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Abstract Addition of co-lipids into cationic lipid for-
mulations is considered as promoting cell delivery of
DNA by enhancing fusion processes with cell membranes.
Here, by combining FRET and confocal microscopy, we
demonstrate that some cationic lipids do not require a co-
lipid to fuse efficiently with cells. These cationic lipids
are able to self-organize into bilayers that are stable
enough to form liposomes, while presenting some desta-
bilizing properties reminiscent of the conically shaped
fusogenic co-lipid, DOPE. We therefore analyzed the
resident lipid structures in cationic bilayers by molecular
dynamics simulations, clustering the individual lipid
structures into populations of similarly shaped molecules,
as opposed to the classical approach of using the static
packing parameter to define the lipid shapes. Comparison
of fusogenic properties with these lipid populations sug-
gests that the ratio of cylindrical versus conical lipid
populations correlates with the ability to fuse with cell
membranes.

C. Lonez and M. F. Lensink contributed equally to this work.

C. Lonez (<) - M. F. Lensink - E. Kleiren -

J.-M. Ruysschaert - M. Vandenbranden

Laboratory for Structure and Function of Biological Membranes,
Centre for Structural Biology and Bioinformatics,

Faculté des Sciences, Université Libre de Bruxelles,

CP 206/2, Campus Plaine, Blvd. du Triomphe,

1050 Brussels, Belgium

e-mail: clonez@ulb.ac.be

J.-M. Vanderwinden

Laboratory of Neurophysiology, Faculty of Medicine,
Université Libre de Bruxelles, Campus Erasme,

CP 601, route de Lennik 808, 1070 Brussels, Belgium

Keywords Fusion - Cationic lipids - Confocal
microscopy - Conical shape - Molecular dynamics

Introduction

Cationic lipids are efficient and popular agents to trans-
port efficiently anionic molecules (DNA, RNA, anionic
proteins) into cells [1, 2]. Lipoplexes (cationic lipid/DNA
complexes) enter into cells mainly via endocytosis [2—4].
Fusion with the plasma membrane is another possible
route but has not been directly related to transfection
efficiency [2—4]. Addition of some co-lipids, especially
the fusogenic phospholipid DOPE, into cationic lipo-
somes improves in vitro delivery of DNA into cells,
probably by facilitating fusion events [5, 6]. This
hypothesis is mainly based on the fact that the replace-
ment of DOPE by DOPC into cationic liposomes
abolishes completely their fusogenic activity with other
liposomes or cells, and leads to a decrease of transfection
efficiency [5, 7]. Therefore, fusion with the endosomal
membrane has, after endocytosis, been suggested as one
of the favorite ways to destabilize endosomes, leading to
release of lipoplexes into the cytosol [5, 8, 9]. This route
avoids degradation of the lipoplexes by lysosomes and
might lead to an improvement in the transfection effi-
ciency in vitro [5, 8].

Using a new method combining Forster resonance
energy transfer (FRET) and confocal microscopy, we
studied fusion of several cationic lipid formulations with
macrophage cells by direct visualization. This method
allows both localization of lipids into cells and demon-
stration of lipid mixing with cell membranes by the loss of
the FRET signal. Some cationic lipids were shown to fuse
very rapidly and efficiently with cells. This fusion was
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compared to the one obtained by adding DOPE into a non-
fusogenic cationic liposome.

Hypotheses concerning the structures of membrane
intermediates involved in the fusion process require lipids
exhibiting negative membrane curvature at the junction of
the two bilayers [10-12]. Therefore, the fusogenic property
of DOPE has been attributed to its conical shape which was
evaluated on the basis of its small headgroup size and its
ability to adopt an inverted lipid phase above 10°C [6, 13].
The shape of a lipid molecule is classically described by a
packing parameter P = v/, where a, v and [. are, respec-
tively, the effective head group area, the hydrocarbon volume
and the critical length of the lipid tail [14, 15]; deviation of P
from unity has been considered as a way to decide whether
non-lamellar aggregates can be expected. This static and
geometrical description did not consider the dynamical
behavior of lipids: in a lipid aggregate one lipid does not
adopt a well-defined and unique structure and the effective
shape is a result of the distribution of lipid populations, which
is influenced by the constraints imposed by the surroundings.
Furthermore, this method considered that cone-shaped lipids
(fusogenic) could only form an inverted-micellar structure
and suggested that bilayer formulations are not favorable for
fusion. Here, we characterize with molecular dynamics
simulations the lipid populations of several cationic bilayers
by accumulating individual and uncorrelated lipid structures
over the course of the simulations. Interestingly, this method
demonstrates that cylindrically and conically shaped cationic
lipids can co-exist in the same bilayer. By comparing fuso-
genic behavior with lipid populations, we demonstrate that a
shift in populations from cylindrically to conically shaped
lipids in lipid bilayers correlates with a strong tendency to
fuse with cell membranes.

Materials and methods
Reagents

Texas Red® 1,2-dihexadecanoyl-sn-glycero-3-phospho-
ethanolamine, triethylammonium salt (Texas Red-DHPE),
N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine, triethylammonium salt
(NBD-PE) and TOTO®-3 jodide are Invitrogen (Molecular
Probes) products. 1, 2-Dioleoyl-3-trimethylammonium-
propane chloride salt (DOTAP) and 1,2-dioleoyl-sn-gly-
cero-3-ethylphosphocholine (chloride salt) (EDOPC) were
purchased from Avanti Polar Lipids. 1,2-Ditetradecanoyl-
rac-glycerol-3-phosphocholine (DMPC) was purchased
from Sigma-Aldrich.

DiC,4-amidine  (3-tetradecylamino-N-tert-butyl-N'-tet-
radecyl-propionamidine) was synthesized as described [16]
and DiCg-amidine (3-tetradecylamino-N-tert-butyl-N’-

hexadecyl-propionamidine) was synthesized following the
same protocol.

Liposome preparation

Lipids were dissolved in chloroform with 0.8 mol% of
each fluorescent probes (Texas Red-PE and NBD-PE).
After lipid film formation (by solvent evaporation under
nitrogen stream), lipids were resuspended in filtered Hepes
10 mM at 55°C. Liposomes were then stored at 4°C and
heated at 55°C for 10 min just before the experiment.

Cell handling

RAW 264.7 macrophage cell line was cultured in DMEM
(Invitrogen) supplemented with 10% FBS (Biowhittaker),
1 mM sodium pyruvate, 1 mM glutamine and antibiotics
(Invitrogen) (Complete Medium). P388D1 macrophage-
like cell line was cultured in RPMI (Invitrogen) supple-
mented with 10% FBS (Biowhittaker), 1 mM sodium
pyruvate, 1 mM glutamine and antibiotics (Invitrogen)
(Complete Medium).

Lipid mixing assay

Fusion between cationic liposomes and P388D1 cells was
monitored using fluorescence resonance energy transfer
assay (FRET) as described [17, 18]. A cell suspension was
prepared after washing 2 times with PBS-D, and diluted to
10° cells/ml in PBS-glucose (PBS-D from Invitro-
gen + 1 mg/ml glucose). Cells were kept on ice until use
and equilibrated at 37°C in the fluorimeter cuvette before
measurement. Cationic liposomes containing NBD-PE and
Texas Red-PE at 0.8% each (molar ratio) were used to
prepare liposomes as described above. Then, 18.5 nmol of
cationic liposomes or neutral liposomes were added to 1 ml
of cells. The samples were gently stirred throughout the
experiment. The fluorescence was monitored using an
SLM-8000 spectrofluometer with excitation and emission
slits of 4 nm. Generally, samples were excited at 470 nm
and emission spectra were recorded between 500 and
625 nm. Control emission spectra were performed in par-
allel before and after fusion. The initial fluorescence of the
labeled liposome suspension was recorded as 0% fluores-
cence (Fy) and the 100% fluorescence was determined after
adding Triton X-100 at 0.1% (v/v) final concentration
(Fi00). Percentage of fusion was estimated from the fluo-
rescence of NBD at 535 nm (Fygp): %F = ((TV“E)D;:FFO“))

Confocal microscopy

After three rinses in PBS buffer and fixation of cells with
4% paraformaldehyde (PAF) in PBS, coverslips were
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mounted with FluorSave™ (Calbiochem) before viewing
under a LSM510 NLO META confocal microscope fitted
on an Axiovert M200 inverted microscope equipped with a
C-Apochromat 40x/1.2 N.A. water immersion objective
(Zeiss, Jena, Germany).

For detection of the fluorescence resonance energy
transfer (FRET), single optical sections, 2 um thick, were
collected and analyzed with the META™ spectral analyzer
(width 490-693 nm, by 10-nm steps) under constant
hardware settings.

Emission maxima at 530 and 605 nm, respectively, were
in agreement with the literature [19, 20]. The 458-nm
excitation wavelength of the Argon/2 laser was used to
excite the donor fluorochrome (NBD). Laser power and
PMT gain were set to generate a robust signal of the donor
alone. Under such settings, autofluorescence of the cells
(i.e., in absence of any fluorochrome) and direct excitation
of the acceptor were minimal. Presence of the acceptor
(Texas Red) was confirmed using the 543-nm excitation
wavelength of the HeNel laser, a main dichroic HFT 488/
543/633 and a long-pass emission filter (LP560 nm). The
appearance of an emission maximum peak at 605 nm
(Texas Red), associated with a small peak at 530 nm
(NBD), is the spectral signature of FRET occurrence within
the donor/acceptor pair. Images (2,048 x 2,048 pixels,
pixel size: 0.1125 um) were displayed and emission spec-
tra for regions of interest (5 pixels spots) were analyzed
with the Zeiss LSMS510 software (version 3.2SP2). Figures
were generated using ImageJ software.

Modeling setup and equilibration

Molecular dynamics simulations were performed with the
Gromacs 3.3 package [21], using the OPLS/aa force field
[22], with Berger parameters for the lipid tails [23]. The
simulation boxes for DMPC and diC,s;-amidine were
obtained from the final frames of our previously published
diC,4-amidine:DMPC mixed simulation studies [24]. All
simulation parameters, including amidine head group
charges, were taken as before [24], unless mentioned
otherwise. Simulations were run at a temperature of
T = 310 K and for a period of 40 ns. Virtual interaction
sites were used to remove angular vibrations involving
hydrogens, allowing for a time step of 4 fs [25]. Head
group charges of the other lipids in the study (PC and TAP)
were derived similarly as before [24], by fitting atomic
point charges to reproduce the electrostatic potential
obtained from ab initio HF/6-31G* calculations [26],
keeping symmetry considerations [27, 28]. The DOTAP
simulation box was obtained from an initial box of
128 POPC lipids (downloadable from http://moose.bio.
ucalgary.ca/files/popc128a.pdb), of which the palmitoyl
chain was extended by two carbons to obtain the required

oleoyl length. The space for the extra carbons was obtained
by shifting each bilayer leaflet by 1 A outwards. The PC
head group was mutated into TAP by first removing the
head group, and then building TAP such that the N(CHj3)3
group was always directed away from the bilayer center.
The original water molecules were taken to solvate the box,
augmented by additional water molecules to fill the vac-
uum that is formed after the effective removal of the
phosphate group, avoiding placement in between the two
innermost water molecules from the original set. Of the
newly added water molecules, 128 were randomly replaced
by CI™ counterions [29] to obtain electrostatic neutrality.
The system was equilibrated with 1,000 steps steepest
descent energy minimization and 10 ps free MD. The
diC,¢-amidine simulation box was obtained using the fol-
lowing protocol: a single lipid was built with extended
chains, and then multiplied and mirrored in the x and y, and
z direction, respectively, to obtain a final system size of
8 x 8 x 2 lipids. This system was protonated and energy
minimized in vacuo, and subsequently solvated with 6,340
TIP4P [30] water molecules of which 128 were randomly
replaced by Cl™. The solvated system was minimized by
running 1 ns free MD.

Binding times of monovalent cations like Na™ to lipids
are in the order of 25 ns, with the slowest step the diffusive
process through the generally positively charged headgroup
region to bind the carbonyl and phosphate groups [31-33].
Binding of chloride ions to phospholipid bilayers is sig-
nificantly faster because they are found to bind the solvent-
accessible choline groups in the case of DMPC [24, 33,
34], and to partly remain in the solvent phase in the case of
diC,4-amidine [24]. Analogous to PC lipids, counterions in
a DOTAP bilayer are expected to ultimately bind the
choline groups, and they were therefore already placed in
the vicinity. In the case of the newly created diC,¢-amidine
bilayer, C1™~ counterions are expected to partly remain in
the solvent phase. In conclusion, in both cases (DOTAP
and diC,¢-amidine), equilibration should occur relatively
quickly. The area per lipid was used as a qualification of
the equilibration of the system and was found to fluctuate
around its final equilibrium value within the first 10 ns of
the simulation. This fact is confirmed by an investigation of
the counterion density along the bilayer normal and over
various time ranges during the simulations (data not
shown). We therefore used the final 30 ns of the simula-
tions for analysis in all cases.

Clustering

Individual time frames and lipid structures of the simula-
tion were concatenated into an extended lipid “trajectory”
(At = 100 ps), that was pruned by keeping only every 9th
lipid, resulting in a lipid “trajectory” of 4,435 lipids. This
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procedure includes all individual lipid molecules, but also
avoids correlation between the same lipid molecules in
neighboring time frames (with 64 lipids in each monolayer,
a lipid molecule originating from time frame ¢ is not
included again until time frame ¢ + 900 ps). The root mean
square deviation (RMSD) of every lipid structure pair was
calculated, using only the acyl chain carbon atoms. Clus-
tering was performed on the basis of this RMSD matrix
[35], increasing the RMSD cut-off in steps of 0.01 nm until
the two largest clusters together contained 80% of all lipid
structures. Distribution-free energies of the clusters were
calculated from the relative size of each cluster, assuming a
Boltzmann distribution of lipid structures. Lipid structures
deviating more than half the RMSD cut-off with the rest
of the cluster were saved and are depicted in Fig. 8
(see below). We define the ratio of cylindrically (C) versus
conically (V) shaped lipid cluster populations as Rcy =
Nc/Ny, where N is the number of lipid structures in the
respective cluster.

Results

DiC,4/diC ¢-amidine liposomes fuse with macrophages
cell line P338D1

DiC,4-amidine liposomes fuses with lipoproteins [36], and
phospholipid liposomes [24, 37], but fusion with a cellular
system has not been demonstrated so far, even if trans-
fection experiments and endosome disruption suggested
this activity [38]. We therefore examined fusion of cationic
liposomes with P388D1 cells at 37°C by monitoring the
transfer of fluorescence energy (FRET) between two
probes inserted into the liposomes. DiC ¢-amidine and
diC,4-amidine liposomes fuse very rapidly with cells
(Fig. 1) whereas DOTAP, EDOPC as well as phospholipid
liposomes (DMPC) do not show any fusogenic activity
(Fig. 1). Neither the length of the hydrocarbon chains, nor
the transition temperature (respectively 23 and 37°C for
diC;4 and diC;¢-amidine) seems to be a determining factor
in the capacity of the liposomes to fuse. A predominant
role in the fusion mechanism may therefore lie in the
amidine head group or in the lipid shape as was previously
suggested [6].

Localization of lipids into cells by confocal microscopy

To localize cationic lipids into cells after fusion and to
visualize fusion with cell membranes, we combined FRET
and confocal microscopy (Fig. 2). P388D1 incubated
30 min with labeled diC,4-amidine liposomes were ana-
lyzed using the laser excitation at 458 nm (in the excitation
spectra of NBD). DiC4-amidine liposomes fused with cell
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Fig. 1 Fusion between cationic liposomes and cells in suspension
(P388D1 cells) in a quartz cuvette thermostatized at 37°C in PBS
buffer. Cationic liposomes are labeled with two fluorescent probes,
NBD-PE (donor) and Rh-PE (acceptor) in such a concentration that
the fluorescence of the donor is transferred to the acceptor. P388D1
cells were then incubated with these liposomes and emission spectra
were monitored for 40 min using a spectrofluorimeter as described
under “Materials and methods”. Percentage of fusion was then
calculated using the increase of the fluorescence of the donor (NBD,
at 530 nm) as the signature of a lipid mixing. The data are
representative of at least four separate experiments

membranes after 30 min incubation, as demonstrated by
the disappearance of FRET [absence of Texas Red emis-
sion, in red, emission of green fluorescence characteristic
of the donor (NBD)] (Fig. 2). Furthermore, the fluores-
cence diffused massively inside cells (with an exception for
the nucleus), suggesting that diC 4-amidine liposomes
fused with the intracellular membranes network.

To ensure that the green fluorescence is due to lipid
mixing and that autofluorescence of cells cannot be mis-
taken for NBD fluorescence (same spectral region), we
performed a control experiment (Fig. 3) where all the
observations were made simultaneously on the same
microscope field in order to exclude possible differences in
light absorption efficiency between different fields. Fur-
thermore, the confocal microscope was equipped with
META™ spectral analyzer (Zeiss) which records the
emission spectrum for each pixel, allowing the analysis of
the emission spectra at specific spots in cells and the
quantitative assessment of FRET efficiency (Fig. 3, bottom
left).

Cells were divided in four groups. The first group (auto-
fluorescence control: group 1) was treated with the nucleus
stain TOTO-3 only. The second and the third groups of cells
were treated 30 min with diC;4-amidine liposomes labeled
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Fig. 2 Fusion between diC4-amidine liposomes and P388D1 cells.
P388D1 were incubated 30 min with diC4-amidine liposomes
labeled with Texas Red-PE and NBD-PE. After fixation, cells were
analyzed with a LSM510 NLO META confocal microscope using the
458 nm excitation wavelength to excite the donor fluorophore. The
data are representative of two separate experiments

with either NBD-PE (group 2) or Texas Red-PE (group 3).
The last group was treated with double-labeled (Texas Red-
PE and NBD-PE) diC4-amidine liposomes for 30 min
(group 4). After fixation, cells were mixed and analyzed with
the confocal microscope using the 458 nm excitation
wavelength (left) or different wavelengths together (458,
543, 633) to excite the different probes (right). By exciting
the three probes separately, we were able to identify the
different groups of cells into the mix. Using the 458-nm
excitation laser on the first group (14+2+43+4), we could only
detect green fluorescence in cells (Fig. 3, left). The settings
were adjusted to minimize the green autofluorescence in
group 1 (control) cells which was significantly weaker than
the NBD green fluorescence. When excited at 458 nm,
control cells (1) and Texas Red-labeled (3) were not visible
while NBD-labeled cells (2) and NBD/Texas Red-labeled
cells (4) were both detected through their green fluorescence
(Fig. 3, left). The absence of energy transfer to the Texas
Red probe is not due to degradation/loss of this marker after
liposome uptake by cells since it is still visible when excited
in its absorption band with the 543 nm laser (Fig. 3, right).
Together with the spectral analysis of different cells (bottom
left), showing the decrease of the Texas Red peak (around
605 nm) and the increase of the NBD peak (around 530 nm),
as compared to non-fused liposomes, it demonstrated clearly
that double-labeled diC4-amidine liposomes (4) have fused
with most of cell membranes.

Study of the spontaneous fusion of liposomes with cells
was also studied by confocal FRET microscopy on RAW
264.7 cells. The larger size of these cells and their adherent
properties facilitate the comparison between different lipid
formulations.

RAW 264.7 cells were treated for 30 min with different
lipid formulations (cationic or neutral), labeled with both
NBD and Texas Red-PE, and analyzed on the confocal
microscope (Fig. 4) and spectral analyzer using the 458 nm
laser (Fig. 5). As with P388D1 cells, diCy4-amidine lipo-
somes efficiently fuse with cell membranes, as suggested by
the green fluorescence inside cells (Fig. 4a, b).

The spectral analysis (Fig. 5a, b) also confirmed that,
inside cells, diC4-amidine liposomes have fused with cell
membranes, while, at the periphery or outside cells (red
spots outside cells), liposomes of diC4-amidine still
present resonance energy transfer between fluorescent
probes. The same conclusions can be made for
diC,¢-amidine liposomes, which, like diC,4-amidine, fuse
efficiently with cells (Figs. 4 and 5Se). In contrast, the rare
red spots, not localized into cells, in the case of DMPC
liposomes illustrate the poor uptake of these neutral lipo-
somes by cells (Figs. 4 and 5f). The distribution pattern
and the spectral characteristics of non-fusogenic cationic
lipids (DOTAP and EDOPC) are also clearly different
(Figs. 4 and 5c, and 4 and 5d). Fusion is largely marginal,
as illustrated by the red/yellow spots localized all around
the cells (Fig. 4c, d) and suggesting that, in contrast to
diC14-amidine, DOTAP or EDOPC liposomes are proba-
bly mainly taken up by endocytosis.

We performed the same experiment but using liposomes
of DOTAP containing 20% (molar ratio) of a frequently
used co-lipid, DOPE. Obviously, addition of DOPE into
DOTAP liposomes leads to an efficient fusion with cell
membranes (Fig. 6). This latter result confirms (1) the role
of DOPE in cationic liposomes fusion, (2) the fact that some
cationic lipids do not require the addition of a co-lipid to
fuse efficiently, and (3) validates our technique to detect
membrane fusion between cationic liposomes and cells.

Does the distribution of lipid shapes into cationic lipid
bilayers correlate with their fusogenic properties?

It is generally stated that fusion between lipid membranes
is induced by conically shaped lipids (see “Introduction”).
We therefore performed molecular dynamics simulations
to identify lipid shape distribution present in cationic lipid
bilayers and to find a possible correlation with the fuso-
genic properties observed in the fluorescence experiments.
Figure 7 shows the area per lipid, calculated during the
course of the simulation. After an initial equilibration
period (10 ns), fluctuations of the area per lipid lie within
5 A and are well within acceptable bounds. Both the
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Fig. 3 Comparison of the
fusogenic properties of
diC4-amidine liposomes with
P388D1 cells. P388D1 were
incubated 30 min with different
conditions. / Control cells
stained with TOTO-3, 2 cells
incubated with diC;4-amidine/
NBD-PE, 3 incubated with
diC;4-amidine/Texas Red-PE
liposomes, 4 cells incubated
with diC4-amidine/NBD-PE/
Texas Red-PE. After fixation by
4% PAF, the different groups
were mixed (groups 1+2+3+44)
and analyzed with a LSM510
NLO META confocal
microscope and spectral
analyzer using the 458-nm
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diC4-amidine and DMPC simulations show average
values that are consistent with previous simulations [24]
and experimental values [39], respectively. No reference
values exist for diC,g-amidine or DOTAP, but the figure
shows no trend deviating from the calculated average, and
the parameter calculation is consistent over the four sim-
ulations. In addition, previous molecular dynamics
simulations of DMTAP cationic bilayers have found an
increased area per lipid with respect to non-cationic
bilayers, that lies in the range of 0.7 nm’ [40]. We there-
fore conclude that our simulations are sufficiently
equilibrated and perform the clustering of the individual
lipid structures into populations of similarly shaped mole-
cules over the trajectory range 10—40 ns.

The main clusters of every bilayer simulation are
depicted in Fig. 8. In all instances, the main cluster
correspond to straight-tailed lipids (cylinder), the second
cluster to a V-shaped population (cone), and the third
cluster represents twisted-tail lipids (twist). Together, the
three clusters represent close to 90% of all lipid struc-
tures in the bilayer. Interestingly, this method
demonstrates that cylindrically and conically shaped
cationic lipids can co-exist in the same bilayer. Overall,
the populations are not too different between lipid

species, which correlates with the fact that the main lipid
populations depict similarly shaped lipids and that, in all
cases, a bilayer system is simulated. However, upon
closer investigation, a shift in population between
cylindrically (C) and conically (V) shaped, i.e., the first
and second most frequent lipid populations, can be
observed: for diC4- and diC g-amidine lipids (both fus-
ogenic), the population of C lipids has decreased by 5%,
compared to DMPC and DOTAP (both non-fusogenic),
largely in favor of the V-shaped lipid population. A
3-5% shift of lipids from cylindrical to conical is a non-
negligible percentage; it should be kept in mind that the
lipid clusters are calculated from a population analysis in
a bilayer structure and therefore do not represent an
intermediate structure of a fusogenic process, since, per
se, membrane fusion implies (at least) a local loss of the
bilayer structure. What we therefore observe is rather a
tendency of lipids to form specific structures that are
commonly accepted to help the membrane to curve at
the fusion contact point. This value could be constrained
within a very narrow zone with on one side a fusogen-
ically inert bilayer (as pure DOTAP and DMPC) and on
the other a too unstable bilayer to form viable liposomes
(as pure DOPE).
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Fig. 4 Fusogenic property of
different liposomal formulations
with adherent macrophages:
confocal images. RAW 264.7
cells were incubated for 30 min
(b—f) or 5 min (a) with
diC,4-amidine (a and b),
DOTAP (c), EDOPC (d)
diC,4-amidine (e) or DMPC

(f) liposomes labeled with

0.8 mol% of NBD-PE (donor)
and Texas Red-PE (acceptor).
Regions of interest for emission
spectra analysis inside cells
(indicated by circles, crosses or
boxes) were analyzed using a
LSMS510 NLO META confocal
microscope and spectra
analyzer. Respective data were
plotted in Fig. 5. The data are
representative of at least three
separate experiments

The ratio of cylindrical versus conical lipids, quantified
in Rcyy, may be a determining parameter for fusogenic
behavior. Its value lies above four for the non-fusogenic
lipids DMPC and DOTAP, while it is well below four for
the fusogenic amidine lipids. Therefore, it is possible that
a threshold value exists for Rc,y, below which the

tendency to form V-shaped lipid structures shifts the
liposomes into fusogenic behavior. The addition of DOPE
to DOTAP may have decreased the Rc value below this
threshold, by shifting the lipid populations in the DOTAP/
DOPE liposome towards a fusion-favorable equilibrium
(Fig. 6).
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Discussion

We have demonstrated here that diC4-amidine and
diC ¢-amidine cationic lipids fuse very efficiently and
rapidly with cells (Fig. 1). A method, based on an exten-
sion of the classical FRET monitoring of liposome fusion
to the observation of individual cells by confocal micros-
copy, was used to show qualitative and quantitative
differences in behavior between liposomal preparations
that could not be seen otherwise (Figs. 2, 3, 4 and 5). This
method allows the localization of cationic lipids into cells
and demonstrates that any observed insertion of cationic
lipids into cell membranes is the result of lipid mixing
between cell lipids and liposomes.

It is generally accepted that fusogenicity, as well as
membrane instability, may be promoted by the so-called
inverted conical shape of selected lipids [6]. Some of these

Emission wavenlength (nm)

lipids, like the unsaturated phosphatidylethanolamine, with
a small hydrophilic headgroup and a large two-tailed
hydrophobic part, impose a negative curvature on the
bilayer and favor a transition to non-bilayer phases such as
hexagonal, inverted micellar or rhombohedral phases
[6, 41]. As such, they are incompatible with liposome
formation in many circumstances and should therefore be
mixed with a bilayer-forming lipid.

Using the FRET/confocal microscopy technique, we
tested the effect of DOPE insertion into non-fusogenic
DOTAP liposomes. Addition of DOPE to DOTAP liposomes
led to a fusion as efficient (Fig. 6) as the one observed with
diC,4 and diC s-amidine alone (Fig. 4). We therefore pro-
vide experimental evidence that fusogenicity of cationic
lipids does not necessarily require the addition of a fusion-
enhancing co-lipid. One possible explanation is that diC4
and diC,s-amidine possess an intrinsic propensity to
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Fig. 6 Addition of DOPE to
DOTAP liposomes improves
fusion with RAW 264.7 cells.
RAW 264.7 cells were
incubated for 30 min with
labeled (0.8 mol% of NBD-PE
and Texas Red-PE) DOTAP
liposomes containing or not
20% (molar ratio) of DOPE.
Region of interest for emission
spectra analysis inside cells
(indicated by circles, crosses or
boxes) were analyzed using a
LSM510 NLO META confocal
microscope and spectra
analyzer. Respective data were
plotted to the right of the
respective confocal image. The
data are representative of three
separate experiments
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Fig. 7 Evolution of area per lipid during the course of the MD
simulations. The area is calculated by dividing the system box xy-size
by the number of lipids in a leaflet. Averages (dashed lines) for the
region 10-40 ns are: DMPC: 0.61 nm* DOTAP: 0.72 nm?;
diC4-amidine: 0.83 nm?; diC,¢-amidine: 0.81 nm?>

destabilize membranes, and are able to fuse with cells and
enter efficiently and rapidly into cells, although they form
stable liposomes by themselves under normal conditions.
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Interestingly, by using molecular dynamics simulations,
we demonstrated that cylindrically and conically shaped
cationic lipids co-exist in the same bilayer (Fig. 8). This
result is in apparent contradiction with a simple static
description relying on the packing parameter P which
considers that a stable bilayer is formed by cylindrically
shaped lipids and that fusion can be induced only by adding
conically shaped lipids to these bilayers [6, 13-15].
However, comparison of DMPC, DOTAP and diCg4,
diC,¢-amidine bilayer organizations revealed a tendency of
diC;4 and diCis-amidine towards conical structures
(Fig. 8). Therefore, by comparing fusogenic behavior with
lipid populations, we come to a more dynamic description
where it is the excess of already existing V-shaped (coni-
cal) lipids that confers a tendency to fuse with cell
membranes. It is possible that a threshold value for the
ratio between cylindrically and conically shaped lipid
structures exists, rather than the simple presence of
V-shaped lipids, and below which the tendency to form
conically shaped lipid structures shifts the liposomes into
fusogenic behavior.
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Fig. 8 Visualization of the 0.00 kcal/mol 0.91 keal/mol 1.41 keal/mol
three major clusters of the 66.56% 14.23% 6.20% . DMPC
simulations: cylinder (C), (87.0%)
cone (V) and twist (7). Clusters
calculated as described in
“Materials and Methods” -
aterials and Methods RCN"4'68
0.00 kealimol 0.82 keal/mol 1.36 keal/mol
65.80% 16.44% 6.61% DOTAP
(88.8%)
RCN =4.01

0.00 keal/mol 0.69 kcal/mol 1.16 keal/mol ) -
61.65% 19.14% 8.73% diC4~amidine
(89.5%)
Roy = 3.22
0.00 kealimol 0.69 kealimol 1.38 kcal/mol . -
62.77% 19.73% 6.07% diC,g—amidine
: (88.6%)
RCN = 3. 1 8

It is generally accepted that addition of a co-lipid
(DOPE) to cationic lipid formulations improves in vitro
transfection [7, 42], although the role of membrane fusion
in this process was never clearly demonstrated. Fusion-
promoting lipids such as DOPE are strong destabilizers for
the lipid bilayer and can lead to membrane rupture as a
side-event of fusion. When using cationic liposomes to
deliver DNA or protein to cells, such a process might
explain how a fraction of the liposomes and associated
material might escape the endosomal compartment after
capture [7, 9, 38]. Previous work using electron micros-
copy already suggested that rupture of the endocytic
compartment occurs with different cationic liposomes,
especially with diC;4-amidine [38]. Decomplexation of the
transported DNA or protein, which is necessary for its
availability as an active molecule inside the cell, might
depend on dispersion and dilution of cationic lipids in the
pool of intracellular membranes, a requirement that can be
met by fusion with intracellular membrane followed by
lateral diffusion of cationic lipids in the target membrane.

Alternatively, it has been proposed that a shift of proton
equilibrium towards the inner endosomal compartment, to
compensate for the acid-buffering capacity of cationic
lipids, could favor the entry of water as an osmotic
response, ultimately resulting in the rupture of the endo-
somal membrane [43].

Surprisingly, fluorescently labeled diC,4-amidine lipids
spread out in the cytoplasm very quickly (already seen after
5 min) after initial attachment of liposomes to a few
localized spots on the cell surface (Fig. 4a). A possible
scenario would imply intracellular transportation through
endocytic vesicles followed by escape of a fraction of
liposomes that fuse with many intracellular membrane
targets. Contrary to what might be expected for such a
quick and massive distribution of liposomal material
throughout the cell, major cell functions remain intact even
if cytokine secretion and signaling cascades can be
modulated depending on the cationic lipid.

The dual and unexpected property of amidine cationic
lipids to form stable liposomes in solution and their ability
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to fuse with cellular membranes at physiological temper-
atures may lead to consider this class of cationic lipids as
efficient vectors to insert missing components (like lipo-
philic drugs or membrane proteins—including receptors)
into cellular membranes.
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