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Abstract

The prospects of gene therapy have generated unprecedented interest in the properties and
structures of complexes of nucleic acids (NAs) with cationic liposomes (CLSs), which are used as
nonviral NA carriers in worldwide clinical trials. An improved understanding of the mechanisms
of action of CL-NA complexes is required to enable their widespread therapeutic use. In prior
studies of CL-mediated DNA delivery, membrane charge density (op) was identified as a key
parameter for transfection efficiency (TE) of lamellar (L,©) CL-DNA complexes. TE of CL-DNA
complexes containing cationic lipids with headgroup valencies from 1+ to 5+ follows a universal
bell-shaped curve as a function of o). As we report here, the TE of CL-DNA complexes
containing new multivalent lipids with dendritic headgroups (DLs) strongly deviates from this
curve at high o). We have investigated four DLs, MVLG2 (4+), MVLG3 (8+), MVLBIisG1 (8+)
and MVLBIisG2 (16+), in mixtures with neutral 1,2-dioleoyl-sn-glycerophosphatidyl-choline
(DOPC). To understand the TE behavior, we have performed X-ray diffraction (XRD), optical
microscopy and cryo-TEM studies of the DL/DOPC mixtures and their DNA complexes. XRD
reveals a complex phase behavior of DL-DNA complexes which strongly depends on the
headgroup charge. MVLG2(4+)/DOPC-DNA complexes exhibit the lamellar phase at all molar
fractions of DL, ®p, . In stark contrast, MVLBIisG2(16+)/DOPC-DNA complexes remain
lamellar only for ®p, < 0.2. In a narrow regime around ®p,_ = 0.25, the hexagonal phase H,C,
consisting of a hexagonal lattice of cylindrical lipid micelles and a DNA honeycomb lattice, is
formed. At ®p; > 0.3, XRD suggests formation of a distorted H,© phase. For ®p_ > 0.5 under
high salt conditions, this phase coexists with a bundle phase of DNA condensed by the depletion-
attraction effect of DL micelles. The transitions at high o) from the lamellar phase to the new
hexagonal phases of DL-DNA complexes coincide with the deviation from the universal TE
behavior of lamellar complexes. The observed high TE, which is independent of o), strongly
suggests a novel mechanism of action for these DL-DNA complex phases.
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Introduction

Gene therapy holds great promise for future medical applications. In fact, numerous clinical
trials in this field are currently ongoing, targeting cancers, inherited diseases, and many
other disorders with this novel medical approach.173 Thus, substantial research efforts are
directed towards developing and fundamentally understanding DNA carriers (vectors).
These include engineered viruses and synthetic vectors, where the negatively charged DNA
is complexed with cationic liposomes (CLs)*~10 or cationic polyelectrolytes.11 The
advantages of synthetic vectors include facile and variable preparation and absence of
immunogenic protein components. Indeed, nearly one quarter of open clinical trials use
nonviral methods, primarily either naked DNA or lipofection-based methods.1:3 Synthetic
methods do not suffer from the size limitations of viral vectors, which are ultimately given
by the capsid size and prohibit delivering human genes and regulatory sequences extending
over hundreds of thousands of DNA base pairs.12 However, for nonviral vectors to become
widely useful for therapeutic purposes, their efficiency needs to be improved.4=10
Transfection efficiency (TE), which is a measure of the successful transfer and expression of
foreign DNA, is the predominant performance characteristic for gene delivery vectors.
Currently, development of CL vectors and improvement of their TE is primarily driven by
empirical optimization of formulations rather than systematic studies of the relevant
parameters of the ideal CL composition.13 As a case in point, TE often is only measured for
a few compositions of newly reported CLs to assess their suitability as DNA vectors,14717
which may result in the optimum composition being overlooked.

A better understanding of the mechanisms of action of CL-NA complexes and the
parameters affecting them is required to rationally improve their TE. The internal structure
of the complexes can directly determine the mechanism of transfection.10 To date, three
self-assembled structures of CL-DNA complexes have been discovered. They are shown
schematically in Figure 1: the prevalent lamellar (L,©) phase which consists of lipid bilayers
alternating with the layers of DNA; the inverted hexagonal (H,,) phase; and the recently
discovered hexagonal (H,C) phase.18—20

There are many barriers to successful gene delivery, ranging from serum stability to
endosomal release and delivery to the nucleus.10:21 Physico-chemical parameters of CL—
DNA complexes often strongly affect their ability to overcome these barriers. Two examples
of key parameters which impact the TE of CL-DNA complexes are the membrane charge
density, oy, of the cationic lipid membranes and the cationic lipid to DNA charge ratio,
pehg-222% Ahmad et al. recently explored the structure—function relationships for CL-DNA
complexes spanning a wide range of o), by using new multivalent lipids with headgroup
valencies ranging from 2+ to 5+22:24, The TE of these lamellar CL-DNA complexes was
found to follow a universal bell-shaped curve as a function of o). This identified an optimal
regime (where TE reaches its maximum) at a specific, intermediate o), where a balance is
struck between efficient endosomal escape (via activated fusion of the cationic membranes
of the CL-DNA complex and the anionic membranes of the endosome) and release of DNA
from the highly charged CL membranes in the cytoplasm.?2 To investigate even higher
values of oy, a further increase in headgroup valency is required.

In this paper, we report detailed investigations of the DNA complexes of new multivalent
lipids with dendritic headgroups (DLs). Dendrimers are monodisperse, highly branched
spherical molecules.2> They are typically assembled by adding AB, building blocks to a
central core, thus yielding sequential “generations” of increasing size and endgroup number.
Cationic dendrimers have also been studied for gene delivery applications .26729 The
generation, and therefore size and charge, of the dendrimers governs their complexation
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with DNA.30 In particular, polypropylene imine dendrimers form distinct columnar phases
with DNA, depending on the generation of the dendrimer.3!

The DLs investigated in this work are based on ornithine as the AB, building block.18:32
Their headgroup valency ranges from 4+ to 16+, allowing for a systematic study of the
effect of large headgroup charge. By mixing the lipids with varying amounts of the neutral
lipid 1,2-dioleyl-sn-glycerophosphatidyl-choline (DOPC), liposomes with a broad range of
oM Up to 40x1073 e/AZ have been prepared. The TE of DL-DNA complexes containing
these liposomes significantly deviates from the universal TE curve at high o), never
dropping below the optimum efficiency.

In order to understand this unexpected transfection behavior, we have performed X-ray
diffraction (XRD) and zeta potential experiments on DL/DOPC-DNA complexes. We have
also studied the phase behavior of MVLBIisG2(16+)/DOPC lipid mixtures in absence of
DNA with differential interference contrast (DIC) microscopy, fluorescence microscopy and
cryo-TEM. XRD reveals a complex phase behavior of DL-DNA complexes which strongly
depends on the headgroup charge. MVLG2(4+)/DOPC-DNA complexes exhibit the
lamellar phase at all molar fractions of DL (®p) ). In stark contrast, MVLBisG2(16+)/
DOPC-DNA complexes remain lamellar only for ®p < 0.2. In a narrow regime around
®p,_ = 0.25, the hexagonal phase H,C, consisting of a hexagonal lattice of cylindrical lipid
micelles and a DNA honeycomb lattice, is formed. At ®p > 0.3, XRD suggests formation
of a distorted H,C phase. For ®p;_ > 0.5 under high salt conditions, this phase coexists with a
bundle phase of DNA condensed by the depletion-attraction effect of DL micelles.
MVLG3(8+)/DOPC-DNA complexes and MVLBIisG1(8+)/DOPC complexes remain
lamellar for ®p; < 0.5, when a phase transition towards the distorted hexagonal phase
occurs. The transitions at high o), from the lamellar phase to the new hexagonal phases of
DL-DNA complexes coincide with the deviation from the universal TE behavior of lamellar
complexes. The observed high TE, which is independent of o), strongly suggests a novel
mechanism of action for these DL-DNA complex phases.

Materials and Methods

Lipid Solutions

DLs were synthesized as reported elsewhere.18+32 Stock solutions of DLs were prepared in
chloroform/methanol (9/1, v/v). 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) was
purchased as a solution in chloroform from Avanti Polar Lipids. These lipid solutions were
combined at the desired ratio of lipids and dried, first by a stream of nitrogen and
subsequently in a vacuum for 8 to 12 hours. To the residue, high resistivity (18.2 MQ) water
was added and the mixture was incubated at 37 °C for at least 12 hours to give solutions of a
final concentration of 30 mM for X-ray samples (15 mM for MVLBG?2). For transfection
and optical microscopy, aqueous solutions were prepared at 0.6 mM. Lipid mixtures
containing higher molar fractions of DOPC formed opaque suspensions, which were
sonicated to clarity and filtered through 0.2 um pore Teflon filters. The lipid solutions were
stored at 4 °C until use.

Zeta-Potential

A Zeta-Meter 3.0 instrument (Zeta-Meter, Inc.) was used to obtain the {-potential of lipid—
DNA complexes. Each sample contained 0.6 mg highly polymerized calf thymus DNA
(HPCT DNA, from USB) and the appropriate amount of DL-DOPC liposomes in a total
volume of 20 mL. Measurements were conducted at an applied voltage of 75 mV.
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Optical Microscopy

Cryo-TEM

Transfection

A Nikon Diaphot 300 inverted microscope equipped for epifluorescence and differential
interference contrast (DIC) and a SensiCamQF High Speed digital camera were used. A
Nikon Optiphot-2Pol microscope was used for polarized microscopy. Samples were first
checked for birefringence by polarized microscopy, and then studied by DIC microscopy.

The specimens were preserved in a layer of vitreous ice suspended over a holey carbon
substrate. The holey carbon films consist of a thin layer of pure carbon fenestrated by 2 um
holes spaced 4 um apart and suspended over 400 mesh copper grids.33 The grids were
cleaned prior to vitrification with a Solarus plasma cleaner (Gatan Inc.) using a 25% O,
75% Ar mixture. The concentration of the sample solution was varied depending on the kind
of the sample. It typically equalled 5-10 mg/mL for aqueous lipid solutions and 30 mg/mL
for the micellar lipid solutions. Samples were vitrified by plunge freezing into liquid ethane
using a Vitrobot (FEI Co.). Microscopy was carried out using a Tecnai F20 (FEI Co.) TEM
at 120 keV with magnifications ranging from 29 000 to 280 000. Images were acquired at an
underfocus of ~2.5 pm to a slow scan CCD camera (TVIPS GmbH) using the Leginon
software system.34

Mouse fibroblast cells L-cells (ATCC number: CCL-1) were a gift from C. Samuel (UCSB).
Cells were cultured at 37 °C in supplemented cell medium (Dulbecco's Modified Eagle's
Medium (DMEM) with 1% penicillin-streptomycin and 5% fetal bovine serum, v/v; from
Gibco BRL) in an atmosphere containing 5% CO, and reseeded approximately every 72
hours to maintain sub-confluency. The day before the transfection experiment, cells were
seeded in 24-well plates (at 80 000 cells per well). At the time of transfection, the cells were
approximately 70% confluent. Luciferase plasmid DNA (pGL3 Control Vector, Promega)
was prepared using a Qiagen Giga Kit (Qiagen). For each well, 0.4 pg of luciferase plasmid
DNA was used. Lipid solution (0.6 mM) was added to the DNA and the mixture was diluted
to a final volume of 0.1 mL with non-supplemented DMEM. This mixture was incubated for
15 minutes. The cells were incubated with this solution for six hours, rinsed three times with
phosphate-buffered saline (PBS, Invitrogen) and incubated with supplemented cell medium
for an additional 24 hours. Luciferase gene expression was measured with the Luciferase
Assay System (Promega) and light output readings were taken on a Berthold AutoLumat
luminometer. The average of four experiments is reported per data point, with the standard
deviation plotted as the error bars. Transfection efficiency, measured in relative light units
(RLU), was normalized to the weight of total cellular protein determined using Bio-Rad
Protein Assay Dye Reagent (Bio-Rad). Absolute values for TE tend to vary over time, e.g.,
with increasing passage number of the cells. Thus, all experiments reported were performed
on the same day or in close temporal proximity per set to allow direct comparison of the data
sets.

Small-angle X-ray Scattering

The appropriate volume of lipid solution (see above) was added to a solution of 0.2 mg of
HPCT DNA in 40 uL of water, to yield a charge ratio (pchg) of 2.8. Unless otherwise noted,
a volume of DMEM equal to that of the DNA and liposome mixture was added. Samples
were centrifuged for 3 hours at 19 000 RPM in a Sorvall SS34 rotor and stored at 4 °C for at
least three days to reach equilibrium. Typically, the CL-DNA complexes formed a white
precipitate and these pellets were transferred to 1.5 mm quartz capillaries and flame sealed.
X-ray scattering data was collected at beamline 4-2 of the Stanford Synchrotron Radiation
Laboratory (SSRL). The beam energy was 8.98 keV and the distance of the sample to the
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detector was 1 m. A charge-coupled device-based area detector (MarCCD165, Mar USA,
Evanston, IL) was used. Silver behenate was used as a calibration standard. Scans were
performed for 5 min. No radiation damage occurred in the samples during this time (data not
shown). The acquired radial scans were integrated over 360° to obtain plots of scattering
intensity versus momentum transfer.

Results and Discussion

New Multivalent Cationic Lipids with Dendritic Headgroups

A main motivation for the synthesis of the highly charged lipids with dendritic headgroups
(DLs) investigated in this work was to study the transfection behavior of CL-DNA
complexes at very high membrane charge densities op. In prior work, Ahmad et al.
identified o) as a universal parameter governing the TE of lamellar CL-DNA complexes.??
Lipids in that study ranged in their headgroup valency from 2+ to 5+. The TE of these lipid
mixtures followed a universal bell-shaped curve as a function of o). The upper limit of o),
corresponding to membranes of pure pentavalent MVL5, was 27.17x1073 e/A2,

The synthesis and the chemical characterization of the multivalent cationic dendrimer lipids
studied in this paper (MVLG2, MVLG3, MVLBIisG1, and MVLBIisG2) have been
previously described by Ewert et al.18:32 The dendritic headgroups of the studied lipids are
based on ornithine as an AB, building block. Figure 2 provides a summary of the chemical
structures, molecular weights and valencies at full protonation for the studied DLs. Mixing
of these lipids with the neutral lipid 1,2-dioleoyl-sn-glycerophosphatidyl-choline (DOPC)
results in liposomes having oy of up to 40x1072 /A2, Space-filling molecular models of
the studied DLs, monovalent DOTAP and DOPC are shown in Figure 3. Only very few
other lipids with a similar number of charges in the headgroup have been reported to date.3®

We confirmed the high charge of the DLs by conducting ¢-potential measurements which
yield the isoelectric point (IP) of the DL/DOPC-DNA complexes. At the IP, the DL-DNA
complexes are neutral, as the charge of the cationic lipid exactly matches the charge of
negatively charged DNA. This method also demonstrates the phenomenon of
“overcharging” where isoelectric (charge-neutral) CL-DNA complexes incorporate excess
DNA or cationic liposomes, leading to overall negatively or positively charged complexes,
respectively.36 Figure 4 shows the ¢-potential for DL-DNA complexes containing MVLG2,
MVLBIsG1, and MVLBIsG2 at ®p = 1, plotted as a function of the calculated cationic
lipid to DNA charge ratio, pch. This charge ratio was calculated using values for the
headgroup charges which were obtained using an ethidium bromide (EtBr) displacement
assay.18:32:37 These values of 4.0 + 0.2 for MVLG2, 7.9 + 0.3 for MVLG3, 8.0 + 0.1 for
MVLBIsG1, and 14.6 £ 0.4 for MVLBIsG2 are very close to the charge of the DLs at full
protonation and are confirmed by the {-potential measurements, as evident from Figure 4. A
sigmoidal function fits the data for all three molecules well, yielding the x-intercept (where
the (-potential = 0) and therefore the experimental charge ratio for the isoelectric point of
the DL-DNA complexes. As evident from Table 1, which summarizes the lipid valencies
thus determined and the average ¢-potential of the plateau in the cationic excess region, the
headgroup charge is essentially independent of ®p_ for all studied DLs.

Transfection Efficiency of DL-DNA Complexes

Figure 5 shows a summary of transfection efficiency measurements for DL/DOPC-DNA
complexes as a function of ®p_and pchg. TE data is not shown for MVLG3 (same valence
as MVLBIsG1) for clarity, since the trends are similar for the two DLs.

Figure 5A shows the TE of MVLG2/DOPC-DNA complexes for a range of different pcpg as
a function of ®p . At low png < 2, TE is very low and independent of ®p . The TE is, in
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fact, comparable to that of the naked DNA (9.6x10% mg/protein). At higher Pchg: TE
increases and becomes strongly dependent on ®p, reaching its maximum at @y g2 ~ 0.5
and dropping again beyond this value. Little change is observed in the curves for values of
Pchg = 4.5. As evident from the data in Figures 4B and 4C, the other DLs show a similar
behavior as a function of pepg. This is reminiscent of the behavior seen for DOTAP and
multivalent lipids with valencies up to 5+, where TE at the optimal ®p,_increases with pcng
up to a saturation value. Interestingly, this value is higher for the DLs (pcng ~ 4.5) then for
previously investigated lipids (pchg ~ 3).

An unexpected trend is seen for the TE of DL/DOPC-DNA complexes of MVLBIisG1 and
MVLBIisG2 as a function of ®p_ (Figure 5B,C; pchg = 4.5). TE quickly reaches its
maximum, at ®pvgisc1 * 0.2 and @y gisg2 * 0.1, and remains at this high level,
independent of the increasing ®p|_ and thus o). To investigate this in more detail, the TE
data at two high values of pchg is plotted as a function of o), in Figure 6.

As mentioned earlier, Ahmad et al. identified o) as a universal parameter controlling the TE
of lamellar CL-DNA complexes with oy up to 27.17x1073 e/A2.22 DL-DNA complexes
allow access to values of o) up to 40x1073 e/A2, with o) calculated according the
following equation:

(TM:eZNcl/(NclAcl+Nn1Alll):[ 1- (I)nl/(q)nl"'"(bcl)](rcl (1)

where N and Ny, are the number of cationic lipids and neutral lipids in the CL-DNA
complexes, respectively; r = A /An is the ratio of the headgroup areas of the cationic and
the neutral lipid; o = eZ/A is the charge density of the cationic lipid of valence Z; and @,
and @ are the molar fractions of the neutral and cationic lipids. The headgroup valencies
used were determined using an ethidium bromide intercalation assay3? and confirmed by ¢-
potential measurements, as described above. The ratio r (assuming Apopc = 72 A2 38), was
obtained by fitting the TE of the DLs and DOTAP (Z =r = 1) at low o), to a Gaussian
function: TE = TEg + Aexp(—[(opm — om™)/W]?), as done for the universal TE curve.22 This
yielded values for r of 2.2 for MVLG2, 2.8 for MVLBIisG1, and 5.0 for MVLBIisG2. These
numbers are in good agreement with the relative headgroup areas for multivalent lipids
determined in a similar way by Ahmad et al., where, e.g., r = 2.3 for MVLJ5, a cationic
pentavalent lipid.

In Figure 6, plots of the TE of DL/DOPC-DNA complexes as a function of o), are shown
for peng = 4.5 and peng = 8. Also shown are the Gaussian fits, representing the universal TE
curves (black solid lines). As noted above, TE of MVLG2/DOPC-DNA complexes exhibits
the previously observed dependence on oy, and thus closely follows the universal curve.
However, the data for both MVLBisG1/DOPC-DNA complexes as well as MVLBisG2/
DOPC-DNA complexes deviate strongly from the universal TE curve for o > 18x1073 e/
A2, which is close to the maximum of the universal TE curve. Beyond this value of oy, TE
of these DL-DNA complexes remains high instead of dropping.

This behavior is reminiscent of the TE of DOTAP/DOPE-DNA complexes, which is
independent of o), albeit at low membrane charge densities. DOTAP/DOPE-DNA
complexes exhibit the inverted hexagonal phase at low oy, and their constant, high TE
reflects a different mechanism of action by the lamellar and the inverted hexagonal CL—
DNA complexes.?? For lamellar CL-DNA complexes, endosomal escape via activated
fusion limits TE and strongly depends on o), whereas the inverted hexagonal phase
promotes fusion of the CL-DNA complex membranes with cellular membranes independent
of oy and thus the TE of such CL-DNA complexes does not vary with op.
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Structure Determination of DL-DNA Complexes via Small-Angle X-ray Scattering

The prior findings of structure—function relationships for CL-DNA complexes suggest that
the constant, high TE of DL-DNA complexes at high o4 may be related to their nanoscopic
structure. Consequently, we have investigated the structures of the DL-DNA complexes via
small-angle X-ray scattering in an effort to find the cause of their unexpected TE behavior.

Structure of MVLG2/DOPC-DNA Complexes

Figure 7A shows X-ray diffraction data collected for MVLG2/DOPC-DNA complexes at
three different compositions: ®py g2 = 0.3, 0.8, and 1. These self-assemblies exhibit the
lamellar L,¢ phase, which is also true for all other molar ratios of MVLG2/DOPC (data not
shown). First, second and third order of the lamellar peak are marked by q1, go, and gs,
respectively. The first order of the lamellar peak broadens with increasing ®@pv g2,
suggesting an increasing disorder as well as smaller domain size of the DL-DNA
complexes. Grey dashed arrows point to the DNA peak at gpna. From the X-ray data the
lamellar spacing d (d = 2x/q; = 8y, + dy, Where &y, is the membrane thickness and dy, is the
thickness of the water layer) as well as the spacing between the DNA molecules dpna (= 27/
dpna) can be obtained.20

As shown in Figure 7B which shows the variation of dpna With ®py g2, dpna decreases
from 33 A at OpyLg2=0.11t028.1 Aat Dpvg2 = 0.8. For Opyg2 = 1, no DNA
correlation peak is observed. The measured values of dpya indicate a very tight packing of
DNA molecules within MVLG2/DOPC-DNA complexes even at low oy, considering that
while the structural diameter of a DNA molecule is 20 A, a fully hydrated DNA molecule
has an effective diameter of ~25 A.39 This observation is consistent with previous findings
for the multivalent lipids MVL3(3+) and MVL5(5+) by Farago et al., who attributed the
tight packing at low o) to a unique DNA locking mechanism involving the multivalent
headgroups.4? Figure 7C displays the intralamellar spacing d of MVLG2/DOPC-DNA
complexes, which changes only slightly from 74 A to 76 A as a function of increasing

DmvLG2:

Phase Behavior of MVLBisG2/DOPC-DNA Complexes

The hexadecavalent cationic MVLBIisG2 is the largest of the studied DLs. The size of its
dendritic headgroup leads to a conical molecular shape, resulting in a positive spontaneous
membrane curvature. When mixed with cylindrically shaped DOPC, MVLBIisG2 exhibits a
rich phase diagram as previously found in DIC microscopy and cryo-TEM studies.*! In
these studies of the shape evolution of MVLBIisG2/DOPC liposomes as a function of
DpmvLBisg2, Micelles were found to appear at @y gisg2 * 0.5, where they coexist with
vesicles. At @y isc2 = 0.75, the MVLBIisG2/DOPC lipid mixture forms only micelles. In
the present work, we have investigated the structural properties of MVLBisG2/DOPC-DNA
complexes using cryo-TEM in addition to small-angle X-ray scattering.

Figure 8A shows X-ray diffraction data for MVLBisG2/DOPC-DNA complexes at
Dpmvieisg2 = 0.1, 0.2, 0.25, 0.3, and 0.4. For @y gisg2 < 0.2, the lamellar LmC phase is
observed. In this regime, the lamellar spacing is constant at d = 73 A and dpya changes
from 28 A for @y gisg2 = 0.1 to 26.4 A for @y isg2 = 0.15. In a narrow interval of
Dpvigisc2 * 0.25, the novel hexagonal (H,C, see also Figure 1) CL-DNA complex phase is
found.18 This phase is comprised of a hexagonally ordered lattice of cylindrical micelles and
a surrounding DNA honeycomb lattice. The diffraction peaks for the H,C phase are labeled
with gray arrows in Figure 8A, with five orders of diffraction visible. The X-ray scattering
data for dppy gisg2 = 0.2 suggests coexistence between the lamellar and the hexagonal
phase (note, e.g., the high intensity of the peak at q3 = 2q;) which was confirmed by cryo-
TEM for 0.2 < ®pygisg2 < 0.3. Figure 8B—E show examples of morphologies of
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MVLBIisG2/DOPC-DNA complexes found at @y gisg2 = 0.25. The morphologies shown
in Figure 8D,E resemble those seen by others for lamellar CL-DNA complexes, while the
structures in Figure 8B,C are reminiscent of toroids of condensed DNA.42:43 Such structures
could easily be formed by DL-DNA complexes in the H, phase. Interestingly, the first
order diffraction peak at q = 0.088 A~1 is identical for the lamellar and the hexagonal phase.
This indicates that the lattice dimensions may facilitate the structural transition between
them. The lamellar repeat distance d = 2x/qy is 71.4 A, while the hexagonal lattice constant
ais 82.4 A (a = 4n/(3)Y2qy).

At OpvLBisc2 = 0.4, a phase transition to a distorted hexagonal lattice occurs, persisting up
to ®pmviBisg2 = 1. This phase is characterized by broad diffraction peaks with g2/q; = 1.6.
Figure 8F shows the ratio of peak positions go/q; as a function of increasing ®pvi gisg2-
Both phase transitions, from lamellar to hexagonal and from hexagonal to distorted
hexagonal, can be clearly identified by the changes in q,/q; from 2 to 1.7 and from 1.7 to
1.6, respectively. Figure 8G plots g3/q; against @y gisc2, also visualizing the phase
transition from lamellar to hexagonal ordering. MVLBisG2/DOPC-DNA complexes at
higher @y gisa2 did not show any third order diffraction peaks, presumably due to
increasing disorder in the lipid-DNA assemblies. The phase transition from the hexagonal
phase to the distorted hexagonal phase coincides with the appearance of micelles in the
MVLBIisG2/DOPC lipid mixture at ®yvgisg2 * 0.5,*1 suggesting a direct impact of the
presence of micelles on the assembly of MVLBisG2/DOPC-DNA complexes. The results of
cryo-TEM investigations on mixtures of MVLBIisG2 and DOPC in water at @y gisg2 =
0.5 are shown in Figure 9. The coexistence of micelles and vesicles (closed lipid bilayers) is
apparent in Figure 9A,B which shows cryo-TEM images taken at ®ppvy gisc2 = 0.75. Figure
9B displays the enlargement of a part of the image in Figure 9A, showing the micelles in
greater detail. Their shape seems to be slightly elongated, possibly discoidal or cylindrical.
Figure 9C-E shows cryo-TEM of the MVLBIisG2/DOPC lipid mixture at ®pmv gisc2 = 1.
Only micelles and no vesicles were observed at this ®p, . The higher magnification images
(Figure 9D,E) demonstrate that the micelles are spherical with a diameter of ~ 4 nm (of the
hydrophobic core).

Figure 10A shows a collection of X-ray diffraction data for DL-DNA complexes in the
distorted hexagonal phase at 0.6 < @y gisg2 < 1. In addition to the peaks from this phase,
a common feature in the form of a peak at q = 0.241 A~1 (marked by a dashed line) is
visible, corresponding to a spacing of 25.9 A. Notably, the position of this peak does not
change with @y gisg2, in contrast to the position of the first order diffraction peak. This
indicates that the two features are not part of the same structure. The spacing of 25.9 A
matches that of a tight packing of DNA into condensed bundles. The occurrence of a DNA
bundle phase is further consistent with the fact that the spacing of 25.9 A (d¢ong) does not
vary with @y gisg- In addition, the position of the corresponding peak moves towards
higher g with increasing ionic strength of the medium, as shown in Figure 10B. TE and X-
ray experiments described here were conducted in cell culture medium (DMEM), which
contains 150 mM monovalent salt. To avoid any artifacts due to the complex composition
of DMEM (which also contains small amounts of divalent salts, amino acids, etc.), we
prepared MVLBisG2/DOPC-DNA complexes in the presence of varied concentrations of
NaCl. Figure 10C shows that d.ong decreases with increasing ionic strength of the medium,
demonstrating that an increased screening of the electrostatic interaction results in closer
packing of DNA. It is noteworthy that MVLBisG2/DOPC-DNA complexes prepared in
water (Figure 10B) do not show any discernible diffraction peaks, thus highlighting the key
role of salt in the self-assembling process of MVLBisG2/DOPC-DNA complexes and in
formation of the DNA bundles. The salt-induced screening of the electrostatic repulsion
between the negatively charged DNA molecules is required in order to closely pack DNA
molecules. The driving force for the DNA bundling is a depletion—attraction force generated
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by the presence of lipid micelles. In fact, as Oy gisc2 increases, there is an increase in the
intensity of the peak at q = 0.241 A1 and a decrease in the intensity of the peak at gy, which
is consistent with the fact that the number of micelles increases with increasing ®ymvi gisg2:
as reported previously.4! Further evidence for the existence of a depletion—attraction force
due to lipid micelles is depicted in Figure 10D, which shows aggregates of vesicles in
solutions of the MVLBIisG2/DOPC lipid mixture at ®py| gisg2 = 0.5 in water, where
vesicles and micelles coexist. Despite the electrostatic repulsion of the cationic membranes,
the image shows an effective attractive interaction between vesicles, caused by the micelle-
mediated depletion—attraction.

Figure 11 shows schematic depictions of the structures proposed above. A cross section of a
distorted hexagonal lattice is shown in Figure 11A, displaying lipid micelles of an elliptical
cross section and DNA molecules localized in the interstitial space. The distortion of the
lattice is likely caused by the asymmetry in the micellar shape. As our X-ray diffraction data
shows, the distortion increases with increasing ®pviisc2, Suggesting that the shape of the
micelles in the DL-DNA complexes changes. With increasing ®pv1 gisc2, the overall size
of the micelles is expected to decrease because MVLBisG2 molecules favor a positive
membrane curvature. Therefore, it is plausible that the lipid cylinders in the H,C phase
become shorter with increasing ®pvi_gisg2 until they eventually turn into quasi-spherical
micelles. This is consistent with our cryo-TEM studies (cf. Figure 9) as well as X-ray
diffraction data for @y gisg2 = 1 (cf. Figure 10A). Figure 11B shows a schematic of the
DNA bundle phase observed at @y gisg2 > 0.5, which is formed by the interplay of the
salt-induced screening of the electrostatic interactions and the depletion—attraction caused by
the lipid micelles. While depletion—attraction has previously been reported for like-charged
or neutral objects, the screening of the electrostatic interactions enables this effect to be
observed also between DNA and the oppositely charged lipid micelles, for which the
electrostatic interactions are attractive. The presence of salt not only facilitates bundling of
DNA by reducing the electrostatic repulsion between DNA molecules. It also reduces the 16
electrostatic attraction between positively charged micelles and negatively charged DNA
(Figure 11A) to a level where it is less than the entropy gained by the micelles upon
confining the DNA into bundles (Figure 11B).

Structure of DL-DNA Complexes Containing MVLG3 and MVLBisG1

As expected from their headgroup size and charge, MVLG3(8+) or MVLBisG1(8+) form
DL/DOPC-DNA complexes which occupy a middle ground in their phase behavior. Figure
12A,B show X-ray diffraction data for MVLG3/DOPC-DNA complexes and MVLBisG1/
DOPC-DNA complexes, respectively, at three different compositions: ®p; = 0.2, 0.4, and
1. DL/DOPC-DNA complexes of both lipids form a lamellar L,° phase for ®p, < 0.5. The
peaks are marked as in Figure 7. Figure 12C,D shows plots of the ratios of the peak
positions g,/q; and qa/qq versus ®p; which signify the nature of the DL-DNA self-
assembly. For the lamellar phase, g, = 2g; and g3 = 3g1, which is clearly satisfied for &p, <
0.5. For 0.5 < ®p; < 0.8, the ratio between the first and the second order peaks g»/qy is 1.7
(V3), while gp/q; = 1.6 for ®p,_ > 0.8. This suggests a sequence of phases similar to that
observed for MVLBisG2/DOPC-DNA complexes, from L, to H,C to a distorted hexagonal
phase. An indication of a DNA bundle phase is only seen for @y g3 = 1.

Figure 12E shows a plot of d = 2n/q; for all studied DL-DNA complexes containing
MVLG3 and MVLBIisG1. Three different regimes, corresponding to the phases described
above, can be seen for &y < 0.5, 0.5 < ®p; < 0.8 and dp; = 0.8. In the lamellar regime, at
®p,_ < 0.5, the lipid bilayer spacing is constant at d = 77 A for MVLG3 and d = 75 A for
MVLBIsG1. Broadening of the lamellar peaks with increasing ®p,_ occurs for both of these
octavalent lipids, consistent with an increased disorder in the DL-DNA complexes. This is
also reflected by the fact that no third order diffraction peak can be observed for ®p, > 0.4
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(cf. Figure 12D). For lamellar complexes, the DNA correlation peak allows calculation of
the DNA spacing as shown in Figure 12F, where dpna is seen to decrease from 31 A at
DpvLgs =0.110 27 Aat Dpyvies = 0.5 for MVLG3 and from 28 Aat DdpmvBisgr = 0.1 to
26 A at dypy gisg1 = 0.5 for MVLBIisG1. Again, this demonstrates a very condensed
arrangement of DNA already at low ®p, .

Correlations between Structure and TE of DL-DNA Complexes

Our structural studies of DL-DNA complexes have confirmed the validity of the universal
TE curve for lamellar complexes.22 DL/DOPC-DNA complexes in the L, phase, i.e.,
MVLG2/DOPC-DNA complexes at all ®p and DNA complexes of the other DLs at low
®py, show the universal behavior. Interestingly, TE of the H,C phase and the new distorted
hexagonal and DNA bundle phases is not only high but independent of ®p, and thus o).
The appearance of non-lamellar phases therefore coincides with the deviation from the
universal TE curve, suggesting a different mechanism of action for the different structures of
DNA complexes. This was already confirmed for inverted hexagonal (H;,©) CL-DNA
complexes. In that case, a model was proposed that recognized the importance of the outer
(water-facing) layer of positive curvature around the inverted hexagonal CL-DNA complex.
23 The lipids in the outer layer have a negative spontaneous curvature and thus are
energetically frustrated, which favors fusion of the complexes’ membranes with extra-
cellular and endosomal membranes encountered along the gene transfer pathway.

A different reasoning is required in the case of DL-DNA complexes, which not only lack an
energetically frustrated outer layer but also exhibit enhanced TE (over lamellar complexes
of the same o)) in a different regime, where release of DNA from the complex is thought to
be limiting TE. Both the H,C phase and the distorted hexagonal phase exhibit a continuous
sub-structure of DNA within the complexes, in contrast to the L, phase, and the DNA
bundle phase observed with MVLBIisG2 even seems to allow the delivery of a lipid-free
sub-phase of DNA. Thus, the barrier of DNA release from the lipid carrier in the cytoplasm
may be lower for these novel structures. Of note, the efficient DNA delivery by DL-DNA
complexes in the hexagonal, distorted hexagonal and DNA bundle phases distinguishes
them from surfactant-based systems where similar phases of micelles arranged in hexagonal
arrays with DNA have been reported.445 Due to the toxicity of surfactants, their DNA
complexes can not be used as gene delivery carriers.

Conclusions

Understanding the pathways and mechanisms governing the interaction of CL-DNA
complexes and cells is crucial to make lipid-mediated gene delivery therapeutically viable.
The complexity of the transfection process—from initial attachment of a CL-DNA complex
to the plasma membrane to internalization of the complex via endocytosis, its release from
the endosome followed by the dissociation of the CLs from the DNA and finally the
transport of the DNA into the nucleus followed by successful gene expression—suggests
that an interplay of many critically important parameters needs to be considered in order to
achieve a successful transfection. Recently, the membrane charge density (o)) of the
complex was identified as one of such parameter controlling the TE of lamellar (L,¢) CL-
DNA complexes?2 of cationic lipids with with headgroup valencies from 1+ to 5+. TE of
DNA complexes of the lipids with dendritic headgroups (DLs) investigated here (which
were designed to exceed the previously achieved membrane charge densities due to their
very high headgroup valencies ranging from 4+ to 16+) strongly deviates from this curve at
high op.

Our studies of the DL/DOPC mixtures and their DNA complexes using X-ray diffraction,
optical microscopy and cryo-TEM have shed light on the causes of this unexpected
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behavior. The phase behavior of the DL-DNA complexes strongly depends on the
headgroup charge. MVLG2(4+)/DOPC-DNA complexes exhibit the lamellar phase at all
®p, . In stark contrast, MVLBisG2(16+)/DOPC-DNA complexes remain lamellar only for
®p. <0.2. In a narrow regime around ®p, = 0.25, the hexagonal phase H,C, consisting of a
hexagonal lattice of cylindrical lipid micelles and a DNA honeycomb lattice, is formed. At
®p > 0.3, XRD suggests formation of a distorted H,c phase. For ®p_ > 0.5, this phase
coexists with a bundle phase of DNA condensed by the depletion-attraction effect of DL
micelles. Occupying the middle ground, MVLG3(8+)/DOPC-DNA complexes and
MVLBIisG1(8+)/DOPC complexes remain lamellar for ®p_ < 0.5, when a phase transition
towards the distorted hexagonal phase occurs. The structural transitions from the lamellar
phase to the new hexagonal phases of DL-DNA complexes coincide with the deviation from
the universal TE behavior of lamellar complexes at high o). The hexagonal phases of DL—
DNA complexes are highly transfecting, and their high TE is independent of op. This
strongly suggests a novel mechanism of action for these DL-DNA complex phases.
Inefficient release of DNA from the highly charged membranes has been proposed to cause
the drop in TE of lamellar complexes at high o). It seems plausible that both the hexagonal
phases (which exhibit a continuous DNA phase) and in particular the DNA bundle phase do
not suffer from a similar barrier once they escape the endosome and reach the cytoplasm.
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Figure 1.

Schematic depictions of the internal nanostructure of the three previously describes phases
of CL-DNA complexes. (A) Structure of the lamellar L, phase of CL-DNA complexes
with alternating lipid bilayers-DNA monolayers.2% (B) Structure of the inverted hexagonal
H,© phase of CL-DNA complexes, comprised of DNA inserted within inverse lipid tubules,
which are arranged on a hexagonal lattice.1® (C) Structure of the hexagonal H,C phase of
CL-DNA complexes, where the large dendritic cationic lipid headgroup leads to the
formation of rod-like lipid micelles arranged on a hexagonal lattice with DNA inserted
within the interstices with honeycomb symmetry.18 Reprinted in part with permission
from18:19, H,C phase images © 2006 American Chemical Society.

J Phys Chem B. Author manuscript; available in PMC 2010 April 22.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Zidovska et al.

. 4 CE,COO

.
; :
R\[(k/\/Nm/K/\/NH;

(0] 0]
MVLG2
1495.7 g/mol Z=4+4
8 CF,CO0
\H/K/\/ \H/K/\/ TH\/\/NH;
MVLG3
2408.3 g/mol Z=4+8

Figure 2.

Page 14
H3N<+
H2N+ 8 CF,COO°
N
HsN‘\_\ NH;
N+
H’7 O

H HﬁN

Yk/v \n/\/\/N\/\/N”w

MVLBisG1
2269.2 g/mol

NH;

.
NH
NH} 3

H/ \le
NH; 16 CF,COO°

KLNn H j\ Nn‘
Hy N\/\/\I\/\/\(
0 HH N

H,

W)\/v W/ \n/\/\/N\/\/N”‘
MVLBisG2
3777.3 g/mol Z=+16
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Figure 3.
Molecular models of MVLG2, MVLG3, MVLBisG1, MVLBisG2, DOTAP and DOPC.
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Figure 4.
Plots of the C-potential of DL-DNA complexes (Pp = 1) as a function of pchg. Dotted lines
correspond to sigmoidal fits of the data.
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Figure 5.

TE of DL/DOPC-DNA complexes containing (A) MVLG2, (B) MVLBIsG1 or (C)
MVLBIisG2 measured for pcng = 0.75, 1.5, 3, 4.5, 6, and 8 as a function of ®p, . TE of all
studied DL/DOPC-DNA complexes benefits from pchg > 4.5.
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TE of DL/DOPC-DNA complexes containing MVLG2, MVLBIisG1 or MVLBIisG2 plotted
as a function of o), for two different values of pchg. (A) TE at pehg = 4.5 and (B) TE at peng
= 8. The solid line represents the universal TE curve?2, The solid symbols represent DL/
DOPC-DNA complexes in the lamellar phase, while empty symbols correspond to DL/
DOPC-DNA complexes in hexagonal phases.
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(A) X-ray diffraction data for MVLG2/DOPC-DNA complexes at ®py g2 = 0.3, 0.8, and
1. First, second and third order of the lamellar peak are marked by q1, g», and g3,
respectively. Grey dashed arrows point to the DNA peak at gpna. (B) Plot of dpna as a
function of increasing @y g2- For @pmvic2 = 1, no DNA correlation peak is observed. (C)
Plot of the intralamellar spacing d of MVLG2/DOPC-DNA complexes as a function of

increasing @pvLG2-
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(A) X-ray diffraction data for MVLBisG2/DOPC-DNA complexes at ®p; = 0.1, 0.2, 0.25,
0.3, and 0.4. The diffraction peaks corresponding to the L,¢ phase are marked by black
arrows, and the diffraction peaks corresponding to the ordered H,C phase are marked by
grey arrows. (B-E) Cryo-TEM images of MVLBisG2/DOPC-DNA complexes at ®p =
0.25, demonstrating coexistence of the hexagonal phase, shown in B and C, and lamellar
phase, shown in D and E. The scale bar represents 50 nm in B and C, 200 nm in D and 100
nm in E. (F) Ratio of the first and second order diffraction peaks, g,/q1, and (G) ratio of the
first and third order diffraction peaks, qs/q1, plotted as a function of increasing ®pv1_isG2-
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Figure 9.
(A) Cryo-TEM image of a MVLBIisG2/DOPC lipid mixture at ®p; = 0.75 in the absence of

DNA, showing a coexistence of lipid vesicles and micelles. (B) An enlarged inset from A
displaying the micelles in greater detail. (C) Cryo-TEM image of a MVLBIisG2/DOPC lipid
mixture at ®p; = 1 in the absence of DNA. No vesicles are observed. (D) An enlargement
of the area marked in C demonstrates the presence of the micelles (black dots). (E) An inset
area from D showing the micelles (black) in greater detail. The scale bar represents 200 nm
in Aand C, 50 nm in D and 20 nm in B and E.
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(A) X-ray diffraction data for MVLBisG2/DOPC-DNA complexes at ®p; = 0.6, 0.7, 0.8,
0.9, and 1. (B) X-ray diffraction data for MVLBisG2/DOPC-DNA complexes at ®p; = 0.7
under different salt conditions. (C) Spacing d between the DNA molecules within the DNA
bundles as a function of NaCl concentration. (D) DIC image of a MVLBIisG2/DOPC lipid
mixture in water at ®p, = 0.5 showing aggregates of vesicles due to the depletion—attraction

mediated by the lipid micelles.
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Figure 11.

(A) Schematics of the molecular structure of DL-DNA complexes assembled in slightly
disordered H,C; (B) DNA bundles surrounded by a cloud of micelles (lipid heads in green,
lipid tails in yellow). The depletion—attraction force caused by micelles and the screening of
the electrostatic interaction in the system enables the formation of the DNA bundles.
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Figure 12.

X-ray diffraction data for (A) MVLG3/DOPC-DNA complexes and (B) MVLBisG1/
DOPC-DNA complexes at ®p; = 0.2, 0.4, and 1. The diffraction peaks are marked as in
Figure 7. (C) Ratio of the first and second order diffraction peaks, q,/q1, and (D) ratio of the
first and third order diffraction peaks, gs/qy, plotted as a function of ®p, . (E) The spacing d
= 2x/q; as a function of ®p, . (F) Plot of dpna as a function of increasing ®p_ in lamellar

complexes.
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Summary of the values obtained for isoelectric point (valency; top entry) and average (-potential in the
cationic plateau region (bottom entry) for different ®p of DL/DOPC-DNA complexes.

Table 1

@,  MVLG2 MVLBIisG1 MVLBIsG2

(4+) (8+) (16+)

1 4.8 8.6 16.8
18x6mV 186 mV 24+5mV

0.7 4.4 9.3 211
17+#5mV 164 mV 15+4mV

0.3 4.0 9.9 13.3
13+2mV  13+2mV 16 +5mV
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