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Abstract

Background The efficient nuclear delivery of plasmid DNA (pDNA) is
essential for the development of a promising non-viral gene vector. In an
attempt to achieve nuclear delivery, NLS-mu, a novel pDNA condenser, was
prepared. This consists of mu, a highly potent polypeptide for condensing
the pDNA, and a SV40 T anrigen-derived nuclear localizarion signal
(NLSsv40).

Methods The utility of NLS-mu was assessed in terms of green fluorescent
protein (GFP) expression after cytoplasmic and nuclear microinjection of
GFP-encoding pDNA along with the transfection, and compared with mu and
poly-L-lysine (PLL). Trans-gene expression after cytoplasmic microinjection
was affected by the efficiencies of nuclear transfer and following intra-
nuclear transcription. To evaluate the nuclear transfer process separately,
we introduced a parameter, a nuclear transfer score (NT score), which
was calculated as the trans-gene expression after cytoplasmic microinjection
divided by that after nuclear microinjection.

Results As expected, the rank order of trans-gene expression after the
transfection and cytoplasmic microinjection was NLS-mu > mu > PLL.
However, the calculated NT scores were unexpectedly ranked as mu =
NLS-mu > PLL, suggesting that mu, and not NLSsvap, is responsible for
the nuclear delivery of pDNA. In addition, confocal images of rhodamine-
labeled pDNA indicated that pDNA condensed with mu and NLS-mu was
delivered as a condensed form. In comparing the nuclear transcription, the
rank order of trans-gene expression after nuclear microinjection was PLL
= NLS-mu > mu, suggesting that intra-nuclear rranscription is inhibited
by efficient condensation by mu, and is avoided by the artachment of
NLSsva0-

Conclusions Collectively, NLS-mu, which consists of chimeric functions, is
an excellent DNA condenser, and the process is based on mu-derived nuclear
transfer and NLSsy4o-derived efficient intra-nuclear transcription. Copyright
© 2005 John Wiley & Sons, Ltd.

Keywords nuclear delivery; plasmid DNA; microinjection; mu; nuclear
localization signal
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Nuclear Delivery of Plasmid DNA with mu-Derived Peptide

Introduction

The utility of a non-viral vector is hampered by low
transfection efficiency in spite of the many potent
advantages that include a lower immunogenicity and
oncogenicity. For non-viral vectors, a critical rate-limiting
step that interrupts efficient trans-gene expression is the
process of the nuclear transfer of plasmid DNA (pDNA)
[1,2]. This is supported by various observations showing
that trans-gene expression is drastically enhanced at
the M-phase when the nuclear membrane structure
is perturbed [3-6]. In addition, a comparison of the
dose-response curves for trans-gene expression after the
nuclear and cytoplasmic microinjection of naked pDNA
indicates that less than 1% of the cytoplasm-microinjected
DNA acrually reaches the nucleus [7]. Therefore, efficient
systems for the nuclear delivery of pDNA would be highly
desirable in ongoing artempts to develop an efficient gene
delivery system.

Various attempts have been made to overcome the
nuclear barrier with the expected function of the SV40
T antigen-derived nuclear localization signal (NLSgya0).
However, direct chemical modification of the NLSsvan
to the pDNA appears to have only a negligible effect
on rrans-gene expression [8,9]. This can be attributed
to electrostatic interactions between the pDNA and the
NLSsvas0, which interrupts the recognition of the NLSsy40
by importin a.

In the present study, we report on the synthesis of
a novel polycation, NLS-mu, which has the expecred
heterogenic characteristics. In this peptide, NLScy40
was modified on the p (mu) peptide, which plays
an important role in condensing the huge adenovirus
genome (~36 kbp) into the adenovirus core strucrure,
which has a diamerer of 90 nm. The findings show
that the particle size of pDNA prepared with mu was
significantly smaller than that prepared with NLSgyan,
suggesting that mu may condense pDNA more efficiently
than NLSgy4q presumably due to its high affinity to DNA
[10]. We assumed, therefore, that the mu domain would
preferentially condense pDNA by virtue of its strong
interactions with pDNA, and it permits NLSsv4o 1o be
partially displayed on the surface of the particle, thereby
allowing its interaction with importin, although partial
NLSsv4o also electrostatically interacts with pDNA.

We first compared the utility of NLS-mu in delivering
the pDNA to the nucleus by means of transfection, and
compared this process with mu and poly-L-lysine (PLL).
The potential of NLS-mu for the nuclear delivery of
pDNA was more directly comparable to mu and PLL
by cytoplasmic and nuclear microinjection.

Materials and methods

General

Hela cells were obtained from the RIKEN Cell Bank
(Tsukuba, Japan). To prepare the reporter gene vector

Copyright © 2005 John Wiley & Sons, Ltd
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for the pDNA, an insert fragment encoding the enhanced
green fluorescent protein (EGFP) was obtained by the
EcoRI/Not I digestion of pEGFP-N1 (Clontech, Palo Alto,
CA, USA), and ligated to the EcoRI/Not 1 digested site
of pcDNA3.1 (Invitrogen, Carlsbad, CA, USA), Similarly,
to prepare the luciferase-encoding vector, an insert frag-
ment encoding the luciferase (GL3) was obtained by
the Hind I1I/Xba 1 digestion of the pGL3 basic vec-
tor (Promega, Madison, W1, USA), and ligated to the
Hindlll/Xba 1 digested site of pcDNA3.1 (Invitrogen).
Plasmids were purified with a Qiagen (Valencia, CA,
USA) EndoFree™ Plasmid Mega kit. The mu peptide and
NLS-mu peptide, as shown in Table 1, were obrtained
from Sigma Genosys Japan (Ishikari, Japan) in purified
form. Poly-L-lysine (PLL, MW = 27 400) and cholesteryl
hemisuccinate (CHEMS) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Tetramethylrhodamine-
labeled dextran (RhoDex: MW = 70 000) was purchased
from Molecular Probes (Eugene, OR, USA). Dioleoylphos-
phatidylethanolamine (DOPE) was purchased from Avanti
Polar Lipids (Alabaster, AL, USA). Other chemicals were
commercially available and were reagent-grade products.

Preparation of the polycation/pDNA
complex

For the condensation of pDNA, naked pDNA solution
(100 pul, 0.1 pg/pl in Hp0) was added to 100 ul of
polycation solution. The concentration of the NLS-mu,
mu and PLL (C,) at various charge ratios (+/—) was
calculated using the following equation:

Charge ratio(+/—) = [Cp x (ng + ng)/MWp)/(Cp/MWp)

where ng and np denote the numbers of lysine and
arginine residues in the polycation molecule. MWy and
MWp denote the molecular weights of the polycation
(NLS-mu: 3810.5, mu: 2440.89, PLL: 27400) and one
nucleotide (average: 308), respectively. Cp denotes the
concentration of pDNA (0.1 pg/ul).

The hydrodynamic diameter was measured by quasi-
elastic light scattering by means of an electrophoresis
light-scattering spectrophotometer (ELS-8000; Otsuka
Electronics, Japan).

Transfection experiment

The transfection study was demonstrated by a recently
developed multifunctional envelope-type nano device
(MEND). Preparation of the MEND and the luciferase
assay have been described previously [11]. pDNA

Table 1. Amino acid sequences used in the present study

Peptide Sequence
mu NH;-MRRAHHRRRRASHRRMRGG-COOH
NLS-mu NH; -PKKKRKVEDPYMRRAHHRRRRASHRRMRGG-COOH

J Gene Med 2006; 8: 198-206.
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(0.1 mg/ml) was first condensed with the NLS-mu, mu
and PLL by mixing equal volumes of these solutions at
a charge ratio of 2 by voltexing at room temperature.
After the condensation, a lipid film was produced by
evaporation of a chloroform solution of 137.5 nmol lipids
(DOPE/CHEMS = 9:2 (molar ratio)) on the bottom of
a glass tube. Then, 0.25 ml of the complex solution was
applied, followed by incubation for 10 min to hydrate the
lipid. The final solution of the lipid was 0.55 mM. The
hydrated solution was sonicated in a bath-type sonicator
(125 W; Branson Ultrasonics, Danbury, CT, USA) to
complete the packaging,

Samples containing 0.4 pg DNA, suspended in 0.25 ml
of serum- and antibiotics-free Dulbecco’s modified Eagle's
medium (DMEM), were added to 4 x 10* Hela cells,
followed by incubation for 3 h at 37°C. Then, 1 ml of
DMEM containing 10% fetal calf serum (FCS) was added
to the cells, followed by further incubarion for 45 h. The
cells were then washed, and lysed with reporter lysis
buffer (Promega). Luciferase activity was initiated by the
addition of 50 pl of luciferase assay reagent (Promega)
into 20 pl of the cell lysates, and measured by means of
a luminometer (Luminescencer-PSN; ATTO, Japan). The
amount of protein in the cell lysates was determined using
a BCA protein assay kit (Pierce, Rockford, IL, USA).

Microinjection study

One day before the microinjection, cells were seeded
on a glass-based dish (Iwaki, Osaka, Japan). For this
procedure, a semiautomatic injection system (Eppendorf
transjector 5246; Hamburg, Germany) attached to an
Eppendorf micromanipulator 5171 was used. Cytoplasmic
and nuclear microinjection was performed with the setting
of Pi = 50-70 hPa, Pc = 30 hPa and an injection time of
0.2s.

For the quantitative evaluation of transgene expression,
the polycation/pDNA complex was diluted with 0.5%
RhoDex/H;0 solution for the cytoplasmic or nuclear
microinjection, respectively. At 24 h post-injection, GFP
expression was monitored by fluorescence microscopy,
and the ratio of cells expressing GFP to RhoDex-positive
cells was calculated. In the case of nuclear microinjection,
the rhodamine-positive cells were counted immediately
after microinjection to avoid a situation where the RhoDex
could diffuse into the cyrosol during the 24 h incubation,
leading to an underestimation of the number of nucleus-
injecred cells.

If pDNA was overdosed, trans-gene expression could
become saturated, and therefore differences among NLS-
mu, mu and PLL would be underestimated. To avoid this
situation, we observed the relationship between the dose
and rrans-gene expression after cytoplasmic and nuclear
microinjection of NLS-mu/pDNA particles in a preliminary
experiment. As a result, the transfection efficiency after
cytoplasmic and nuclear injection was linearly increased
when the concentration of injected pDNA was in the range
of 0.33-3.3 fmol/ul and 10-100 amol/ul, respectively

Copyright © 2005 John Wiley & Sons, Ltd.
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(data not shown). Therefore, concentrations of injected
samples were fixed at 3.3 fmol/ul and 33 amol/ul for
cytoplasmic and nuclear injection, respectively.

The efficiency of a polycation/pDNA complex ro pass
through the microinjector was monitored in terms of
the fluorescence signal of RhoDex in injected cells.
If the efficiency of the polyplex to pass through the
microinjector varies as a function of the polycation used,
it should reflect the injected sample volume, resulting in
a variation in the fluorescence of the injected RhoDex.
After the injection of samples, fluorescence images were
captured by fluorescence microscopy (Axioplan I1, Carl
Zeiss Co. Ltd.; Jena, Germany). Each 8-bit TIFF image
was transferred to an Image-Pro Plus version 4.0 (Media
Cybernetics Inc., Silver Spring, MD, USA) to quantify the
brightness of the rhodamine signal in individual cells. As
a result, the fluorescence signal of RhoDex was clearly
observed in >80% of the injected cells for all polycations
tested. Furthermore, the total brightness per cell was
also comparable among the polyplexes (4.0 + 1.2 x 10°,
49424 % 10° and 5.5+22 x 10° brightness/cell in
mu, NLS-mu and PLL, respectively). Collectively, these
findings confirm that the efficiency of polyplexes to pass
through the injector was comparable.

For visualization of the pDNA after cytoplasmic
injection, pDNA was labeled with rhodamine by the
Label IT reagent (Panvera Corporation, Madison, WI,
USA). One hour post-injection, the cells were incubated
with 0.5 uM SYTO24 for 15 min to stain the nucleus.
The cells were then washed three times with culture
medium including 10% FCS. Fluorescence and bright
field images were captured using a Zeiss Axiovert
200 inverted fluorescence microscope equipped with
Achroplan 63 x /0.95 N objective (Carl Zeiss Co. Ltd.).

Evaluation of protection activity of
polycations from enzymatic digestion
of pDNA by DNase I

pDNA (0.4 pg) was condensed with various polycations
at charge ratio of 2, and then treated with 0.05U
of DNase 1 (Roche Diagnostics) in 10 pul of reaction
buffer (5 mM MgCl,, 0.1 mM dithiothreitol (DTT)) for
60 min at 37 °C. After the incubation, the reaction was
stopped by applying 1 ul of 100 mM EDTA and decreasing
the temperature to 4°C. pDNA was decondensed from
polycations by applying 1 pl of 10 pg/ul pAsp. Then
2 ul of loading buffer (50% sucrose in distilled water)
were applied, and pDNA was then analyzed by gel
electrophoresis through 1% (w/v) agarose, followed by
staining with ethidium bromide.

Results
Sizes of polycation/pDNA complexes

The particle sizes of pDNA condensed with mu, NLS-
mu and PLL at various charge ratios were determined

J Gene Med 2006; 8: 198-206.
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Figure 1. Diameters of the pDNA/polycation complexes, After
the preparation of a pDNA complex with NLS-mu, mu and
PLL at various charge ratios, the sizes were determined by
quasi-elastic light scattering by means of an electrophoresis
light-scattering spectrophotometer. Open circles, closed circles
and crosses represent the results for mu, NLS-mu and PLL,
respectively. Vertical bars indicate the standard deviation of
triplicate experiments

by dynamic laser scattering (Figure 1). At a charge ratio
of 1, the particle sizes were approximately 150 nm. At
a charge ratio of 2, these sizes decreased to ~80 nm.
When the charge ratio was further increased, the sizes
of the mu particles and PLL particles remained constant
or decreased slightly, whereas the size of the NLS-mu
particles increased gradually. The mechanism underlying
this increase remains to be clarified.

Effect of condensing polycations on
transfection activities of the MEND

The effect of DNA condenser on trans-gene expression
was compared among NLS-mu, mu and PLL. Transfection
activity is rate-limited by various intracellular processes
that include cellular uptake, endosomal escape, nuclear
transfer and intranuclear transcription [2]. When a simple
polyplex is used in a transfection study, it is possible that
the difference in the efficiencies of cellular uptake and
endosomal escape may affect the transfection activity,
and, as a result, the efficiency of nuclear delivery of
pDNA cannot be accurately reflected. To minimize these
contributions, we applied a recently developed, non-
viral multifunctional envelope-type nano device (MEND)
[2,11], in which a condensed DNA/polycation complex
was coated with a pH-sensitive fusogenic lipid bilayer for
the efficient endosomal release of the DNA/polycation
core. Since all the particle sizes were minimized to
~B0 nm at a charge ratio of 2, the MEND was prepared
at this charge ratio. pDNA encoding a luciferase was
condensed with these polycations and then coated with
a pH-sensitive fusogenic lipid film consisting of DOPE
and CHEMS to enhance the endosomal release of the

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 2. Trans-gene expression by the MEND with various
DNA-condensing polycations. pDNA encoding the luciferase
reporter gene was condensed with NLS-mu, mu and PLL and
further encapsulated into a DOPE/CHEMS lipid layer. These
particles were incubated with Hela cells in serum-free medium
and trans-gene expression was evaluated, as described in
Materials and Methods. The vertical axis represents luciferase
activities expressed as relative light units (RLU) per mg of
protein. Closed bars, dotted and open bars represent the results
for mu, NLS-mu and PLL, respectively. Vertical bars indicate the
standard deviation for triplicate experiments. * and ** represent
the significant differences determined by analysis of variance
(ANOVA) followed by Student’s t-test ("P < 0.05; **P < 0.01)

pDNA/polycation complex, as demonstrated previously
[11]. The luciferase activities were compared 48 h after
the transfection. As shown in Figure 2, luciferase gene
expression was increased in the rank order of NLS-mu >
mu > PLL. It is particularly noteworthy that the trans-
gene expression of the MEND prepared with NLS-mu
was approximately 10 times higher than that prepared
with PLL.

Cytoplasmic and nuclear
microinjection of pDNA condensed
with mu, NLS-mu and PLL

To clarify the mechanism for the enhanced trans-
gene expression in the MEND prepared with NLS-mu,
core particles consisting of the GFP-encoding pDNA
and various polycations were microinjected into the
cytoplasm. After the condensation of pDNA with NLS-mu,
mu and PLL at various charge ratios, pDNA was diluted
to 3.3 fmol/ul with injection solution (0.5% RhoDex in
H20), and then injected into the cytoplasm. At 24 h post-
injection, GFP expression was monitored by fluorescence
microscopy, and the efficiency of transgene expression
in terms of percent of GFP-positive cells to RhoDex-
positive cells (E(cyt)) was determined (Figure 3). The
most prominent differences in E(cyt) among NLS-mu, mu
and PLL were observed at a charge ratio of 2, where the
E(cyt) for the mu particles (20.1%) was approximately
1.6 times higher than that of PLL particles (12.3%). A

J Gene Med 2006; 8: 198-206.
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Figure 3. GFP expression after the cytoplasmic microinjection
of pDNA condensed with NLS-mu, mu and PLL. After the
condensation of the pDNA with NLS-mu, mu and PLL at various
charge ratios, 3.3 fmol/pl of the pDNA, mixed with 0.5%
RhoDex, were injected to the cytoplasm in HeLa cells. At 24 h
post-injection, the ratios of GFP-positive cells to RhoDex-positive
cells (E(cyt)) were calculated. Closed bars, dotted bars and open
bars represent the results for mu, NLS-mu and PLL, respectively.
Typically, 200 cells were injected per experiment, Vertical bars
indicate the standard deviation of triplicate experiments. N.D.:
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Figure 4. GFP expression after the nuclear microinjection
of pDNA condensed with NLS-mu, mu and PLL. After the
condensation with pDNA condensed with NLS-mu, mu and PLL,
33 amol/pl of the pDNA, mixed with 0.5% RhoDex, were injected
into the nucleus of HeLa cells. At 24 h post-injection, the ratio
of GFP-positive cells to RhoDex-positive cells were calculated. In
this experiment, RhoDex-positive cells (E(nuc)) were counted
just after nuclear microinjection. Closed bars, dotted bars
and open bars represent the results for mu, NLS-mu and
PLL, respectively. Vertical bars indicate the standard deviation
of triplicate experiments, * and ** represent the significant
differences determined by ANOVA followed by Student's t-test
(*P < 0.05)

Table 2. Summary of GFP expression ratios (%) and NT scores

not determined. * and ** represent the significant differ:
determined by ANOVA followed by Student’s t-test (*P < 0.05;
P <0.01)

further increase (2.6 times) was observed for the NLS-mu
particles (32.6%). When the charge ratio was increased,
the E(cyt) for NLS-mu particles gradually decreased,
whereas those for the mu and PLL particles remained
constant.

The nuclear transcription efficiencies of pDNA con-
densed with NLS-mu, mu and PLL at a charge ratio of
2 were subsequently evaluated by nuclear microinjection
at 33 amol pDNA/ul with 0.5% RhoDex. To avoid cases
where the number of nuclear-injected cells is underesti-
mated by the diffusion of RhoDex from nucleus to the
cytosol after 24 h post-injection, the number of cells in
which RhoDex was injected into the nucleus was counted
immediately after the injection. The efficiency of trans-
gene expression in terms of percent of GFP-positive cells
(E(nuc)) was calculated by dividing the number of GFP-
positive cells by the number of nuclear RhoDex-positive
cells. As shown in Figure 4, the E(nuc) in the NLS-mu
particles was not significantly different from that for PLL
(73.6 and 57.7%, respectively), whereas that for mu
particles was decreased to 35.0%.

Evaluation of nuclear transfer
efficiency in terms of nuclear transfer
score (NT score)

Considering that pDNA can only be transcribed in the
nucleus, the value of E(cyr) should depend not only on

Copyright © 2005 John Wiley & Sons, Led.

Particle Eleyt) (%)  Elnuc) (%) NT score

mu (charge ratio = 2) 201 35.0 057 (2.11)
NLS-mu (charge ratio = 2) 326 736 0.44(2.10)
NLS-mu (charge ratio = 10) 105 47.3 0.22 (1.05)
PLL (charge ratio = 2) 123 51.7 0.21(1.00)

NT scores were calculated as the percent of GFP expression after
cytoplasmic microinjection (E{cyt)) divided that after nuclear
microinjection (E(nuc)). Relative NT scores to of PLL are shown
in parentheses.

the efficiency of nuclear transfer, but also on intra-nuclear
transcription. In contrast, E(nuc) exclusively represents
the efficiency of nuclear transcription. Therefore, the
NT score, denoted as E(cyt) divided by E(nuc), reflects
the efficiency of nuclear transfer. The experimentally
observed E(cyt) and E(nuc), and calculated NT scores,
are summarized in Table 2. The NT score for NLS-mu
particles at a charge ratio of 2 was 2.1 times higher
than that of PLL, suggesting that NLS-mu particles
are more efficiently delivered to the nucleus than PLL.
Unexpectedly, the NT scores for NLS-mu and mu particles
were comparable at a charge ratio of 2. This suggests that
the mu domain, but not the NLSsv40 domain, participates
in the nuclear delivery of pDNA. When the charge ratio
of NLS-mu was increased to 10, both E(cyt) and E(nuc)
after cytoplasmic and nuclear microinjection decreased
(Table 2). Moreover, the NT score at this charge ratio also
decreased to approximately 50% (Table 2), suggesting
that the excess condensation of pDNA by NLS-mu lowers
not only the nuclear transcription process, but the nuclear
transfer process, as well,

J Gene Med 2006; 8: 198-206.
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Visualization of rhodamine-labeled
pPDNA condensed with NLS-mu, mu and
PLL after cytoplasmic microinjection

To visualize the nuclear transfer of pDNA after cytoplas-
mic microinjection, rhodamine-labeled pDNA condensed
with NLS-mu, mu and PLL was injected into the cyto-
plasm, and the cells were then observed by confocal
laser scanning microscopy (CLSM). As a control, naked
rhodamine-labeled pDNA was also injected into the cyto-
plasm. As shown in Figures 5a—5c, rhodamine-labeled
PDNA was observed in both the cytoplasm and nucleus as
dot-shaped forms, when injected in condensed forms, In
the case of naked DNA, the pDNA diffused away from the
injected site and was barely detectable in the nucleus as
dot-shaped forms under the same image-capture condi-
tions of CLSM (Figure 5d). These data suggest that pDNA,
when condensed with polycations, is able to translocate
through the nuclear membrane in a condensed form.

(a) NLS-mu

(c) PLL

Figure 5. Intracellular distribution of rhodamine-labeled
(26.4 fmol/pl) condensed with NLS-mu (a), mu (b) and PLL

203

Comparison of protection effect of
polycations from enzymatic digestion
of pDNA by DNase I

It is possible that the NT score and transfection activity
can be affected by the extent of enzymaric degradation
of pDNA by cytoplasmic nucleases [7,12]. Therefore, the
resistance of condensed pDNA to enzymatic digestion by
DNase I was evaluated by agarose gel electrophoresis
(Figure 6). In DNase I-free conditions, comparable
amounts of the free form of pDNA migrated compared
with that of naked DNA, when pDNA/polycations particles
were decondensed with pAsp (lanes 2, 5, 9 and 13).
This suggests that treatment with 1 pg/pl of pAsp can
completely decondense pDNA. When naked pDNA was
incubated with 0.05 U of DNase I for 60 min, it was
completely degraded (lane 2 vs. lane 3). In contrast, when
the pDNA/polycation complex was incubated with DNase
1, intact pDNA was predominantly observed even after the

(b) mu

(d) naked pDNA

PDNA after cytoplasmic microinjection, Rhodamine-labeled PDNA
(c) at a charge ratio of 2 was injected into the cytoplasm. As a

control, naked rhodamine-labeled pDNA was also injected (d). At 1 h post-injection, cells were incubated with 0.5 uM SYT024 for
15 min to stain the nucleus. Rhodamine-labeled PDNA condensed with NLS-mu (a), mu (b) and PLL (¢) was detected in both the
cytoplasm and the nucleus (indicated by arrow) as dot-shaped forms 1 h after cytoplasmic microinjection. In contrast, after the
microinjection of naked DNA, fluorescence was barely detectable as dot-shaped forms in the nucleus (d). I, I1, I and IV represent
rhodamine-labeled pDNA, phase-contrast, SYTO24-1abeled nucleus and combined image, respectively
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Figure 6. Resistance of pDNA condensed by polycations to enzymatic degradation by DNase 1. Naked pDNA (0.4 pg) (lanes 2 and
3) and pDNA condensed with various polycations (lanes 4-7, mu; lanes 8-11, NLS-mu; lanes 12-15, PLL), at a charge ratio of 2,
was incubated with (lanes 3, 6-7, 10-11 and 14-15) or without (lanes 1, 4-5, 8-9 and 12-13) 0.05 U of DNase | at 37°C for
60 min. Digestion was stopped by the addition of 10 mM EDTA and incubation at 4 *C. pDNA was further incubated for 5 min with
(lanes 5, 7, 9, 11, 13 and 15) or without (lanes 2-4, 6, 8, 10, 12 and 14) 1 pg/pl pAsp. pDNA was analyzed by gel electrophoresis
through 1% (w/v) agarose, followed by staining with ethidium bromide

DNase | treatment (lane 5 vs. lane 7, lane 9 vs, lane 11,
and lane 13 vs, lane 15), suggesting that the polycations
used in the present study are able to protect pDNA from
enzymatic digestion by DNase .

Discussion

During the past 20 years, it has become clear that the
nuclear membrane severely limits trans-gene expression
by non-viral vectors [1,2]. In contrast to the adenovirus,
which can insert its genomic DNA into the nucleus even in
non-dividing cells [13-15], the nuclear entry of the pDNA
is severely limited except in the M-phase, during which
period the nuclear membrane is temporarily perturbed
[3-6]. Therefore, for the development of promising gene
delivery systems, efficient nuclear delivery systems for
plasmid DNA are highly desired.

To enhance nuclear delivery, the condensation of
pDNA with nuclear-targeting polycations is one of the
most promising strategies. The pre-condensation of pDNA
with cationic peptides modified with M9 derived from
heterogeneous nuclear ribonucleoprotein-Al [16], TAT
oligomer [17], protamine [18,19] and a tewramer of
NLSgv4g [20] have all been reported to enhance the
trans-gene expression mediated by lipoplex and/or a
polycation. As a candidate for the potent nuclear-targeting
polycations, we prepared the novel polycation: NLS-
mu, based on the hypothesis that the tight and stable
condensation of pDNA caused by mu [10] may enable
NLSgvao to be displayed on the surface of a particle, thus
permitting it to be recognized by importin.

The effect of the condensing polycation on trans-
gene expression by a MEND was first compared. In
the present study, polycation/pDNA complexes were
encapsulated into the pH-sensitive fusogenic lipid layer
(DOPE/CHEMS) to permit the cytoplasmic release of
the complexes from the endosome/lysosome [21]. In
this system, cellular uptake and endosomal release are
dependent on the lipid bilayer. As a result, the efficiencies
of these processes would be expected to be comparable
regardless of the polycation used in the DNA core, and
the potential of polycations for the nuclear delivery
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is reflected by the transfection activity. As shown in
Figure 2, the trans-gene expression of the MEND was
in the expected rank order of NLS-mu > mu > PLL,
suggesting that NLS-mu would be a useful device for
the nuclear targeting of pDNA. However, the issue of
whether NLS-mu functions as a useful cargo of pDNA o
the nucleus remains unclear, since the condensation could
also be attributed to unexpected side effects such as an
enhancement in the stability of pDNA [12].

To evaluate the utility of polycations as a nucleus-
targeting cargo of pDNA, we investigated efficiency of
trans-gene expression in terms of the percent of GFP-
positive cells after cytoplasmic microinjection (E(cyt)).
As shown in Figure 3, the rank order of the E(cyt)
values was quite comparable to that by the trans-gene
expression by the MEND. This also suggests the utility
of NLS-mu as a nuclear-targeting device. Furthermore,
these data allow us to confirm that the microinjection
of pDNA/polycations was adequately demonstrated from
the technical point of view. As shown in Figure 5,
these condensed particles were detected as dot-shaped
forms in the nucleus (Figures 4a-4c), whereas naked
DNA was barely detectable (Figure 4d), suggesting that
pDNA/polycation condensed particles are delivered to the
nucleus in a condensed form.

However, E(cyt) values are also a hybrid parameter
of the efficiency of cytoplasmic degradation, nuclear
transfer and the subsequent intra-nuclear transcription.
When pDNA was condensed by means of polycations,
it was largely intact even after trearment with DNase I,
regardless of the type of polycation used (Figure 6). Thus,
E(cyt) is likely to be affected by the latter two processes.
To evaluate nuclear transfer and nuclear transcription,
separately, we introduced the NT score, denoted as E(cyt)
(represented in Figure 3) divided by E(nuc) (represented
in Figure 4), as demonstrated previously [22,23]. It
should be noted that the NT score does not refer to what
fraction of cytoplasm-injected pDNA can be transferred
to the nucleus, since this value is dependent on the
dosage used for cytoplasmic and nuclear microinjection.
However, when NT scores were determined using a fixed
dose, these scores could be used as an index of the relative
potential as a nuclear transfer device. As a result, pDNA
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