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The Structure of DNA—Liposome Complexes
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Extremely rapid developments in molecular biology are
making gene therapya new medical treatment with a potential
to cure diseases on the molecular leval promising new
therapeutical modality. While appropriate plasmids (genes) can
be prepared in large quantities, their efficient and safe delivery
into appropriate cellin vivo seems to be the main obstacle in
successful medical applicatiohs.Cationic liposomes were
shown to be a promising gene delivery systenDespite
numerous studies and commercially available liposome Kkits,
however, the structure of DNAcationic liposome complexes
is still not yet well understood. Several electron microscopy
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Figure 1. Phase diagram of DODAB/chol (1:1) DNAcationic
liposome (4.7 kb) system (2@, ionic strength<1mM). Small vesicles
(130 nm, prepared in 5% glucose by extrusion) were complexed with
DNA at specified ratios. On the “electroneutrality” diagonal=t 1)
precipitation occurs. Colloidally soluble complexes exist on the left
side of the diagonal (anionic complexes) and on the right side (cationic
complexes). At higher lipid or DNA concentrations precipitation occurs.

studies have shown either larger aggregates surrounded by thirPNA charge was calculated from 2 charges per base pair (660 Da).

fibers** or condensed DNA coated by a lipid bilayerHex-
agonally packed DNA coated by lipid was also propo%ed.

Values below turbidity of 0.4 indicate soluble complexes. Precipitated
complexes were assigned a turbidity of 1, while values 0.8, 0.6, and

We have |nvest|gated the structure Of these Complexes us|ngo4 were aSSigned to ﬂOCCUIatiOn, Sl|ght, and very 5||ght flocculation.

high-resolution cryo electron microscopy (EM) and small angle
X-ray scattering (SAXS). Complexes were prepared by rapid
mixing of DNA and liposome solutions at room temperatQre.
Precipitation behavior of DNAcationic liposome mixtures was

0.2—0.5um are observed, and their shapes vary from stacks of
bilayers, which can be flat, concentric, or bent, to amorphous
aggregates. Both systems (Figure 2A,B) show lamellar struc-

studied in a phase space of DNA and cationic lipid concentra- tures with a periodicity of 6.5 nm. In some micrographs, a
tion. Typically, complexes around charge neutralization and second periodicity around 3.5 nm can be observed also (arrows
for lipid concentrations above 0.1 mM precipitate. Figure 1 in Figure 2B). Exactly the same periodicities were observed
shows phase diagram of DODAB/Chol (dioctadecyldiammo- by SAXS (Figure 3). A very strong reflection is observed
nium bromide/cholesterol, 1:1 mol/mol) liposomes (130 nm i around 6.5 nm, and second- and third-order reflections can be

5% dextrose) complexed with a 4.7 kb DNA plasmid.

Figure 2 shows cryo EM micrographs of two different DNA
cationic liposome systems with the negative/positive charge ratio
of p = 0.5. Typically heterogeneous particles in the size range
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easily detected at positions clearly indicating lamellar symmetry,
in which reflections occur al/n (d-spacing,n-order of reflec-
tion). Using the WarrenGaussian approximatiéior analyz-

ing the line shape of the first-order reflection, we determined
an average domain size of the lamellar DODAB/ChDNA
complex p = 0.5) to be 36 nm, corresponding to about six
repeat spacings and consistent with cryo EM micrographs. A
weak reflection with shorter periodicity of 3.6 nm can be also
observed, in agreement with EM (Figure 2B, arrow).

As controls, unreacted liposomes, unsonicated dispersion of

lipid, and naked DNA did not give any reflections. Plasmid
condensed by polyethylene oxide and salt showed typical
hexagonal structuPavith an interhelical periodicity of 2.5 nm.
In a similar system, atomic force microscopy of DNA deposited
on a supported cationic lipid bilayer has shown that DNA
adsorbs in a single layer in the form of aligned helices, without
any knots and crossings resembling a two-dimensional (2D)
nematic phas#’

From these data, the structure of these complexes can be
estimated. We believe that DNA is adsorbed between cationic
bilayers as a single layer of parallel helices with average in-
plane separation consistent with the short periodicity observed
by SAXS and EM. Stacks of alternating cationic lamellae and
2D DNA yield long periodicity of 6.5 nm, which is consistent
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Figure 3. Plot of radially averaged scattering intensity of DODAB/
Chol—-DNA (p = 0.5) complex as a function of the scattering wave
vector g. The solid lines are fits using a Gaussian line shape on top of
the background, which was measured separately. In the upper right
corner, the corresponding X-ray picture is shown. The DODAB/Ehol
DNA complex shows three X-ray diffraction maxima of 6.44, 3.22,
and 2.15 nm, indicating lamellar structure. The additional spacing of
3.6 nm could correspond to the in-plane spacing between parallel DNA
helices.
associated with naked DNA which is characterized, as deter-
mined in a control experiment, by the saiBe= 5 Sv1?

The structure of these complexes can be therefore described
as particles with a short-range lamellar order in which 2D layers
of oriented DNA are sandwiched between lipid bilayers.
Because we did not observe any attached fibers to the

é}:'; g ; v _' complexes, we believe that strong interaction with lipids reduces
= Ll ; persistence length and allows high curvature. The absence of
Figure 2. Cryo electron micrograph of (A) DODAB/CheIDNA (p fibers can also explain colloidal stability because often com-

= 0.5, DODAB concentration 1.8 mM) colloidal particles and (B) plexes precipitate within 15 mi¢ what can be attributed to
DOIC/ChoDNA (p = 0.5, DOIC, 1-[2-(oleoyloxy)ethyl ]-2-oleyl- bridging flocculation of particles by coated DNA fibers. From
3-(2-hydroxyethyl)imidazolinium chloride, concentration 1.8 mM) the sizes of the complexes we estimate that between 5 and 15
complexes. Complexes were prepared by rapid mixing of the DNA plasmids are associated in a single complex. SAXS and
solution into liposomes. More reproducible results, as measured by sedimentation experiments also show that DNA is condensed
turbidity and size, were obtained when the liposome solution was stirred gnd structures are characterized by lamellar (and not hexa-
in a vial and DNA was injected through a thin needle at 2 mL/s, as gonal3) symmetry.
opposed to commonly used pipette mixing. To maximize the concentration of suspended DNA we have
used small unilamellar vesicles, minimal ionic strength, and high
with a lipid bilayer thickness of 4 nthand hydrated (one-water  concentration of reactants. We could prepare topologically very
shell) DNA helix of 2.5 nmi® This indicates that the binding  different complexes from the same reagents just by varying
is atmospheric and not site-specific, which would cause the concentrations, ionic strength, liposome size, and kinetics of
dehydration of charges, and one would expect a smaller overallmixing.
spacing: first, because of the missing water layer and second, In conclusion, we have shown that these DN#pid com-
because the absence of water would freeze the hydrocarborPlexes contain condensed DNA. The size of the particles is

chains causing molecular tilt within bilayer thus reducing the below 0.5um. Complexes are heterogeneous with respect to
periodicity to 4.5-5 nm11 size and shape and are characterized by a short-range lamellar

symmetry. Furthermore, DNA condensation induced by cationic
liposomes is another example of supramolecular chemistry.
Experimentally3 as well as theoreticall}/ it was shown that

Preliminary analytical ultracentrifugation experiments have
shown a picture consistent with a very heterogeneous population

of complexes. A continuous pglleting .Of complexes is_observed single-valent cations cannot condense DNA. In our case,
from very dense aggregafu.es W.'th sedlment'atu.)n coefquen'F . however, the self-assembled bilayer of univalent cationic lipids
800 Sy to the band of trailing Illposomqs'wnh its chg'racterlstlc interacts as a polyvalent entity.

S which can range, depending on lipid composition, from

negative values (floating) t8= 20 Sv. In anionic complexes  JA962713G

(o = 2), the picture is similar, only the trailing band can be (12) McRorie, D.; Lasic, D. D. Unpublished results. In agreement with
the observed boundary of unreacted liposomes, some cryo EM micrographs
also showed some intact liposomes.
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