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There is now a surge of activity in developing synthetic nonviral gene deliv-
ery systems for gene therapeutic applications because of their low toxicity, non-
immunogenicity, and ease of production. Cationic liposome/DNA (CL/DNA)
complexes have shown gene expression in vivo in targeted organs, and human clini-
cal protocols are ongoing. Moreover, the single largest advantage of nonviral over
viral methods for gene delivery is the potential of transferring extremely large pieces
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of DNA into cells. This was clearly demonstrated when partial fractions of order
1 Mega base pairs of human artificial chromosome were recently transferred into
cells using cationic liposomes as a vector, although extremely inefticiently. How-
ever, because the mechanism of action of CL/DNA complexes remains largely un-
known, transfection efficiencies are at present very low and vary by up to a factor
of 100 in different cell lines. The low transfection efficiencies with nonviral delivery
methods are the result of poorly understood transfection-related mechanisms at the
molecular and self-assembled levels.

In this chapter we review recent work aimed at elucidating the precise self-
assembled structures of CL/DNA complexes by the quantitative techniques of syn-
chrotron X-ray diffraction. Recently, we found that when DNA is mixed with cat-
ionic liposomes composed of DOPC/DOTAP, the result is a topological transition
into condensed CL/DNA complexes with a multilamellar structure (L,“) com-
posed of DNA monolayers sandwiched between cationic lipid bilayers. The exis-
tence of a completely different columnar inverted hexagonal H; € liquid-crystalline
state in CL/DNA complexes was also demonstrated using synchrotron small-angle
X-ray diffraction. The commonly used neutral helper lipid DOPE is found to in-
duce the L,C to H;€ structural transition by controlling the spontaneous curvature
C, = 1/R, of the lipid monolayer. Further, an entirely new class of helper mole-
cules was introduced that controls the membrane bending rigidity « and gives rise
to a distinctly different pathway to the H;© phase. Significantly, optical microscopy
has revealed that in contrast to the weakly transfectant L,© complexes that bind
stably to anionic vesicles (models of cellular membranes), the more transfectant Hy,“
complexes are unstable, rapidly fusing and releasing DNA upon adhering to anionic
vesicles. The observations underscore the importance of self-assembled structure to
“early-stage” gene delivery events and provide direct imaging support for either a
mechanism of DNA escape from anionic endosomal vesicles or fusion of CL/DNA
complexes with cell plasma membrane.

I. INTRODUCTION

Gene therapy depends on the successful transfer and expression of extra-
cellular DNA to mammalian cells, with the aim of replacing a defective gene or
adding a missing one (Friedmann, 1997; Felgner, 1997; Miller, 1998; Crystal, 1995;
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; Marhsall, 1995). At present, viral-based vectors (retroviruses, adenoviruses,
adeno-associated viruses) are the most common gene carriers used by researchers
developing gene delivery systems because of their high efficiency of transfer and
expression (Friedmann, 1997; Crystal, 1995; Mulligan, 1993). Each vector has ad-
vantages and disadvantages and it will be many years before the optimal vector is
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designed. Retrovirus vectors integrate into the host chromosomes, providing the
prospect of lifelong cure. However, their disadvantages include the possibility that
the crippled virus may potentially become infectious through recombination, the
fact that the currently used vectors only integrate in dividing host cells, the limited
size of the therapeutic gene that may be packed into the crippled viral gene, and the
technical difficulty associated with production of high titer virus stocks (Friedmann,
1997; Crystal, 1995). Because adenovirus-based vectors do not integrate their genes
into the chromosome but instead act transiently, repeated applications are necessary,
which has resulted in undesirable immune responses in recent clinical trials. Adeno-
associated viruses integrate into the host chromosomes but have a very small capsid
size and are therefore limited in the size of the therapeutic gene that they may carry.
Current viral vectors have a maximum gene-carrying capacity of 40k base pairs
(Friedmann, 1997; Crystal, 1995).

At the same time there has been much recent activity for the development of
synthetic nonviral gene delivery systems (Friedmann, 1997; Felgner, 1997; Miller,
1998; Zhu et al., 1993; Nabel ef al., 1993; Felgner and Rhodes, 1991; Behr, 1994;
Remy et al., 1994; Singhal and Huang, 1994; Lasic and Templeton, 1996). The
conventional nonviral transfer methodologies, which have transfection rates signifi-
cantly lower than viral transfection rates, include anionic liposomes that encapsulate
nucleic acid, calcium phosphate precipitation, and use of polycationic 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 that synthetic carriers are nonimmunogenic due to a lack of proteins.

The entire field of gene therapy based on synthetic nonviral delivery systems
has recently undergone a renaissance since the initial paper by Felgner et al. (1987),
which was soon to be followed by numerous other groups demonstrating gene ex-
pression in vivo in targeted organs (Zhu et al., 1993; Singhal and Huang, 1994), and
in human clinical trials (Nabel et al., 1993). Felgner ef al. discovered that cationic
liposomes (CLs) (closed bilayer membrane shells of lipid molecules; see Fig. 1) 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 this was because CL/DNA complexes adsorbed
more effectively to the anionic plasma membrane of mammalian cells via the elec-
trostatic interactions. Compared to other nonviral delivery systems, cationic lipo-
somes tend to mediate a higher level of transfection in the majority of cell lines
studied to date (Lasic and Templeton, 1996). Using cationic liposomes, gene ex-
pression of chloramphenicol acetyltransferase (CAT) activity 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) complexed with
cationic liposomes in mouse lung has also been demonstrated (Stribling et al., 1992).
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Figure 1 (A) Schematic of anionic DNA polyelectrolytes with cationic counterions condensed on the
" backbone due to Manning condensation. (B) Schematic of cationic liposomes (or vesicles), which consist
of spherical membranes containing a bilayer of lipid molecules normally consisting of a mixture of cat-
ionic and neutral lipids. (Bar for (B) only.)

Without doubt, one of the principal and most exciting advantages of nonviral
over viral methods for gene delivery is the potential of transferring and expressing
(transfecting) large pieces of DNA into cells. The proof of this concept was clearly
demonstrated when partial sections of first-generation human artificial chromo-
somes (HACs) of order 1 Mbp were transferred into cells with CLs, although ex-
tremely inefficiently (Harrington et al., 1997; Roush, 1997). The future develop-
ment of HAC vectors will be extremely important for gene therapy applications;
because of their very large size capacity HACs would have the ability of delivering
not only entire human genes (in many cases exceeding 100k bp) but also their
regulatory sequences, which are needed for the spatial and temporal regulation of
gene expression.

While the transfection rates and reproducibility in many cells have been
found to be enhanced using CL/DNA complexes compared to other more tradi-
tional nonviral delivery systems, the mechanism of transfection via cationic lipo-
somes remains largely unknown (Friedmann, 1997; Felgner, 1997; Miller, 1998;
Crystal, 1995; 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; Marhsall, 1995). At present hundreds of plasmid DNA molecules
are required for successful gene transfer and expression. The low transfection effi-
ciencies with nonviral methods results from a general lack of knowledge regarding
(1) the structures of CL/DNA complexes and (2) their interactions with cell mem-
branes and events leading to release of DNA in the cytoplasm for delivery within
the nucleus. We are now beginning to understand the precise nature of the self-
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assembled structures of CL/DNA complexes in different lipid-membrane systems
(Raedler et al., 1997; Spector and Schnur, 1997; Seachrist, 1997; Salditt et al., 1997;
Safinya et al., 1998; Raedler et al., 1998; Salditt et al., 1998; Lasic et al., 1997; Pitard
et al., 1997; Koltover et al., 1998). The transfection efficiencies of nonviral delivery
methods may be improved through insights into transfection-related mechanisms at
the molecular and self-assembled levels.

Aside from the medical and biotechnological ramifications in gene therapy
and gene and drug therapeutics, research on CL/DNA complexes should also shed
light on other problems in biology. The development of efficient HAC vectors in
the future, which will most likely occur once efficient synthetic nonviral delivery
systems have been developed, is a long-range goal in studies designed to characterize
chromosome structure and function. Furthermore, molecular biology studies
would benefit substantially from the ability of transfecting hard-to-transfect cell
lines with synthetic delivery systems; for example, in studies designed to character-
ize the structure of promoters of human genes in the appropriate cell lines.

DNA chains dissolved in solution are known to give rise to a rich variety of
condensed and liquid crystalline phases. Studies show regular DNA condensed
morphologies induced by multivalent cations (Bloomfield, 1991) and liquid crys-
talline (LC) phases at high concentrations of DNA both in vitro (Livolant and Lefo-
restier, 1996) and in vivo in bacteria (Reich ef al., 1994). More recently there has
been a flurry of experimental and theoretical work on DNA chains mixed with
cationic liposomes. Early on oligo-lamellar structures had been reported in cryo-
TEM studies by Gustafsson et al. (1995). Freeze—fracture electron microscopy study
by Sternberg et al. had also observed isolated DNA chains coated with a lipid bilayer
(Sternberg et al., 1994). One of the self-assembled structures that forms spontane-
ously when DNA (a negative polyelectrolyte) is complexed with cationic liposomes
containing a specific type of lipid is a multilayer assembly of DNA sandwiched be-
tween bilayer membranes shown schematically in Fig. 2 (Raedler et al., 1997; Spec-
tor and Schnur, 1997; Seachrist, 1997; Salditt et al., 1997; Safinya et al., 1998; Rae-
dler et al., 1998; Salditt et al., 1998; Lasic ef al., 1997; Pitard et al., 1997).

The structure and thermodynamic stability of these CL/DNA complexes has
also been the subject of much recent theoretical work (May and Ben-Shaul, 1997;
Dan, 1998; Bruinsma, 1998; Bruinsma and Mashl, 1998; Harries et al., 1998;
O’Hern and Lubensky, 1998; Golubovic and Golubovic, 1998). Analytical and
numerical studies of DNA—DNA interactions bound between membranes show
the existence of a novel long-range repulsive electrostatic interaction (Bruinsma,
1998, Bruinsma and Mashl, 1998; Harries et al., 1998). Theoretical work on
CL/DNA complexes has also led to the realization of a variety of novel new phases
of matter in DNA/lipid complexes (O’Hern and Lubensky, 1998; Golubovic and
Golubovic, 1998). In particular, a novel new “sliding columnar phase,” which re-
mains to be discovered experimentally, is predicted where the positional coherence
between DNA molecules in adjacent layers is lost without destroying orientational
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Figure 2 Schematic of the lamellar L, phase of cationic liposome/DNA (CL/DNA) complexes with
alternating lipid bilayer and DNA monolayer. The DNA interaxial spacing is dpns. The interlayer spacing
isd = 8,, + O, [Redrawn from Raedler et al., (1997).]

coherence of the chains from layer to layer. This new phase would be a remarkable
new phase of matter if it exists, and shares many fascinating similarities with flux
lattices in superconductors.

In its own right from a biophysics perspective, it is important to explore the
phase behavior of DNA attached to membranes in two dimensions (Fig. 2) as a
tractable experimental and theoretical system for understanding DNA condensa-
tion. The mechanisms of DNA condensation in vivo (i.e., packing in a small space)
are poorly understood (Lewin, 1997). DNA condensation and decondensation that
happens, for example, during the cell cycle in eukaryotic cells involves different
types of oppositely charged polyamines, peptides, and proteins (e.g., histones)
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where the nonspecific electrostatic interactions are clearly important. In bacteria
that are the simplest cell types, it is thought that multivalent cationic polyamine
molecules (spermine, spermidine) are responsible for DNA condensation in the
three-dimensional space of the cell cytoplasm. DNA-membrane interactions might
also provide clues for the relevant molecular forces in the packing of DNA in chro-
mosomes and viral capsids.

II. SYNCHROTRON X-RAY DIFFRACTION STUDIES
A. THE LAMELLAR L,¢ PHASE OF CL/DNA COMPLEXES

We have recently carried out a combined in situ optical microscopy and syn-
chrotron X-ray diffraction (XRD) study of CL/DNA complexes Raedler et al.,,
1997; Spector and Schnur, 1997; Seachrist, 1997; Salditt et al., 1979; Safinya ef al.,
1998; Raedler et al., 1998; Salditt et al., 1998) where the cationic liposomes con-
sisted of mixtures of neutral (so called “helper lipid”) DOPC (dioleoyl phosphatidyl
cholin) and cationic DOTAP (dioleoyl trimethylammonium propane) (Fig. 3).
High-resolution small-angle X-ray diffraction has revealed that the structure is dif-
ferent from the hypothesized “bead-on-string” structure, originally proposed by
Felgner et al. for CL/DNA complexes in their seminal paper (Felgner and Rhodes,
1991; Felgner et al., 1987), which pictures the DNA strand decorated with distinctly
attached cationic liposomes. The addition of linear A-phage DNA (48,502 bp, con-
tour length = 16.5 sm) to binary mixtures of cationic liposomes (mean diameter
of 70 nm) induces a topological transition from liposomes into collapsed conden-
sates in the form of optically birefringent liquid crystalline (LC) globules with size
on the order of 1 um.

We show in Fig. 4(A) differential—interference—contrast (DIC) optical im-~
ages of CL/DNA complexes for four lipid (L) to A-DNA (D) ratios (L = DOTAP
+ DOPC (1/1)) (see Endnote 1). Similar images are observed with A-DNA re-
placed by the pBR322 plasmid (4361 bp) DNA or DOPC replaced by DOPE. At
low DNA concentrations (Fig. 4A, L/D = 50), in contrast to the pure liposome
solution where no objects greater than 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. 4A, L/D = 10). At
L/D = 5 the chain-like structures flocculate into large aggregates of distinct glob-
ules. For L/D < 5, the complex size was smaller and stable in time again (Fig. 4A,
L/D = 2), and coexisted with excess DNA. Fluorescent microscopy of the DNA
(labeled with YoYo) and the lipid (labeled with Texas Red-DHPE) also showed that
the individual globules contain both lipid and DNA (see Fig. 15A and B). Polarized
microscopyalso shows that the distinct globules are birefringent indicative of their
liquid crystalline nature.
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Figure 3 Top: The cationic lipid DOTAP (dioleoyl trimethylammonium propane). Middle: The neu-
tral helper lipid DOPC (dioleoylphosphatidylcholine). Bottom: The neutral helper lipid DOPE
(dioleoylphosphadtidylethanolamine). The neutral lipid is referred to as the “helper lipid.”

The size dependence of the complexes as a function of L/D (Fig. 4B) was
independently measured by dynamic light scattering (Microtrac UPA 150, Leeds
and Northrup). The large error bars represent the broad polydispersity of the sys-
tem. The size dependence of the aggregates can be understood in terms of a charge-
stabilized colloidal suspension. The charge of the complexes was measured by
their electrophoretic mobility in an external electric field. For L/D > 5 (Fig. 4A;
L/D = 50 or 10) the complexes are positively charged, while for L/D <5 (Fig. 4A;
L/D = 2) the complexes are negatively charged. The charge reversal is in good
agreement with the stoichiometrically 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 globules at L/D = 50
and L/D = 2, respectively, repel each other and remain separate, while as L/D
approaches 5, the nearly neutral complexes collide and tend to stick due to van der
‘Waals attraction.

The high resolution synchrotron small-angle X-ray scattering (SAXS) experi-
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Figure 4 (A) High-resolution DIC optical images of CL/DNA complexes forming distinct con-
densed globules in mixtures of different lipid-to-DNA weight ratio (L/D). L/D = 4.4is 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). (B) Average size of the lipid/
DNA complexes measured by dynamic light scattering. Bar is 10 um. [Adapted from Raedler et al.,
(1997).]

ments carried out at the Stanford Synchrotron Radiation Laboratory revealed unex-
pected structures for mixtures of CLs and DNA (Raedler et al., 1997; Salditt et al.,
1997; Seachrist, 1997; Spector and Schnur, 1997). SAXS data of dilute (®,, = the
volume fraction of water = 98.6% = 0.3%) DOPC/DOTAP (1/1)-A-DNA mix-
tures as a function of L/D (L = DOPC + DOTAP) (Fig. 5A) are consistent with a
complete topological rearrangement of liposomes and DNA into a multilayer struc-
ture with DNA intercalated between the bilayers (Fig. 2, denoted L,°). Two sharp
peaks at ¢ = 0.0965 = 0.003 and 0.193 * 0.006 A~ correspond to the (O0L) peaks
of a layered structure with an interlayer spacing d (= 8., + 8,), which is in the range
65.1 = 2 A (Fig. 5B, open squares). The membrane thickness and water gap are
denoted by 8,, and 8,,, respectively (Fig. 2). The middle broad peak gpna arises from
DNA-DNA correlations and gives dona = 27/gpna (Fig. 5B, solid circles). The
multilamellar L,¢ structure with intercalated DNA is also observed in CL/DNA
complexes containing supercoiled DNA both in water and also in Dulbecco’s
Modified Eagle’s Medium used in transfection experiments (Lin et al., in prepara-
tion). This novel multilamellar structure of the CL/DNA complexes is observed to
protect DNA from being cut by restriction enzymes (Raedler et al., 1998).

In the absence of DNA, membranes composed of mixtures of DOPC and the
cationic lipid DOTAP (1/1) exhibit strong long-range interlayer electrostatic re-
pulsions 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 d is given by the simple geometric relation d = ,,/(1 — ®,). The
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Figure 5 (A) A series of high-resolution synchrotron SAXS scans of CL/DNA complexes in excess
water as a function of different lipid-to-DNA weight ratio (L/D). The Bragg-reflections at gy, = 0.096
A-'and Goo» = 0.192 A~ result from the multilamellar L, structure with intercalated monolayer DNA
(see Fig. 2). The intermediate peak at gpna is due to the DNA-interaxial spacing dpna (Fig. 2). Inset:
SAXS scan of an extremely dilute (lipid + DNA = 0.014% volume in water) A-DNA-DOPC/DOTAP
(1/1) complex at L/D = 10, which shows the same features as the more concentrated mixtures and
confirms the multilamellar structure (with alternating lipid bilayer and DNA monolayers) of very dilute
mixtures typically used in clinical gene therapy applications. (B) The spacings d and dpy, as a function of
L/D show that (i) d is nearly constant and (ii) there are two distinct regimes of DNA packing, one where
the complexes are positive (L/D > 5, dpna 46 A), and the other regime where the complexes are
negative (L/D < 5, dpya 35 A). (C) SAXS scans of the lamellar L, phase of DOPC/DOTAP (cationic)-
water mixtures done at lower X-ray resolution on a rotating anode X-ray generator. A dilution series of
30% (d = 57.61 A), 50% (d = 79.49 A), and 70% (d = 123.13 A) H,O by weight is shown. [Adapted
from Raedler et al., (1997).]

SAXS scans in Fig. 5(C) show this behavior with the (O0L) peaks moving to lower ¢
as @, increases. From d (= 27/q,;) at a given @, we obtain 8,, = 39 = 0.5 A for
DOPC/DOTAP (1/1). Liposomes made of DOPC/DOTAP(1/1) with ®_, = 98.5%
do not exhibit Bragg diffraction in the small wave-vector range covered in Fig. 5(A).

-
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The DNA that condenses on the CLs strongly screens the electrostatic inter-
action between lipid bilayers and leads to condensed multilayers. The average thick-
ness of the water gap 8, = d — 8, = 65.1 A — 39 A = 26.1 A =25 A s just
sufficient to accommodate one monolayer of B-DNA (diameter =~ 20 A) including
a hydration shell (Podgornik et al., 1994). We see in Fig. 5(B) that d is almost con-
stant as expected, for a monolayer DNA intercalate (Fig. 2). In contrast, as L/D
decreases from 18 to 2, dpna suddenly decreased from =~ 44 A in the positively
charged regime just above L/D = 5 (near the stoichiometric charge neutral point
L/D = 4.4) to =~ 37 A for the negatively charged regime (Fig. 5B). In these dis-
tinctly different packing regimes, L, complexes coexist with excess giant liposomes
in the positive regime and with excess DNA in the negative regime. The excess
DNA may in fact have a lipid bilayer coating as earlier freeze—fracture studies by
Sternberg ef al. had found ((Sternberg et al., 1994).

The DNA/lipid condensation can be understood to occur as a result of re-
lease of “bound” counterions in solution. DNA in solution (Fig. 6A) has a bare
length between negative charges (phosphate groups) equal to b, = 1.7 A. This is
substantially less than the Bjerrum length in water, b; = 7.1 A, which corresponds
to the distance where the Coulomb energy between two unit charges is equal
to the thermal energy kyT. A nonlinear Poisson—Boltzmann analysis shows that
counterions will condense on the DNA backbone until the Manning parameter
& = b/b" approaches 1 (Manning, 1969). (b' is the renormalized distance between
negative charges after counterion condensation.) A similar analysis shows that coun-
terions also condense near the surface of two-dimensional membranes (i.e., within
the Gouy—Chapman layer) (Zimm and Le Bret, 1983). Through DNA/lipid con-
densation the cationic lipid tends to fully neutralize the phosphate groups on the
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Figure 6 (A) Schematic of double-stranded DNA molecule with a bare distance between negative
charges of b, = 1.7 A. From nonlinear Poisson—Boltzmann we know that positive counterions condense
on DNA until the renormalized distance between the negative charges b’ equals the Bjerrum length,
whichis b = 7.1 A in water. (B) Schematic drawing showing that as DNA condenses onto the cationic
membrane there is a simultaneous release of counterions and a gain in the entropy of solution when the
previously condensed counterions (Na* on DNA and Cl~ near the cationic liposome membrane) leave
the immediate vicinity of DNA and the cationic membrane respectively.
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DNA, in effect replacing and releasing the originally condensed counterions in so-
lution. Thus, the driving force for higher order self-assembly is the release of coun-
terions, which were one-dimensionally bound to DNA and two-dimensionally
bound to cationic membranes, into solution (Fig. 6B).

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. 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 DOTAP/DNA = 2.20. The SAXS
scans in Fig. 7 (arrow points to the DNA peak) show that di,na = 277/qpna increases
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Figure 7 SAXS scans of CL/DNA complexes at constant DOTAP/DNA = 2.2 (at the isoelectric
point) with increasing DOPC/DOTAP, which shows the DNA peak (arrow) moving toward smaller
as L/D (and ®@popc) increases. L = DOTAP + DOPC, D = DNA. [Adapted from Raedler et al., (1997);
Salditt et al., (1997).]
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Figure 8 (A) The DNA interaxial distance dpna and the interlayer distance d in the L, phase (Fig. 2)
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 A to 57.1 A. The solid line through the data is the
prediction of a packing calculation where the DNA chains form a space-filling one-dimensional lattice.
(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.

with lipid dilution from 24.54 A to57.1 A as ®pope, the weight fraction of DOPC
in the DOPC/DOTAP cationic liposome mixtures, increases from 0 to 0.75 (or
equivalently increasing L/D between 2.2 and 8.8). 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 (Pogornik et al., 1994).
Figure 8(A) plots d and dpa as a function L/D.

The observed behavior is depicted schematically in Fig. 8(B) 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 spac-
ing. The solid line in Fig. 8(A) is derived from the simple geometric packing rela-
tionship dpna = (Apn/6w) (Po/pr) (L/D), which equates the cationic charge density
(due to the mixture DOTAP * and DOPC) with the anionic charge density (due to
DNA"). Here, pp, = 1.7 (g/cc) and p, = 1.07 (g/cc) denote the densities of DNA
and lipid respectively, 8,, the membrane thickness, and Ap the DNA area. Ap =
W)/ (poL() = 186 A2, Wt(A) = weight of A-DNA = 31.5 * 10°/(6.022 *
10%) g, and L(A) = contour length of A -DNA = 48502 * 3.4 A.

The agreement between the packing relationship (solid line) with the data
over the measured interaxial distance from 24.5 A to 57.1 A (Fig. 8A) is quite re-
markable given the fact that there are no adjustable parameters. The variation in the
interlayer spacing d (= 8,, + 6,,) (Fig. 8A, open squares) arises from the increase in
the membrane bilayer thickness 8,, as L/D increases (each DOPC molecule is about
4At06A longer than a DOTAP molecule). The observation, of a variation in the
DNA interaxial distance as a function of the lipid to DNA (L/D) ratio in multilayers
(Fig. 8A), unambiguously demonstrates that x-ray diffraction directly probes the
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Figure 9 A schematic drawing of the local arrangement of DNA in the interior of the L, cationic
lipid DNA complex consistent with the X-ray diffraction data taking into account the broad width of
the DNA peak due to the finite coherent domain size of the DNA chains adsorbed on lipid bilayers. The
average domain size of the one-dimensional lattice of DNA chains derived from the width of the DNA
peaks is about 10 unit cells.

DNA behavior in multilayer assemblies. From the linewidths of the DNA peaks
(Fig. 7) the 1D lattice of DNA chains is found to consist of domains extending to
near 10 neighboring chains (Salditt et al., 1997, 1998). Thus, the CL/DNA com-
plex is self-assembled into a new “hybrid” phase of matter, namely, a coupled two-
dimensional smectic phase of DNA chains coupled to lipid bilayers of a three-
dimensional smectic phase (Fig. 9). On larger length scales the lattice would melt
into a 2D nematic phase of chains due to dislocations (O’Hern and Lubensky, 1998;
Golubovic and Golubovic, 1998).

B. THE INVERTED HEXAGONAL H;;€ PHASE
OF CL/DNA COMPLEXES

A commonly used helper lipid in CL/DNA mixtures is DOPE (dioleoyl-
phosphatidylethanolamine), shown in Fig. 3. Further, it is empirically known that
transfection efficiency in mammalian cells is typically improved in CL/DNA com-
plexes that contain DOPE instead of DOPC as the helper lipid (Felgner et al., 1994;
Farhood et al., 1995; Hui et al., 1996). Recent X-ray diffraction shows that DOPE-
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containing complexes may give rise to a completely different columnar inverted
hexagonal H;;€ liquid-crystalline structure (Fig. 11).
We show in Fig. 10 SAXS scans in positively charged CL/DNA complexes

DOPE/DOTAP, TAP/DNA=3
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Figure 10 Synchrotron SAXS patterns of the lamellar L, and columnar inverted hexagonal H;“
phases of positively charged CL/DNA complexes as a function of increasing weight fraction ®Ppope. At
®pope = 0.26, the SAXS results from a single phase with the lamellar L€ structure shown in Fig. 2. At
®,; = 0.7, the SAXS scan results from a single phase with the columnar inverted hexagonal Hy© struc-
ture shown in Fig. 11. At @pope = 0.65, the SAXS shows coexistence of the L,© (arrows) and Hy®
phases. [Adapted from Koltover et al., (1998).]
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for DOTAP/DNA (wt. /wt.) = 3 as a function of increasing ®popr (Weight fraction
of DOPE) in the DOPE/DOTAP cationic liposome mixtures (Koltover et al.,
1998). We find that the internal structure of the complex changes completely with
increasing DOPE/DOTAP ratios. SAXS data of complexes with ®,; = = 0.26 and
0.70 clearly show the presence of two different structures. At @ = 0.26, SAXS of
the lamellar L,© complex shows sharp peaks at ¢o; = 0.099 A~ and go, = 0.198
A resulting from the lamellar periodic structure (d = 27/qo0; = 63.47 A) with
DNA intercalated between cationic lipid analogous to the structure in DOPC/
DOTAP-DNA complexes (Fig. 2).

For 0.7 < @, < 0.85, the peaks of the SAXS scans of the CL/DNA com-
plexes are indexed perfectly on a two-dimensional (2D) hexagonal lattice with a
unit cell spacing of a = 41/[(3) 3¢, ] = 67.4 A for @y = 0.7. Figure 10 at &, =
0.7 shows the first four order Bragg peaks of this hexagonal structure at g, = 0.107
A1, g, = 0185 A1, g, = 0.214 A, and g5, = 0.283 A~'. The structure is
consistent with a 2D columnar inverted hexagonal structure (Fig. 11), which we
refer to as the Hy“ phase of CL/DNA complexes. The DNA molecules are sur-
rounded by a lipid monolayer with the DNA/lipid inverted cylindrical micelles
arranged on a hexagonal lattice. The structure resembles that of the inverted hex-
agonal Hy, phase of pure DOPE in excess water (Seddon, 1989; Gruner, 1989), with
the water space inside the lipid micelle filled by DNA. Assuming again an average
lipid monolayer thickness of 20 A, the diameter of micellar void in the H,C phase is
close to 28 A, again sufficient for a DNA molecule with approximately two hydra-
tion shells. For @z = 0.65 the L, and H;€ structures coexist as shown in Fig. 10
(arrows point to the (001) and gpna peaks of the L,C phase) and are nearly epitaxially
matched with @ = d. For ®,; > 0.85, the H;© phase coexists with the Hy; phase
of pure DOPE, which has peaks at ¢, = 0.0975 Al g = 0.169 A,
420 = 0.195 A~ with a unit cell spacing of a = 74.41 A.

C. THE ROLE OF THE NEUTRAL HELPER LIPID AND CATIONIC
LipiD IN CONTROLLING THE INTERACTION FREE ENERGY IN
DNA /CATIONIC LIPOSOME COMPLEXES: THE LAMELLAR AND
HEXAGONAL PHASES OF CL/DNA COMPLEXES

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 that is expected to determine the different structures. Recent
theoretical work suggests that electrostatic interactions alone are expected to favor
the inverted hexagonal H;,© phase (Fig. 11) over the lamellar L,€, which minimizes
the charge separation between the anionic groups on the DNA chain and the cat-
ionic lipids (May and Ben-Shaul, 1997; Dan, 1998). However, the electrostatic in-
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C

Figure 11 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.
[Adapted from Koltover et al., (1998).]

teraction may be resisted by the membrane elastic cost (per unit area) (Seddon,
1989; Gruner, 1989; Israclachvili, 1978; Helfrich, 1978; Janiak et al., 1979) of
forming a cylindrical monolayer membrane around DNA:

F/A = 0.5 k (1/R — 1/R))? Q)

Here, k is the lipid monolayer bending rigidity, R is the actual radius, and R,
is the natural radius of curvature of the monolayer. Figure 12 shows schematically
the possible “shapes” of many common lipids. For example, many lipids (e.g., phos-
phatidylcholine, phosphatidylserine, phosphotidylglycerol, cardiolipin) have a cy-
lindrical shape, with the head group area = the hydrophobic tail area, and tend to
self-assemble into lamellar structures with a natural curvature C, = 1/R, = 0. Other
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Figure 12 Three possible shapes of common lipid molecules as described in the text.

lipids (e.g., phosphotidylethanolamine) have a cone shape, with a smaller head
group area than tail area, and give rise to a negative natural curvature C, < 0.
Alternatively, lipids with a largetrhead group than tail area have C, > 0.

1. Control of CL/DNA Structure by Varying Shapes of Lipid Molecules:
Helper Lipid and Cationic Lipid May Modify the Natural Radius
of Curvature of Cationic Membranes

It is well appreciated (Seddon, 1989; Gruner, 1989; Israelachvili, 1978; Hel-
frich, 1978; Janiak et al., 1979) that in many lipid systems the “shape” of the mole-
cule that determines the natural curvature of the membrane C, = 1/R, will also
determine the actual curvature C = 1/R which describes the structure of the lipid
self-assembly (e.g., C, = 0 — lamellar L,; C, < 0 — inverted hexagonal Hy; C, >
0 — hexagonal Hj). This is particularly true if the bending rigidity of the membrane
is large (k/ky T >>>1), because then a significant deviation of C from C, would cost
too much elastic energy. However, we see from Eq. (1) that if the bending cost is
low with k = kT, then C may deviate from C, without costing much elastic en-
ergy, especially if another energy, is lowered in the process. Here we present ex-
perimental data pertaining to both situations: first, where the bending rigidity is
large and the structure of the self-assembly is controlled by the “shape” of the mole-
cule (described in the next paragraph), and second, where we lower x enough that
we find that C deviates from C, due to the electrostatic energy favoring a different
curvature and structure (described in Sect. C.2).

In the previous section we described recent synchrotron small-angle X-ray
scattering (SAXS) studies in CL/DNA complexes using A-DNA as a function of
increasing @popg, the weight fraction of DOPE in the DOPE/DOTAP cationic
liposome mixtures (Koltover et al., 1998). We found that the internal structure of
the complex undergoes a structural transition from the L€ to the H,C. We can
understand the L,© to H,;© transition as a function of increasing ®p,op;; (Fig. 10) by
noting that in contrast to the helper lipid DOPC and the cationic lipid DOTAP
(Fig. 3), which have a zero natural curvature (C,POTAPPOPC = { /R DOTAP.DOPC = ())

]
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L Cy=0 Hy,

Figure 13 The H, phase is expected to be the stable structure when the natural curvature (C,) of the
cationic lipid monolayer is driven negative by the addition of the helper lipid DOPE. This is shown
schematically where the cationic lipid DOTAP is cylindrically shaped, while DOPE is cone-like with
negative natural radius of curvature.

DOPE is cone shaped with C,P°PF = 1/R,POPE < (O (Fig. 12). Thus, the natural
curvature of the monolayer mixture of DOTAP and DOPE is driven negative with
C, = 1/R, = ®pope C,POPE. Hence, as a function of increasing @popr We expect a
transition from the L, to the H;,© phase (shown schematically in Fig. 13), which is
observed experimentally and is now also expected to be favored by the elastic free
energy. Thus, the helper lipid DOPE induces the L,¢ to H;,© transition by control-
ling the spontaneous radius of curvature R, of the lipid layers.

2. Control of CL/DNA Structure by Varying the Lipid Bilayer Bending
Modulus through Modification of Helper Lipid: Electrostatic Energy
Overwhelms the Membrane Elastic Energy as the Latter Is Reduced

The L,C to HyC transition was recently observed to occur along a different
path by reducing the bending rigidity k of the lipid layer shown schematically in
Fig. 14 (Koltover et al., 1998). The reduction of k along this pathway reduces
the membrane elastic energy (determined by Eq. (1)), which otherwise prevents the
formation of the H;€ phase favored by electrostatics. In these experiments a new
class of helper lipid molecules was used consisting of DOPC mixed with the
membrane-soluble cosurfactant molecule hexanol (Koltover ef al., 1998). Although
cosurfactant molecules, which typically consist of long-chain alcohols (e.g., pen-
tanol, hexanol), are not able to stabilize an interface separating hydrophobic and
hydrophilic regions, when mixed in with longer chain “true” surfactants they are
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Figure 14 The H;  phase should be generally found when the membrane bending rigidity is lowered

by thinning the membrane. One mechanism is to add cosurfactant molecules with short hydrophobic
chains to the helper lipid as described.

known to lead to dramatic changes in interface elasticities. Simple compressional
models of surfactant chains show that the bending rigidity of membranes k scales
with chain length [, (¢ §,,, membrane thickness, n = number of carbons per chain)
and the area per lipid chain A; as k « [,3 / A5 (Szleifer ef al., 1988, 1990). The
mixing of cosurfactants with lipids is expected to lead both to a thinner membrane
and to a larger area per chain (Fig. 14) and result in a strong suppression of k making
the membrane highly flexible. Experimental studies have shown that the addition
of cosurfactants like pentanol, hexanol, and heptanol to membranes of lamellar
phases with a mole ratio of between two to four leads to a significant decrease of
K from about 20 kT to about 2—5 kT (Safinya et al., 1989; Safinya et al., 1986).

D. THE RELATION BETWEEN THE STRUCTURE OF CL/DNA
CoMPLEXES AND DNA RELEASE FROM COMPLEXES:
TOWARD A SIMPLE MODEL SYSTEM FOR STUDIES
OF TRANSFECTION EFFICIENCY

A major goal of research on CL/DNA complexes is to elucidate the key
parameters resulting in the different CL/DNA complex structures and to establish
the correlation between the different structures and transfection efficiency. It is
known that transfection efficiency mediated by mixtures of cationic lipids and neu-
tral 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 (Felgner et al., 1994; Farhood
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et al., 1995; Hui et al., 1996); for example, many papers report that transfection is
believed to be significantly more efficient in mixtures of the cationic lipid DOTAP
and the neutral helper lipid DOPE, then in mixtures of DOTAP and the similar
helper lipid DOPC (Fig. 3). From X-ray diffraction work (Raedler et al., 1997;
Spector and Schnur, 1997; Seachrist, 1997; Salditt et al., 1997; Safinya et al., 1998;
Raedler et al., 1998; Salditt et al., 1998) we know that DOTAP/DOPC/A-DNA
complexes form the multilamellar L,€ structure (Fig. 2). Our work described pre-
viously shows that DOTAP/ DOPE/A-DNA containing complexes may also form
the distinctly different self-assembled inverted hexagonal H;€ structure.

The data represent one example of a correlation between the self-assembled
structure of CL/DNA complexes and transfection efficiency for this particular
concentration regime in DOTAP/DOPE and DOTAP/DOPC complexes: the
empirically established more transfectant DOPE-containing complexes in mam-
malian cell culture exhibit the H;C structure rather than the L, found in DOPC-
containing complexes. What makes the Hy© structure more transfectant than the
L,C structure? Studies show that if complexes are physically microinjected into
the nucleus, expression of reporter gene is strongly suppressed; thus, under normal
entry circumstances plasmid DNA must be released from the complex in the cyto-
plasm before translocating into the nucleus (Zabner et al., 1995). In particular, since
DNA has to be released from the complex before expression can occur, it is clear that
mechanisms of DNA release inside cells affect (and in most instances) increase trans-
fection efficiency (Legendre and Szoha, 1992). As described next optical microscopy
studies of interactions between CL/DNA complexes and giant anionic vesicles (i.e.,
models of cellular membranes, in particular, anionic endosomes and plasma mem-
branes) have directly revealed such destabilizing events (Koltover et al., 1998).

1. The Stability of CL/ DNA Complexes: Fusion of Cationic
Liposome—DNA Complexes with Oppositely Charged Giant Vesicles
(Models of Cellular Membranes)

The importance of the precise self-assembled structures to biological function
is underscored in optical imaging experiments described in this section, which show
that interactions of CL/DNA complexes with anionic giant liposomes (model cell
membranes) are structure dependent (e.g., H;© versus L,€). One of the simpler
experimental designs that we have used to look for the effect of structure on the
early stages of transfection (i.e., DNA release within cells) includes light microscopy
studies of the interaction of CL/DNA complexes with giant anionic vesicles that
are models of CL/DNA complexes interacting with cellular membranes and an-
ionic endosomal vesicles (Koltover ef al., 1998). Current data from several labora-
tories (Zabner et al., 1995; Wrobel and Collins, 1995; Legendre and Szolca, 1992;
Lin ef al., in preparation) indicate that one of the main entry routes of complexes is
endocytosis following attachment of the positive CL/DINA complexes to negatively
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charged cell surface proteoglycans (Mislich and Baldeschwieler, 1996). Thus, in
many instances at the very early stages of cell transfection, an intact CL/DNA com-
plex is captured inside an endosome that contains anionic lipids.

We have found that positively charged H;© and L,° complexes containing
DOTAP interact very difterently with giant vesicles (G-vesicles) even when both
types of structures contained DOPE. Figure 15 (A and B) shows video-enhanced
optical microscopy in differential-interference-contrast (DIC) and fluorescence
configurations, for H;© (A, ®@pope = 0.73) and L,¢ (B, Ppopr = 0.3) complexes.
Typical micrographs of positively charged (DOTAP/DNA = 4) complexes attached
to the fluid membranes of G-vesicles show that the L,¢ complexes attach to the
G-vesicles and remain stable (Fig. 15C); no fusion occurs between the complex and

(A)

(®)

(D)

Figure 15 Video-microscopy images of positively charged CL/DNA complexes in the (A) HyC and
(B) L.€ phases, and interacting with negatively charged giant (G) vesicles (C and D). In all cases, com-
plexes were viewed in (DIC) (left), lipid fluorescence (middle), and DNA fluorescence (right). The scale
bar for DIC is 3 um for (A) and (B) and 20 um for (C) and (D), in fluorescence image is 6 um for (A)
and (B) and 20 um for (C) and (D). In (C) the L, complexes simply stick to the G-vesicle and remain
stable for many hours, retaining their blob-like morphology. The blobs are localized in DIC as well as
lipid and DNA fluorescence modes. In (D), the H,© complexes break up and spread immediately after
attaching to G-vesicles, indicating a fusion process between the complex and the vesicle lipid bilayer and
release of DNA. The loss of the compact structure of the complex is evident in both lipid and DNA
fluorescence modes. [Adapted from Koltover ef al., (1998).]
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the G-vesicle. L,¢ complexes containing DOPC show the same behavior. When
H;,© complexes attach to the G-vesicle, they rapidly fuse and lose their compact
structure (Fig. 15D, left). The loss of the compact complex structure and the sub-
sequent desorption of DNA molecules from membrane are seen in fluorescence
(Fig. 15D right). This behavior is expected after fusion, which results in the mixing
of cationic lipid (from the H,¢ complex) with anionic lipid (from the G-vesicle),
effectively “turning off” the electrostatic interactions (which gave rise to the com-
pact CL/DNA complexes) and releasing of DNA molecules inside the space be-
tween the lamellae and the G-vesicle bilayer. Because the geometry is the inverse of
CL/DNA complexes inside anionic endosomal vesicles, we expect that upon fusion
the inverse geometry will occur with DNA released and expelled outside the en-
dosome within the cytoplasm. On longer time scales (a few hours) we observed
lipid transfer between the L,° complexes and G-vesicles. Thus, the observation
that DOPE/DOTAP L, and DOPC/DOTAP L, complexes do not fuse with
G-vesicles is a kinetic rather than equilibrium effect. One may, in principle, be able
to design L,© complexes with a lower kinetic barrier to fusion. Moreover, the be-
havior described in this review of complexes containing univalent cationic lipids
may be different from that of multivalent cationic lipids. The data give evidence
that H;,© complexes may fuse with endosomal vesicles in cells and thus release their
DNA cargo into the cytoplasm, resulting in higher transfection levels. Fluorescence
microscopy studies in mouse fibroblast cell cultures, while showing more complex
behavior overall, also show some similar features (Lin ef al., in preparation).

The findings described in Section II unambiguously establish one particular
correlation between the self-assembled structure of CL/DNA complexes and trans-
fection efficiency: for a range of concentrations the empirically established transfec-
tant complexes in mammalian cell cultures exhibit the H;© structure rather than the
L.S. We caution that we believe that highly transfectant L,© complexes may be
designed in certain concentration regimes (Lin ef al., in preparation). Further, optical
microscopy reveals a most likely origin for why different structures transfect cells
with varying efficiency: in contrast to L, complexes, H,,© complexes are found to
fuse and release DNA when in contact with anionic vesicles, which are cell free
models of cellular organelle membranes, in particular, anionic endosomal vesicles.
Thus, the data suggest a simple direct mechanism of DNA release into the cytoplasm
from endosomal vesicles containing H;© complexes. This then paves the way for a
fundamental understanding of the early-stage events following the endocytic uptake
of CL/DNA complexes by mammalian cells in nonviral gene delivery applications.

III. FUTURE DIRECTIONS

Clearly much work remains before we have a complete understanding of the
various possible self-assembled structures in CL/DNA complexes and an under-
standing, at the molecular and self-assembled levels, of all of the critical parameters
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that control the different structures. Even more work will be required to relate the
structures to biological function, namely, the interactions of CL/DNA complexes
with cellular components inside animal cells that lead to gene release and expression.
The broad, long-term objective of our research is to develop a fundamental science
base that will lead to the design and synthesis of optimal nonviral carriers of DNA
for gene therapy and disease control. Simultaneously, a major long-term objective
is to improve efficiency for delivering large pieces of DNA containing important
human genes and their regulatory sequences (> 100k base pairs), which at present
can only be achieved with synthetic vectors. The structure—function data obtained
from the research 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 correct compositions in
mixtures including functional plasmid.
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ENDNOTE

A mixture of DOPC/DOTAP (1/1, wt/wt) was prepared in a 20 mg/ml chloroform stock
solution. 500 ml was dried under nitrogen in a narrow glass beaker and desiccated under vacuum for
6 h. After addition of 2.5 ml Millipore water and 2 h incubation at 40°C, the vesicle suspension was
sonicated to clarity for 10 min. The resulting solution of liposomes, 25 mg/ml, was filtered through
0.2 um Nucleopore filters. For optical measurements the concentration of SUV used was between
0.1mg/ml and 0.5 mg/ml. All lipids were purchased from Avanti Polar Lipids, Inc. (Alabaster, Alabama).
For fluorescence work, sonicated DOPC-DOTAP(1/1) liposomes were prepared at 0.1mg/ml with 0.2
mol % DHPE-Texas Red fluorescence label. DNA stained by YOYO (Molecular Probes) was added
under gentle mixing at different lipid to DNA ratios (L/D). For X-ray diffraction studies the DNA/lipid
condensates were prepared from a 25 mg/ml liposome suspension and a 5mg/ml DNA solution. The
solutions were filled in 2 mm diameter quartz capillaries with different ratios L/D respectively and mixed
after flame sealing by gentle centrifugation up and down the capillary.
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