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Recent synchrotron-based X-ray diffraction studies have enabled us to comprehensively
solve the self-assembled structures in mixtures of cationic liposomes (CLs) complexed with
linear A-DNA. In one case the CL-DNA complexes were found to consist of a higher
ordered multilamellar structure (labeled LS with DNA sandwiched between cationic
bilayer membranes. The membrane charge density is found to control the DNA interaxial
spacing with high densities leading to high DNA compaction between lipid bilayers.
A second self-assembled structure (labeled Hﬁ) consists of linear DNA strands coated by
cationic lipid monolayers and arranged on a 2D hexagonal lattice. In this paper we report
on a combined X-ray diffraction and optical microscopy study of CLs complexed with
functional supercoiled plasmid DNA. We describe the self-assembled structures in cell
culture medium for both a high transfectant complex (DOTAP/DOPE, ®pope = 0.72) and
alow transfectant complex (DOTAP/DOPC, ®popc = 0.72). Fluorescence optica micros-
copy shows two distinct interactions between these two types of complexes and mouse
fibroblast L-cells, demonstrating the existence of a correlation between structure and
transfection efficiency.
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1. INTRODUCTION

Gene therapy depends on the successful transfer
and expression of extracellular DNA to mammalian
cells, with the aim of replacing a defective or adding
a missing gene (Friedmann, 1997; Felgner, 1997;
Miller, 1998; Crystal, 1995; Zhu et al., 1993; Nabel
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et al., 1993; Mulligan, 1993). At present, viral-based
vectors (retroviruses, adenoviruses, adeno-asso-
ciated viruses) are the most common gene carriers
used by researchers developing gene delivery sys-
tems because of their high efficiency of transfer
and expression (Friedmann, 1997; Crystal, 1995;
Mulligan, 1993). Each viral-based vector has
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advantages and disadvantages and it will be many
years before the optimal vector is designed.

There has been much recent activity in the
development of synthetic nonviral delivery systems
(Friedmann, 1997; Felgner and Rhodes, 1991;
Felgner, 1997; Miller, 1998; Zhu et al., 1993; Nabel
et al., 1993; Behr, 1994; Remy et al., 1994; Singhal
and Huang, 1994; Lasic and Templeton, 1996;
Marshall, 1995). The conventional nonviral transfer
methodologies, which have transfection rates signif-
icantly lower than viral transfection rates, include
anionic liposomes which encapsulate nucleic acid,
calcium-phosphate precipitation, and use of poly-
cationic reagents (DEAE-dextran or polylysine).
Some of the advantages of using nonviral vectors
for gene delivery include the fact that plasmid
DNA constructs used in deliveries are more readily
prepared than viral constructs, they have no viral
genes to cause disease, and they are nonimmuno-
genic due to a lack of proteins.

The entire field of gene therapy based on synthetic
nonviral delivery systems has undergone a renais-
sance since the initial paper by Felgner et al. (1987)
which was soon followed by numerous other groups
demonstrating in vivo gene expression in targeted
organs (Zhu et al., 1993) and in human clinical trials
(Nabel et al., 1993). Felgner et al. discovered that
cationic liposomes (CLs) (closed bilayer membrane
shells of lipid molecules) when mixed with DNA to
form CL-DNA complexes with an overall positive
charge enhance transfection (i.e. the transfer of
plasmid into cells followed by expression). They
hypothesized that the enhancement of transfection
efficiency was due to a more effective adsorption of
CL-DNA complexes to the anionic plasma mem-
brane of mammalian cells via electrostatic interac-
tions. Compared to other nonviral delivery systems,
CLs tend to mediate a higher level of transfection
in a majority of cell lines studied to date (Lasic
and Templeton, 1996). Using CLs, gene expression
of chloramphenicol acetyltransferase (CAT) activ-
ity has been found in mice lungs and brain (Brigham
et al., 1989; Hazinski et al., 1991; Ono et al., 1990)
and in brain tissue of frog embryos (Malone, 1989,
Holt et al., 1990). In vivo CAT expression of aerosol

administered plasmid DNA (pCIS-CAT) com-
plexed with CLs in mouse lung has also been
demonstrated (Stribling et al., 1992).

Current viral vectors have a maximum gene car-
rying capacity of 40 kbp (Friedmann, 1997; Crystal,
1995). Without doubt, one of the principle and most
exciting advantages of nonviral over viral methods
for gene delivery is the potential of transferring and
expressing (transfecting) large pieces of DNA in
cells. The feasibility was clearly demonstrated when
partial sections of first-generation human artificial
chromosomes (HACs) of order 1 Mbp were trans-
ferred into cells using CLs, although extremely in-
efficiently (Harrington et al., 1997; Roush, 1997).
The future development of HAC vectors will be
extremely important for gene therapy applications;
because of their very large size capacity, HACs will
have the ability of delivering not only entire human
genes (in many cases exceeding 100 kbp) but also
their regulatory sequences, which are needed for the
spatial and temporal regulation of expression.

While the transfection rates and reproducibility
in many cells have been found to be enhanced using
CL-DNA complexes compared to other more tra-
ditional nonviral delivery systems, the mechanism
of transfection via CLs remains largely unknown
(Friedmann, 1997, Felgner and Rhodes, 1991;
Felgner, 1997; Miller, 1998; Crystal, 1995; Zhu
etal.,1993; Nabel et al., 1993; Mulligan, 1993; Behr,
1994; Remy et al., 1994; Singhal and Huang, 1994;
Lasic and Templeton, 1996). At present, hundreds
of plasmid DNA molecules are required for success-
ful gene transfer and expression. The low transfec-
tion efficiencies with nonviral methods result from a
general lack of knowledge regarding (i) the struc-
tures of CL—~DNA complexes and (ii) their interac-
tions with cell membranes and the events leading to
release of DNA in the cytoplasm for delivery to the
nucleus. It is only recently that we are beginning to
understand the self-assembled structures of CL-
DNA complexes in different lipid—membrane sys-
tems (Raedler et al., 1997; 1998; Salditt et al., 1997,
1998; Lasic ez al., 1997, Pitard et al., 1997, Safinya
et al., 1998; Safinya and Koltover, 1999; Koltover
et al., 1998; 1999). In this paper, we present our
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experimental findings correlating transfection effi-
ciencies, structures of complexes containing func-
tional supercoiled DNA, and pathways of DNA
entry into cells. We expect that the transfection
efficiencies of nonviral delivery methods may be
improved through insights into transfection-related
mechanisms at the molecular and self-assembled
levels.

2. BACKGROUND

Felgner et al. (1987) (Felgner and Rhodes, 1991)
originally proposed a “bead-on-string” structure of
the CL-DNA complexes and pictured the DNA
strand decorated with distinctly attached liposomes.
Electron microscopy (EM) studies have reported
on a variety of structures including string-like
structures and indications of fusion of liposomes
in metal-shadowing EM (Gershon ez al., 1993),
oligolamellar structures in cryo-transmission EM
(Gustafsson et al., 1995), and tubelike images pos-
sibly depicting lipid bilayer covered DNA observed
in freeze-fracture EM (Sternberg et al., 1994).

We have previously carried out a combined in situ
optical microscopy and X-ray diffraction (XRD)

study of CL-DNA complexes (Raedler et al., 1997)
where the CLs consisted of mixtures of neutral
(so called “helper-lipid”) DOPC (di-oleoyl phos-
phatidyl choline) and cationic DOTAP (di-oleoy!
trimethylammonium propane). High resolution
small angle XRD has revealed that the structure
is different from the hypothesized “bead-on-string”
structure (Felgner et al., 1987; Felgner and Rhodes,
1991). The addition of linear lambda-phage DNA
(48 kbp) to binary mixtures of CLs (mean diam-
eter of 70 nm) induces a topological transition from
liposomes into collapsed condensates in the form
of optically birefringent liquid crystalline globules
with size on the order of 1 um.

We show in Fig. 1A differential-interference-
contrast (DIC) optical images of CL-DNA com-
plexes for four lipid (L) to A-DNA (D) weight ratios
(L=DOTAP +DOPC, 1:1). Similar images are
observed when A-DNA is replaced by supercoiled
plasmid DNA (unpublished data). At low DNA
concentrations (Fig. 1A, L/D=~50), in contrast
to the pure liposome solution where no objects
> 0.2 um are seen, 1 um large globules are observed.
The globules coexist with excess liposomes. As more
DNA is added, the globular condensates form
larger chain-like structures (Fig. 1A, L/D = 10).

diameter [um]

FIGURE 1 (A) High resolution DIC optical images of CL-DNA complexes forming distinct condensed globules in mixtures of
different lipid to DNA weight ratio (L/D). L/D =4.4 is the isoelectric point, CL-DNA complexes are positively charged for L/
D =50 and 10, and negatively charged for L/D = 2. The positive (negative) regime contains excess lipid (DNA). Bar is 10 um. (B)
Average size of the lipid—-DNA complexes measured by dynamic light scattering. (Adapted from Raedler et al., 1997).
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At L/D =5, the chain-like structures flocculate into
large aggregates of distinct globules. For L/D < 5,
the complex size is smaller and stable in time again
(Fig. 1A, L/D =2) and coexists with excess DNA.
Fluorescence microscopy of the DNA (labeled with
YOYO) and the lipid (labeled with Texas Red-
DHPE) shows that the individual globules contain
both lipid and DNA. Polarized microscopy shows
that the distinct globules are birefringent indica-
tive of their liquid crystalline nature (Koltover
et al., 1998).

The size dependence of the complexes as a func-
tion of L/D (Fig. 1B) is independently measured
by dynamic light scattering. The large error bars
represent the broad polydispersity of the system.
The size dependence of the aggregates can be under-
stood in terms of a charge-stabilized colloidal sus-
pension. The charge of the complexes is measured by
their electrophoretic mobility in an external electric
field (Raedler er al., 1997). For L/D > 5 (Fig. 1A,
L/D=x50 or 10), the complexes are positively
charged, while for L/D < 5 (Fig. 1A; L/D & 2), the
complexes are negatively charged. The charge
reversal is in good agreement with the stoichiome-
trically expected charge balance of the components
DOTAP and DNA at L/D=4.4 (wt./wt.) where
L =DOTAP + DOPC in equal weights. Thus, the
positively and negatively charged complexes, at
L/D = 50 and 2, respectively, repel each other and
remain separate and small, while as L/D approaches
5, the nearly neutral complexes collide and tend to
stick due to van der Waals attraction creating large
aggregates.

The small-angle-X-ray scattering (SAXS) experi-
ments (Raedler et al.,, 1997) reveal a novel self-
assembled structure for the condensed globules
consisting of mixtures of CLs and DNA. Figure 2
is a plot of SAXS data of \-DNA-DOPC/DOTAP
complexes as a function of increasing ®popc (the
weight fraction of DOPC in the DOPC/DOTAP
CL mixtures). The data is consistent with a complete
topological rearrangement of liposomes and DNA
into a multilayer structure with DNA intercalated
between the bilayers (Fig. 3, denoted LS). To see
this, we first consider complexes of DNA and
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FIGURE 2 SAXS scans of CL~DNA complexes at constant
DOTAP/DNA = 2.2 (near the isoelectric point) with increas-
ing DOPC/DOTAP which shows the DNA peak (arrow)
moving towards smaller g as L/D (and $popc) increases. L=
DOTAP +DOPC, D=DNA. (Adapted from Raedler er al.,
1997; Salditt ez al., 1997; Koltover et al., 1999).

I

DOTAP at ®popc=0 (Fig. 2, bottom). The two
sharp peaks at g=0.11 and 0.22 A~! correspond to
the (00OL) peaks of a layered structure with an
interlayer spacing d(= 6y, + 8,) =57 A. The mem-
brane thickness and water gap are denoted by &,
and é,,, respectively (Fig. 3).

In the absence of DNA, membranes of the cat-
ionic lipid DOTAP exhibit strong long-range inter-
layer electrostatic repulsions that overwhelm the
van der Waals attraction (Roux and Safinya, 1988;
Safinya, 1989). In this case, as the volume fraction
®,, of water is increased, the L, phase swells and the
intermembrane distance d (which is measured by
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FIGURE 3 Schematic structure of the lamellar LS phase of
cationic lipid—-DNA (CL-DNA) complexes showing alternat-
ing lipid bilayers and DNA monolayers. The interlayer spac-
ing is d= 6y, + 6.

SAXS) is given by the simple geometric. relation
d=bn/(1 — ®). For membranes of pure DOTAP
bm=33+ 1A (Raedler et al., 1997). Highly dilute
liposomes of DOTAP (with &, ~98.5% used in the
SAXS experiments) do not exhibit Bragg diffraction
in the small wave-vector range covered in Fig. 2.
Thus, the DNA that condenses on the cationic
membranes strongly screens the electrostatic inter-
action between lipid bilayers and leads to condensed
multilayers. The average thickness of the water gap
bw=d—6n=5TA—33A=24A+1A is just suffi-
cient to accommodate one monolayer of B-DNA
(diameter ~ 20 A) including a hydration shell
(Podgornik et al., 1994). '

As we now discuss, the broad peak denoted
gona =0.256 A" arises from DNA-DNA correla-
tions and gives dpna = 2m/gpna = 24.55A (Fig. 2,
bottom). The precise nature of the packing structure
of A-DNA within the lipid layers can be elucidated

by conducting a lipid dilution experiment in the
isoelectric point regime of the complex (Raedler
etal.,1997; Salditt et al., 1997; Koltover et al., 1999).
In these experiments, the total lipid (L = DOTAP +
DOPC) is increased while the charge of the overall
complex, given by the ratio of cationic DOTAP
to DNA, is kept constant at the isoelectric point,
DOTAP/DNA =2.20. The SAXS scans in Fig. 2
(arrows point to the DNA peak) show that dpoya =
27/gpna increases with lipid dilution from 24.55
to 57.1A as ®popc increases from 0 to 0.75
(or equivalently increasing L/D from 2.2 to 8.8).
Figure 4A plots d and dpna as a function L/D.
The most compressed interaxial spacing of
~24.55 A at ®popc =0 approaches the short-range
repulsive hard-core interaction of the B-DNA rods
containing a hydration layer (Podgornik er al.,
1994).

The observed behavior is depicted schematically
in Fig. 4B showing that as we add neutral lipid
(at the isoelectric point) and therefore expand the
total cationic surface we expect the DNA chains to

also expand and increase their interaxial spacing. -

The solid line in Fig. 4A is derived from the simple
geometric packing relationship

dpNa = (A4p/bm)(pp/pL)(L/D) (1)

which equates the cationic charge density (due to
the mixture DOTAP* and DOPC) with the anionic
charge density (due to DNA™) and is only valid at
the isoelectric point where there is no excess lipid or
DNA coexisting with the complex (Raedler er al.,
1997; Salditt et al., 1997; Koltover et al., 1999).
Here, pp=1.7 (g/cc) and py. =1.07 (g/cc) denote
the densities of DNA and lipid respectively, 6,
the membrane thickness, and Ap the DNA area.
Ap = Wt(A)/(ppL(N)) = 186 A%, W) = weight of,
A-DNA = 31.5% 10%/(6.022 » 10?*) g and L()\) = con-
tour length of A-DNA =48502%3.4A. The agree-
ment between the packing relationship (solid line)
with the data over the measured interaxial distance
from 24.55 to 57.1A (Fig. 4A) is quite remark-
able given the fact that there are no adjustable
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FIGURE 4 (A) The DNA interaxial distance dpna and the interlayer distance d in the LS phase (Fig. 3) plotted as a function
of Lipid/DNA (L/D) (wt./wt.) ratio at the isoelectric point of the complex, DOTAP/DNA =2.2. dpna is seen to expand from
24.5 to 57.1A. The solid line through the data is the prediction of a packing calculation where the DNA chains form a space
filling one-dimensional lattice. (Adapted from Raedler er al., 1997; Salditt er al., 1997; Koltover et al., 1999). (B) Schematic
drawing of DNA-membrane multilayers showing the increase in distance between DNA chains as the membrane charge density is

decreased (i.e. as $popc increases) at the isoelectric point.

parameters. The variation in the interlayer spacing
d(= b+ 6) (Fig. 4A, open squares) arises from
the increase in the membrane bilayer thickness 6, as
L/D increases (each DOPC molecule is about 4-6 A
longer than a DOTAP molecule).

The observation of a variation in the DNA inter-
axial distance as a function of the lipid to DNA
(L/D) ratio in multilayers (Fig. 4A) unambiguously
demonstrates that XRD directly probes the DNA
behavior in multilayer assemblies (Raedler et al.,
1997). From the linewidths of the DNA peaks, the
1D lattice of DNA chains is found to consist of
domains extending to near 10 neighboring chains
(Salditt et al., 1997). Thus, the DNA chains form a
finite-sized 1D ordered array adsorbed between 2D
membranes; that is, a finite sized 2D smectic phase
of matter (Raedler et al., 1997; Salditt et al., 1997,
Koltover et al., 1999).

The driving force for higher order self-assembly is
the release of counterions. DNA carries 20 phos-
phate groups per helical pitch of 34.1 A, and due to
Manning condensation (Manning, 1969), 76% of
these anionic groups are permanently neutralized by
their counterions, which leads to a distance between
anionic groups close to the Bjerrum length = 7.1 A.

During condensation, the cationic lipid tends to
neutralize the phosphate groups on the DNA in
effect replacing and releasing the originally con-
densed counterions (i.e. those bound to the 1D
DNA and to the 2D cationic membranes) in
solution.

3. METHODS AND MATERIALS

3.1. X-Ray and Optical Microscopy
X-Rays

Wide-angie and small-angle synchrotron X-ray
scattering and diffraction were used for the quanti-
tative in situ measurement of the self-assembled
structures of CL-DNA complexes. X-rays dif-
fracted by a sample with a periodic structure result
in peak maxima at distinct g wave-vectors (related to
the scattering angle). The ratio of the peak positions
gives the lattice symmetry, revealing the specific
structure of the sample (Warren, 1990). XRD exper-
iments were carried out both with an in-house X-ray
generator and at the Stanford Synchrotron Radia-
tion Laboratory.
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Optical Microscopy

Video-enhanced light microscopy techniques of
phase, differential interference contrast (DIC) and
reflection interference contrast, together with fluo-
rescence microscopy (Nikon inverted, Diaphot 300)
were used.

3.2. Materials and Sample Preparation
DNA

Both linear DNA (A-phage, 48,502 bp) and two dif-
ferent functional supercoiled plasmids were used —
pSV40-Luc  (pGL3-control vector, Promega
Corporation, Cat. #E1741) and pRSV-Ggal.

Liposome Stock Solutions

Lipid components (DOTAP, DOPE, DOPC,
Avanti Polar Lipids) were first dissolved in chloro-
form. To dissolve DOTAP completely we added
10% methanol to the chloroform solution. For
labeled liposome samples, Texas Red® DHPE
(Molecular Probes, Inc., Cat. #T-1395) was also
dissolved in chloroform. The lipid solutions were
mixed in required ratios in chloroform and metha-
nol and allowed to evaporate, first under nitrogen,
then in vacuum overnight, leaving a lipid film
behind. Water was added to the dried lipid film
and incubated for at least 6h to allow formation
of liposomes. Before making complexes, liposome
solutions were vortexed for 1 min, tip-sonicated for
5-10min, and filtered with 0.2 um filters. An alter-
native method was to bath-sonicate for 2h after
vortexing. The liposome and CL-DNA complex
sizes were measured by dynamic light scattering
{(Microtrac UPA 150, Leeds and Northrup).

Animal Cell Lines

Mouse fibroblast L-cell line was grown in
DMEM(+/+) in an incubator set at 37°C and 5%
CO, atmosphere. DMEM(+/+) is composed of
DMEM (Dulbecco’s Modified Eagles’s Medium
from Gibco BRL, Cat. #21063-029) supplemented
with 1% penicillin—streptomycin (Gibco BRL,

Cat. #15140-122) and 5% FBS (Fetal Bovine
Serum from HyClone Laboratories, Inc., Cat.
#SH30070.02). Cells were split every 2—4 days to
maintain a monolayer coverage in culture flasks.
Cells were washed once with 1x PBS (diluted from
Gibco BRL, Cat. #70013-032) before adding trypsin
(Gibco BRL, Cat. #25300-054) to detach the cells
from the bottom of culture flasks. We then mixed
the detached cells in DMEM(+/+) and seeded an
appropriate portion for growth.

To Prepare X-ray Samples of Complexes in
DMEM or DMEM(+[+)

Equal volumes of DMEM or DMEM(+/+) were
added to DNA and lipid stock solutions in water.
The resulting solutions were loaded into X-ray cap-
illaries by first centrifuging down the lipid solution,
followed by the DNA solution, and finally centrif-
uging the mixture at 9000 rpm for 15-30 min.

Fluorescent Labels for Lipid and DNA

Preparation for DIC and Fluorescence Optical
Microscopy Studies of Transfected Cells 22mm x
22mm coverslips were sonicated in detergent for
half an hour, rinsed 10 times with deionized water,
and baked in a 185°F oven for 2h before use.
L-cells were seeded on the coverslips in 6-well plates
and allowed to grow for 20h before experiments
so that the confluency reached 60—80% at the time
of transfection. We prepared complexes fresh each
time immediately before transfection. The DNA in
the complexes was labeled with YOYO®-1 (Molec-
ular Probes, Cat. #Y-3601, 491/509 green) and the
lipid was labeled with Texas Red® DHPE. For
covalent attachment to DNA we used Mirus Label
IT™ Nucleic Acid Labeling Kits (from PanVera
Corp., fluorescein-green 494/518 and rhodamine-
red 570/590) which allows the marker to attach
within 1h. Other DNA and lipid labels included
YOYO®-3 (612/631 red) for DNA and TRITC-
DHPE (540/566, yellow-green), and fluorescein-
DHPE (496/519, green) for lipid. The dyed DNA
and lipid stocks were diluted in DMEM separately
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to make a final volume of 500 ul each. The diluted
solutions were mixed together and left for 20 min
to allow formation of complexes. To transfect, cells
were washed once in 1x PBS and incubated in
complex solutions at 37°C for various lengths of
time. The complex solutions were then removed,
after which the cells were washed three times with
1x PBS and fixed by soaking in fixing solution
(0.1% glutaldehyde and 4% formaldehyde in
1x PBS) for 20-30min. We removed the fixing
solution before mounting the coverslips for obser-
vation under the microscope (Nikon inverted,
Diaphot 300, or BioRad 1024 confocal at the Neu-
roscience Research Institute). Each coverslip was
soaked in seven or eight drops of equilibration
buffer from the SlowFade® Light Antifade Kit
(Molecular Probes, Inc. Cat. #S-7461) for 5—-10min,
then mounted on a 24 x 60 mm microslide with one
drop (8 pl) of SlowFade® mounting medium (also
from the kit). Finally, the samples were sealed with
regular red nail polish and may be stored for at
least two weeks at 4°C.

Luciferase Assays of pGL3 DNA

To prepare samples for assays, L-cells were directly
plated in a 6-well, 24-well, or 96-well plate 20h
before transfection so that the confluency reached
60—80% at the time of transfection. Complexes were
prepared just prior to being laid on cells. First, DNA
stock and lipid stock were diluted in DMEM sepa-
rately to make a final volume of 500 ul each. They
were then mixed together and left for 20 min to allow
formation of complexes. Cells in plates were washed
once in 1x PBS before complex solutions were
added. The plates were then incubated at 37°C in
5% CO, atmosphere for 6h. After 6h, complex
solutions were removed and the cells were washed
three times with 1x PBS before DMEM(+/+) was
added. The plates were then incubated for an addi-
tional 24 h to allow the expression of the transgene.

The transfected cells were washed once with
1 x PBS. Then an appropriate amount of Luciferase
Cell Lysis Reagent (Progema Corp. Cat. #E1531)
was applied to the cells (300 ul for 35mm wells;

150 ul for 15 mm wells). The cells were then placed
on ice for 5min and then scraped off the bottom of
the well. The resulting solution was stored at —20°C,
The readings for luciferase activity were done on
a Optocomp I Luminometer (MGM Instruments,
Inc.). Twenty ul of room temperature cell extract
were mixed with 100pul of room temperature
Luciferase Assay Reagent (Promega Corp. Cat.
#E1501). This mixture was placed in the lumin-
ometer where the reading of the number of photons
emitted, expressed in relative light units (RLU), was
integrated over a 20s time period. Two readings
were taken for each sample and then averaged.
To convert RLU to actual amount of protein, a
standard was run using recombinant luciferase
(Promega Corp. Cat. #E1701).

4. RESULTS

It is known that transfection efficiency mediated by
mixtures of cationic lipids and neutral “helper-
lipids” varies widely and unpredictably (Zhu et al.,
1993; Nabel et al., 1993; Mulligan, 1993; Felgner
and Rhodes, 1991; Behr, 1994; Remy et al., 1994;
Singhal and Huang, 1994; Lasic and Templeton,
1996). The choice of the helper-lipid has been
empirically established to be important (Remy
et al., 1994; Felgner et al., 1994; Farhood et al.,
1995; Hui et al., 1996), for example, many papers
report that transfection is believed to be efficient
in mixtures of the cationic lipid DOTAP and the
neutral helper-lipid DOPE, and not in mixtures of
DOTAP and the similar helper-lipid DOPC. For the
moment, we concentrate on the univalent cationic
lipid system DOTAP where we have X-ray data on
the structure in a similar concentration range as
the transfection results. Figure 5 shows our trans-
fection results for DOTAP/DOPC (®popc =0.72)
and DOTAP/DOPE (®pope=10.72) containing
complexes as a function of DOTAP/DNA for
negative (below dashed line) and positive (above
dashed line) complexes. We see that at these
composition the DOPE containing complexes are
significantly more transfectant.
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FIGURE 5 Luciferase reporter gene (pGL3-control vector)
activity measured in transfected fibroblast L-cells. Transfec-
tion efficiencies for positive (DOTAP/DNA >2.2) and nega-
tive (DOTAP/DNA <2.2) CL-DNA complexes are shown.
The squares are for DOPE/DOTAP CLs (72% DOPE), the
circles are for DOPC/DOTAP CLs (72% DOPC). Trans-
fections were done in 24-well plates with 2 g of DNA and
varying amounts of lipid. 10° RLU (relative light units) corre-
sponds to 0.025 ng of luciferase. Background (instrument noise
level) done with a control containing no complex is 10 RLU.

Our recent SAXS data shows that in the similar
concentration regime the biologically active pGL3
luciferase supercoiled plasmid complexed with
DOTAP/DOPC suspended in DMEM (cell medium
during transfer of complexes as described in the
methods section) exhibit the lamellar LS structure
(Fig. 7, left), analogous to the structure in DOPC/
DOTAP-A-DNA complexes. At ®popc=0.72,
SAXS of the lamellar LS complex shows sharp
peaks at goo1 = 0.088 A™", goo2 =0.176 A", goo3 =
0.264 A", and ggos =0.352 A}, resulting from the
lamellar periodic structure (d=2m/qge =71.40 A)
with plasmid—DNA intercalated between cationic
lipid bilayers. Our SAXS data shows that in fact
DOPE containing complexes may give rise to a
completely different self-assembled structure. For
®pope =0.72 (Fig. 7, right), the peaks of the SAXS
scans of the CL-DNA complexes are indexed
perfectly on a two-dimensional (2D) hexagonal
lattice with a unit cell spacing of a=4n/
((3)*°q10) = 69.10 A. The SAXS data shows the first
seven order Bragg peaks of this hexagonal structure
at g0=0.105A"%, g;;=0.182A7", gpo=021A"",
g21=0273A7", g30=031A"", g5=0.364A7",
g32=0.46 A~'. The structure is consistent with a

2D columnar inverted hexagonal structure (Fig. 8)
which we refer to as the H phase of CL-DNA
complexes. The DNA molecules are surrounded by
a lipid monolayer with the DNA/lipid inverted
cylindrical micelles arranged on a hexagonal lat-
tice. The HS structure was originally observed in
DOPE containing CL-DNA complexes with linear
A-DNA (Koltover et al., 1998).

To understand the stability of the lamellar and
hexagonal phases we consider the interplay between
the electrostatic and membrane elastic interactions
in the CL-DNA complexes which is expected to
determine the different structures. Recent theo-
retical work suggests that electrostatic interactions
alone are expected to favor the inverted hexagonal
H§; phase (Fig. 8) over the lamellar LS, due to the
natural tendency to minimize the charge separation
between the anionic groups on the DNA chain and
the cationic lipids (May and Ben-Shaul, 1997; Dan,
1998). However, the electrostatic interaction may be
resisted by the membrane elastic cost (per unit area)
(Seddon, 1989; Gruner, 1989; Israelachvili, 1992;
Janiak et al., 1979) of forming a cylindrical mono-
layer membrane around DNA

F/A4 =0.5&(1/R — 1/Ry)? 2)

Here, & is the lipid monolayer bending rigidity, Rthe
actual radius and R, the natural radius of curvature
of the monolayer. Figure 6 shows schematically
the possible “shapes™ of many common lipids. For
example, many lipids (e.g. phosphatidylcholine,
phosphotidylserine, phosphotidylglycerol, cardio-
lipin) have a cylindrical shape, with the head group
area =~ the hydrophobic tail area, and tend to self-
assemble into lamellar structures with a natural
curvature Cy= 1/Ry=0. Other lipids (e.g. phospho-
tidylethanolamine) have a cone shape, with a smaller
head group area than tail area, and give rise to a
negative natural curvature Co<0. Alternatively,
lipids with a larger head group than tail area have
Co>0.

It is well appreciated (Seddon, 1989; Gruner,
1989; Israelachvili, 1992; Janiak et al., 1979) that in
many lipid systems the “shape” of the molecule
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which determines the natural curvature of the mem-
brane Cy=1/R, will also determine the actual cur-
vature C= 1/R that describes the structure of the
lipid self-assembly (e.g. C=0— lamellar L,; Co <
0 —inverted hexagonal Hy; Cp>0— hexagonal
Hj). This is particularly true if the bending rigidity
of the membrane is large (x/kgT>> 1), because then
a significant deviation of C from Cp would cost too
much elastic energy. We can understand the L to
HS transition as a function of increasing ®pope
(Koltover et al., 1998) by noting that in contrast
to the helper-lipid DOPC and the cationic lipid
DOTAP which have a zero natural curvature
(CODOTAP,DOPC Y RODOTAP.DOPC —0), DOPE is

head group
hydrophobic tail' . .
inverted cone cyinder cone
Cy=1/R,>0 Cy=0 Cy<0

FIGURE 6 Three possible shapes of common lipid mole-
cules as described in the text.
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cone-shaped with CPOFE = 1/RDOFE < 0 (Fig. 6).
Consequently, the natural curvature of the mono-
layer mixture of DOTAP and DOPE is driven
negative with Co = 1/Ry = ®pope CPOFE. It follows
that as a function of increasing ®popg We expect a
transition from the LS to the HY phase which is
observed experimentally and is now also expected to
be favored by the elastic free energy. Thus, the
helper-lipid DOPE induces the LE to H{] transition
by controlling the spontaneous radius of curvature
R, of the lipid layers.

The importance of the precise self-assembled
structures te biological function is underscored in
preliminary optical imaging experiments described
below which show that interactions of CL-DNA
complexes with mouse fibroblast cells are structure-
dependent (e.g. Hﬁ versus Lg). Current data from
several laboratories (Zabner et al., 1995; Wrobel
and Collins, 1995; Xu and Szoka, 1996) indicates
that one of the main entry routes of complexes is
endocytosis following attachment of the positive
CL-DNA complexes to negatively charged cell
surface proteoglycans (Mislick and Baldeschwieler,

24
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FIGURE 7 XRD data of positive complexes (DOTAP/plasmid =4) containing pGL3 luciferase plasmid and DOTAP mixed
with helper-lipid in DMEM. (Left) shows a lamellar structure at 72% DOPC, with d=71.40A. (Right) shows an inverted

hexagonal structure at 72% DOPE, with 2=69.10 A
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FIGURE 8 Schematic of the inverted hexagonal H§ phase
(cylinders consisting of DNA coated with a lipid monolayer
arranged on a hexagonal lattice) of cationic lipid—-DNA (CL-
DNA) complexes.

1996). Thus, at the very early stages of cell trans-
fection, an intact CL-DNA complex is captured
inside an endosome which contains anionic
lipids.

To date, there are few optical imaging data on
CL-DNA complexes inside cells. Biochemical
functional data on transfection efficiency cannot
independently elucidate the molecular and self-
assembled mechanisms involved in the transfer of
the complex to the nuclear region. Direct imaging
in vitro should allow us to elucidate the various
pathways between the plasma membrane and the
nucleus. We show in Figs. 9 and 10 optical micro-
graphs of transfected cells, representative of the
behaviors of over 80% of the cell population.
Figure 9 shows results where LS CL-DNA com-
plexes have been allowed to interact with mouse
fibroblasts cells for 1h followed by fixing of the
transfected cells in preparation for observations.
Fluorescence labeling of both lipid and DNA allows
us to determine their exact locations relative to the
cells. Left (Fig. 9) shows optical micrographs of
the cells in DIC. The complexes inside the cell are
identified by simultaneously observing the green

FIGURE 9 Images of mouse fibroblast L-cells mixed with positively charged (L/D=10) CL-DNA complexes with the Lf
structure (50% DOPC-50% DOTAP-ggal DNA) and fixed 1 h after the transfection experiment. DIC image (left) of transfected
cell attached to glass. The position of the complexes are visualized inside the cells through double-fluorescence which shows both
the YOYO-DNA green fluorescence (center) and the Texas-Red-DHPE (lipid tag) (right). Matching dots imply a complex (e.g.

circles in right). Bar is 10 um.

RIGHTS

ir



Journal of Drug Targeting Downloaded from informahealthcare.com by University of California Santa Barbara on 11/23/10
For personal use only

24 AJ. LIN et al.

FIGURE 10 Images of mouse fibroblast L-cells mixed with positively charged (L/D=10) CL-DNA complexes with the Hﬁ
structure (50% DOPE-50% DOTAP-gGgal DNA) and fixed 1 h after the transfection experiment. DIC image of transfected cells
(left) attached to glass. YOYO-DNA green fluorescence mode is shown in the center and the Texas-Red-DHPE (lipid tag) on the
right. The lipid is seen to have fused with the plasma membrane (right, black arrow). The white arrows (center and right) show
the presence of aggregated clusters of CL—-DNA complexes. A few isolated complexes are also seen (black circles). Bar is 10 um.

fluorescence of YOYO-DNA (center, Fig. 9) and
the red fluorescence of Texas Red-DHPE (right,
Fig. 9). Despite the fuzziness in the images caused
by diffused scattering from out-of-focus planes, the
separated dots indicating small aggregates of lipid
and DNA can be distinctly observed. The presence
of numerous complexes where the two dyes coincide
spatially is clearly evident.

Figure 10 displays optical micrographs similar
to Fig. 9 but now with H§ CL-DNA complexes
incorporating DOPE helper-lipid. The behavior
with Hﬁ complexes is clearly different where we
now observe fusion of lipid with the cell plasma
membrane (right, black arrow) indicated by the
sharply focused outline of the plasma membrane in
the lipid fluorescent mode. Following endocytosis,
the Hj self-assembly enters the cell inside an anionic
endosomal vesicle. It may then fuse with the endo-
somal membrane either completely or partially
and release DNA into the cytosol. Released lipid
from the CL-DNA (both cationic and helper-lipid)
would be expected to mix with the plasma mem-
brane (which acts like a large reservoir for free lipid)
producing the fused image (Fig. 10, right). We see
evidence of aggregation of CL-DNA complexes

(Fig. 10, white arrows) and also some intact
complexes (Fig. 10, black circles).

5. DISCUSSION

The data represent one example of a correlation
between the self-assembled structure of CL-DNA
complexes and transfection efficiency for this par-
ticular concentration regime in DOTAP/DOPE and
DOTAP/DOPC complexes. The empirically estab-
lished transfectant DOPE containing complexes in
mammalian cell cultures exhibit the HY structure
rather than the LC found in DOPC containing
complexes. Further, optical microscopy reveals a
most likely origin for why the different structures
transfect cells with varying efficiency: in contrast to
LS complexes which remain stable inside cells
(Fig. 9), HICl complexes show fusion of their lipid
with the mouse cell membranes (e.g. endosomal and
plasma membranes) (Fig. 10) which results in DNA
release. _

A major motivation for elucidating the structures
and interactions in these CL-DNA complexes
arises because they are promising synthetic nonviral
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gene delivery systems. Cationic liposome transfer
vectors exhibit low toxicity, nonimmunogenicity,
and ease of production, but their mechanism of
action remains largely unknown with transfection
efficiencies varying by up to a factor of 100 in differ-
ent cell lines. This unpredictability, which is ubiqui-
tous in gene therapy (Felgner, 1997; Miller, 1998;
Crystal, 1995; Felgner et al., 1987) and in particular
in synthetic systems, may in part be attributed to
a lack of knowledge regarding the interactions
between DNA and CLs, the resulting structures of
CL-DNA complexes, and in turn, their interac-
tions with cells at the molecular and self-assembled
levels.

In the long run, we expect that a more complete
set of structure—function data should allow us to
begin the formidable task of a rational design of
these self-assemblies for enhanced gene delivery
applications from the ground up beginning with
the chemical structure of the lipids and the opti-
mal compositions in mixtures including functional
plasmid.

There are currently two main routes of gene
delivery into the human body. The more common
method, ex vivo, refers to removing cells from a
patient, delivering foreign genes in the laboratory,
and returning the altered cells to the body. The other
is the in vivo method where genes are directly
introduced into the body. Clinical trials have been
initiated using the cationic lipid delivery systems
(Felgner, 1997; Miller, 1998), showing limited suc-
cess in the intratumoral injection of plasmid DNA
mixed with DMRIE/DOPE (Stopeck et al., 1998;
Clark et al., 1999). Our research in understanding
the mechanisms of gene uptake and expression in
cells will directly aid in optimizing the ex vivo
method, as well as help us elucidate how genes will
interact with the cells once injected into the body.

Finally, aside from the medical and biotechnolo-
gical ramifications in gene therapy and gene and
drug therapeutics, the research should also shed
light on other problems in biology. The develop-
ment of efficient HAC vectors in the future, which
will most likely occur once efficient synthetic non-
viral delivery systems have been developed, is a long

range goal in studies designed to characterize chro-
mosome structure and function.
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