The log—log plots for DNA/2EO4CgN* com-
plex gave a straight line as shown in Fig. 3. The «a value
was calculated from the slope of a solid line according to Eq.
1. The o value of the native DNA used in this study was
found to be about 0.5, which meant that the conformation of
the native DNA in water is nearly a random coil. In con-
trast, the a value of the DNA/2EO4C¢N* complex was about
0.12. From these values, it is expected that the DNA duplex
was condensed to small particles by binding with cationic
2EQ4CgN*.

The a value of DNA/2C¢N* complex could not be mea-
sured by this method because of the turbidity of this complex.
However, the a value of DNA/2C4N* complex, which has a
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Fig. 2. CD spectra of (a) native DNA, (b) DNA/2EO4CsN*
complex in 20 mM NaCl containing aqueous solution.
[DNA]=0.02 mg ml~".
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Fig. 3. log-log plots of (root mean square radius) vs. (weight
averaged molecular weight) for DNA/2EO4CsN* complex.
According to Eq. 1 (see text), o value was calculated from
the slope of a solid line.

shorter alkyl chain than 2C¢N™, was evaluated to be 0.05.'7
This indicated that the structure of DNA was condensed by
the addition of 2C4N*. It has been reported that similar
condensation of DNA into small spheres was also induced
by spermine,?” lipospermine,’? and other counter cations.?”
This DNA compaction is known to be induced by neutral-
ization of the phosphate anions in the DNA 2"

Melting Temperature (7y,) of DNA Complexes. Melt-
ing temperatures of DNA and DNA/2EO4C¢N* complexes
were obtained from hyperchromicity (increase in the ab-
sorbance at 260 nm) at elevated temperatures. The ther-
mal profile of the DNA/2C¢N* complex has been demon-
strated in our previous paper, and found to be almost identical
with the native DNA.'” The temperature dependence of hy-
perchromicity of the native DNA and the DNA/2EQ,C¢N*
complexes was shown in Fig. 4. The thermal profile of the
DNA/2EO4C¢N* complex was shifted to a lower tempera-
ture, and the phase transition occurred in two stages. The
main Tj, of the DNA/2EO4CgN™* (about 67 °C) was lower
than those of the DNA/2C¢N* complex and the native DNA
(about 72 °C). The minor Ty, was about 30 °C. The binding
of 2EO04CgN* to DNA seems to slightly lower the thermal
stability of DNA. Though we could not understand why the
DNA complex showed two stages in Ty, profiles, the DNA
complex may contain thermally unstable portions.

Turbidity of DNA Complexes. The mixture of
salmon sperm DNA and 2C¢N™* became turbid in an aqueous
solution.'” Production of aggregation will be a disadvantage
in the practical use as a gene delivery system. One of the
methods for increasing water solubility of DNA complexes
is the introduction of a hydrophilic ethylene glycol chain to
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Fig. 4. Hyperchromicity changes of (a) native DNA and
(b) DNA/2EO4CsN* complex in 20 mM NaCl-containing
aqueous solution at elevated temperature. Hyperchromicity
was estimated from the absorbance at 260 nm. [DNA]=0.02
mg ml~'.
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Figure 5A shows turbidity changes of DNA complexes
as a function of DNA concentration. Figure 5B shows the
courses of turbidity changes of DNA complexes. The two fig-
ures clearly indicate that aggregation of the DNA/2EO,C¢N*
complex was depressed compared with the DNA/2C¢N*
complex without ethylene glycol tails. The solution of the
DNA/2EQ4C¢N* complex was transparent at least for a cou-
ple of days. DNA complex is considered to be in condensed
particles in aqueous solution as suggested from the measure-
ment of light scattering (Fig. 3). The water solubility of
the DNA complex is dependent on the hydrophilicity/hydro-
phobicity balance of the particle surface. The hydrophilic
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ethylene glycol tails of the DNA complex are probably ex-
posed to the water phase. This may lead to the improvement
of water-solubility of the DNA complex.

Cytotoxicity of DNA Complexes. Another major prob-
lem of the former DNA complexes with cationic lipids or
cationic polymers is the strong cytotoxicity. Reduction of cy-
totoxicity will be indispensable to practical use of gene deliv-
ery systems. Cytotoxicity of DNA complexes was evaluated
by an MTT assay. Percentages of cell viability are shown
in Fig. 6. Cell viability in the presence of the DNA/2C¢N*
complex drastically decreased to about 20% when the DNA
concentration was 200 ug ml~!. The DNA/2EO4C¢N* com-
plex, however, had high cell viability (about 90%) at the same
DNA concentration. The difference in cell viability between
the DNA/2EQ4C¢N* and the DNA/2C¢N* complexes was
very significant. This indicates that the DNA/2EO4C¢N*
complex can be used at high doses.

Interaction of DNA Complexes with Hela Cells.  If
we will aim at application to gene delivery systems, it is nec-
essary to introduce foreign genes efficiently into the cells.
Interaction of DNA complexes with the Hela cell, an estab-
lished tumor cell, was investigated by flow cytofluorometry.
Figure 7 shows fluorescence histograms of Hela cells incu-
bated with native DNA or DNA/2EO4C¢N* complex at 37
°C for 6 h. The native DNA showed only a small shift to
a higher fluorescence intensity, while the DNA/2EO4CgN*
complex showed a significant increase of fluorescence inten-
sity. To calculate the uptake efficiencies of DNA complexes
into cells, gates for the fluorescence intensities of histograms
were created as shown in Fig. 7 (areas A and B in florescence
histograms). The ratios of cell number in area B against area
A were calculated as the uptake efficiency. The calculated
percentages were 6, 22, and 62% for Hela cells (control),
the native DNA, and the DNA/2EO4C¢N* complex, respec-
tively.

(B)

04

Time / day

(A) Turbidity changes as a function of DNA concentration at 1 day and (B) time courses of turbidity change at [DNA]=25

pgml~" at 20 °C. (a) DNA/2EO,CsN* complex and (b) DNA/2CsN* complex.
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Fig. 6.  Viability of COS-7 cells in the presence of (a)
DNA/2EO4CsN* and (b) DNA/2CsN* complex. COS-7
cells were incubated with the DNA complexes at 37 °C for
6 h.

(a)
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Fig. 7. Fluorescence histograms of Hela cells in (a) control,
(b) native DNA, and (c) DNA/2EO4C¢N* complex. The
DNA was partly labeled with fluorescent probe (FITC).
Incubation was carried out at 37 °C for 24 h. Cell number
was 1x10°cellsml~', and the DNA concentration was 20
pgml~'. Area A and B in histograms mean all cells and
the FITC-DNA bearing cells, respectively.
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Figure 8 shows the courses of cell uptake of the na-
tive DNA, the DNA/2EO4C¢N*, and the DNA/2C¢N* com-
plexes, when the DNA concentration was 50 pgml™!,
Efficiency of cell uptake is represented as peak intensity of
fluorescence shown in Fig. 7. Fluorescence intensities were
leveled off by around 6 h. There are no significant differences
in cell uptake between the DNA/2EQ4CgN* complex and the
DNA/2C¢N* complex. We worried that cell uptake of the
hydrophilic DNA/2EO4Ce¢N* complex would be lower than
that of the DNA/2C¢N* complex, since Tabata et al. demon-
strated the importance of appropriate hydrophobicity of the
surface of polymer particle for cell uptake.”® Fortunately, the
hydrophilic DNA/2EO,C¢N* complex interacted with cells
at the same efficiency as the DNA/2C¢N* complex. Poly-
(ethylene glycol) is known as a fusogen,* and can increase
membrane permeability.”® Such a feature of the ethylene
glycol chain may induce the strong cellular interaction of the
DNA/2EO4C¢N* complex.

Figure 9 showed the cell uptake of the native DNA, the
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Fig. 8. Time courses on cell uptake of (a) native DNA, (b)

DNA/2EO4CgN*, and (c¢) DNA/2C¢N* complexes. Incu-
bation was carried out at 37 °C. Cell number was 5x 10*
cells ml™!, and the DNA concentration was 50 pgml ™
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Fig. 9. Dependence of DNA concentration on cell uptake of
(a) native DNA, (b) DNA/2EO4CsN*, and (c) DNA/2C¢N*
complexes. Incubation was carried out at 37 °C for 6 h.
Cell number was 5x 10 cells ml~".
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DNA/2EO,C¢N*, and the DNA/2C¢N* complexes as a func-
tion of DNA concentration. Internalization efficiency in-
creased linearly with increasing DNA concentration. It was
found that the DNA/2EO4C¢N* complex could interact with
cells at higher efficiency than the native DNA. In the case
of the DNA/2C¢N* complex, the doses have to be limited
at DNA concentrations lower than 50 pgml~' because of
its cytotoxicity. On the other hand, the DNA/2EO4CgN*
complex was able to interact with cells at the higher con-
centration. These results indicate that the DNA/2EO4C¢N*
complex is more useful than the DNA/2C¢N* complex to
introduce a larger amount of foreign DNAs into cells.

Cell uptake was also examined at 4 °C to confirm that the
DNA/2EQ,CgN* complex was internalized into the cells, but
did not adhere only to the cell surface. It is known that low
temperatures such as 4 °C inhibit the endocytosis of cells.
The internalization of the DNA/2EQ,C¢N* complex was
completely inhibited under such experimental conditions.
This indicates that the DNA/2EO4CgN* complex is certainly
transported inside the cells.

Conclusion

We studied fundamental properties of DNA complexes
with lipoglutamide having tetraethyleneglycol tails. The
preparation method is simple, just mixing both aque-
ous solutions of native DNA and lipoglutamide. The
DNA/2EO4CgN* complex forms collapsed particles in the
aqueous solution. Aggregation of the DNA/2EO4C¢N*
complex was drastically depressed compared with the
DNA/2C¢N* complex without tetraethyleneglycol tails. Fur-
thermore, the DNA/2EO,CgN* complex showed no cytotox-
icity and increased the uptake of DNA into tumor cells. The
newly developed the DNA/2EO4C¢N* complex would be
expected to be a more useful DNA carrier than the former
DNA/2C¢N* complex, since introduction of tetraethylene-
glycol tails to DNA complexes brought several advantages
desirable to DNA delivery systems.

This work was supported in part by the Uehara Memorial
Research Foundation.
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