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Dynamic Properties of an Oriented Lipid/DNA Complex Studied by
Neutron Scattering

F. Natali,* C. Castellano,’ D. Pozzi," and A. Congiu Castellano®
*INFM-OGG, Grenoble, France; and Dip. di Fisica, Universita’ ‘La Sapienza’, Rome, ltaly

ABSTRACT The formation of lipid-DNA (CL-DNA) complexes called lipoplexes, proposed as DNA vectors in gene therapy, is
obtained by adding DNA to a solution containing liposomes composed of cationic and neutral lipids. The structural and dynamic
properties of such lipoplexes are determined by a coupling between the electrostatic interactions and the elastic parameters of
the lipid mixture. An attempt to achieve a better understanding of the structure-dynamics relationship is reported herein. In
particular, an elastic neutron scattering investigation of DOTAP-DOPC (dioleoyl! trimethylammonium propane-dioleoyl phos-
phatidylcoline) complexed with DNA is described. Proton dynamics in this oriented CL-DNA lipoplex is found to be strongly
dependent upon DNA concentration. Our results show that a substantial modification of the membrane dynamics is accompanied
by the balancing of the total net charge inside the complex, together with the consequent displacement of interlayer water

molecules.

INTRODUCTION

The success of gene therapy, defined as the transfer of
nucleic acids to the somatic cells of an individual, is largely
dependent on the development of a vector which can selec-
tively and efficiently deliver a gene to target cells (Fried-
mann, 1997; Rubanyi, 2001).

Cationic liposomes, closed membrane shells of lipid mol-
ecules, commonly known as lipoplexes when complexed
with DNA (CLs-DNA) (Felgner et al., 1987; Rubanyi, 2001)
have attracted an increasing level of attention as nonviral
vehicles for delivering genes into mammalian cells.

Many theoretical and experimental studies have been
performed (Cullis and de Kruijff, 1979; Farhood et al., 1995;
Liu et al., 1997; Radler et al., 1997; Crook et al., 1998;
Hirsch-Lerner and Barenholz, 1999; Kennedy et al., 2000;
Regelin et al., 2000; Choosakoonkriang et al., 2001; Braun
et al., 2003) to understand the factors governing the
energetic, structural, and thermodynamic characteristics of
CL-DNA complexes; these properties, strongly influenced
by the specific composition of lipoplexes, are essential for
optimizing their transfection efficiency. The cationic lip-
oplexes are normally constituted by the mixture of a neutral
(helper) lipid and a charged lipid; the former determines
a given structure (in particular lamellar or hexagonal
geometry), whereas the latter is fundamental for delivering
the genes into the cell (Radler et al., 1997; Rubanyi, 2001;
Zuhorn et al., 2002).

It has been assumed for some time now that the trans-
fection efficiency of inverted hexagonal complexes (H) is
higher than that of lamellar complexes LS in all the cell lines
studied (Cullis and de Kruijff, 1979; Farhood et al., 1995;
Safinya, 2001).
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In a recent study Lin et al. (2003) identified the membrane
charge density oy of the CL-vector (i.e., the average charge
per unit area of the membrane) as a key universal parameter
that determines the transfection efficiency behavior of LS
complexes in the cell. By modulating this parameter it is
possible to obtain LS complex efficiencies as high as that of
H§ complexes. In contrast to LS complexes, Hij complexes
exhibit no dependence on oy This indicates that trans-
fection efficiency depends on a structural parameter (lamellar
or columnar inverted hexagonal structure) combined with
physical-chemical parameters.

The direct interaction of the positively charged lipid
headgroup with the negatively charged phosphate of the
DNA backbone is suggested by many authors to be the main
mechanism for the complexation of DNA with cationic lipids
(Kennedy et al., 2000; Choosakoonkriang et al., 2001). This
is also supported by both fluorescence techniques and
differential scanning calorimetry (Hirsch-Lerner and Baren-
holz, 1999) suggesting that the release of bound water and
counterions is the driving force behind complex formation
(Kennedy et al., 2000). Besides, Choosakoonkriang and co-
workers suggest that complexation with DNA induces
a small increase in the disordered conformation of the lipid
alkyl chain, altering the packing of the lipid (due to the
alignment of the lipid headgroup with the DNA phosphate)
and determining a greater fluidity of the apolar region of the
membrane (Regelin et al., 2000; Choosakoonkriang et al.,
2001).

Unfortunately, very few studies have been performed on
the dynamics of CLs-DNA systems to date. In this context
computer simulation studies of model biological membranes
were recently carried out (Bandyopadhyay et al., 1999; Saiz
and Klein, 2002a,b) in the fluid lamellar phase of the lipid-
DNA complex containing DMPC and DMTAP lipids at the
isoelectric point. The configuration after 5.5 ns suggests that
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the presence of the DNA sandwiched between two lipid-
water interfaces, induces significant undulations of the mem-
brane surface, indicating a strong interaction between the
lipid interface and the DNA.

This work is aimed at studying the structure-dynamics
relationship, and the dependence of dynamics on the compo-
sition of the lipids mixture and on the lipid-DNA ratio.

This investigation takes advantage of the great utility
shown by neutrons in the study of biological macro-
molecules. Indeed, unlike x rays, which interact with matter
via electrons, neutrons are not invasive in biology since, as
they interact only with the nuclei, they do not lead to
radiation damage of the sample. Thus, experiments are not
limited to the low T range, but can be extended to higher
temperatures over the range of physiological conditions.
Moreover it is known that incoherent elastic neutron
scattering provides unique information on the protons
present in a sample due to the high hydrogen incoherent
cross section (0j,c) With respect to the total (coherent and
incoherent) scattering cross section of the other atoms (Bée,
1998). Indeed the probability per nucleus that a neutron in
the beam will interact with the nucleus itself is expressed
in terms of an equivalent area (the cross section) that the
neutron ‘‘sees’’. The scattering is called coherent when it
depends on the correlation between the position of the same
nucleus at different times, and on the correlation between the
positions of different nuclei at different times; otherwise
the scattering is called incoherent when it depends only on
the correlation between the positions of the same nucleus at
different times (Squires, 1997).

The combination of the extremely large hydrogen in-
coherent cross section with the great abundance of this atom
in biological macromolecules (easily as much as 50%)
makes the neutron scattering technique a powerful tool for
studying the dynamics of biological systems. In particular, in
this work, neutron elastic incoherent scattering was utilized
to study the dynamics of the lipoplexes as a function of DNA
concentration.

We focus on CLs-DNA complexes consisting of 1:1 ratio
binary mixtures of cationic monovalent lipid DOTAP
(dioleoyl trimethylammonium propane) and the neutral help-
er lipid DOPC (dioleoyl phosphatidylcholine), both lipids
having two 18-carbon (C,g) aliphatic chains per molecule.
Appropriate amounts of calf thymus DNA are then added.

The choice of lipoplex has been suggested by results
obtained by J. O. Radler and co-workers (Radler et al., 1997)
using high-resolution synchrotron x-ray diffraction and by us
(Caracciolo et al., 2002a,b) using energy dispersive x-ray
diffraction; both experiments show that the DOTAP-DOPC/
DNA packing has an ordered multilamellar structure, L,
with the DNA sandwiched between cationic bilayers.
Indeed, the helper-lipid DOPC and the cationic lipid DOTAP
have cylindrical shapes, with the headgroup areas approx-
imately equal to the hydrophobic tail areas, thus tending to
self-assemble into lamellar structures. Indeed in this case, as
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reported elsewhere (Safinya, 2001), the natural radius (R) of
the monolayer tends toward infinity and the natural curvature
Co = 1/Rg tends to zero.

In Fig. 1 we show the phase diagram of the lamellar L,
CL-DNA complexes as built up by Koltover et al. (1999).
The broken line represents the isoelectric point.

Thus, five different regions seem to characterize the phase
diagram: 1), the DNA-free DOPC/DOTAP CL regime; 2),
the DOPC/DOTAP demixing regime, appearing at very low
cationic concentrations; 3), the single phase CL-DNA com-
plex; 4), the coexistence of CL-DNA complex with an excess
of lipid molecules; and 5), the coexistence of CL-DNA
complex with an excess of DNA molecules.

The main goal of this work is to add to the already available
electrostatic and structural information a first dynamical
characterization of this lipoplex in the most physiologically
interesting system condition, i.e., in the one-phase complex
(region 3 in the phase diagram),

For this purpose let us recall some of the main results
available in literature on the above-cited systems, which may
help us in our investigation. In particular, Roux and Safinya
(Roux and Safinya, 1988; Safinya, 1989) suggest that, in the
absence of DNA, the lamellar L, phase of DOPC/DOTAP
CL membranes exhibits strong long-range interlayer elec-
trostatic repulsions that overwhelm the van der Waals at-
traction. Moreover, the interlayer spacing d, as determined
by Safinya (2001), is found to depend on the amount of water
present in the complex according to the relation d = 8,/
(1—-®d,,) (where ®,, is the volume fraction of water and &,
is the membrane thickness). For CL complexes at DOPC/
DOTAP 1:1 ratio, the value obtained is 6, = 39.0 = 0.5 A.
The average thickness of the water gap (8,, = d — 6., = 64 A
— 39 A =26 A) allows one monolayer of DNA (diameter
~20 A in the B form) to be contained, together with its first
hydration shell (Safinya, 2001).

Through DNA-lipid complexation, the cationic lipid tends
to fully neutralize the phosphate groups on the DNA,
replacing and releasing counterions in solution. Conversely,
whereas on the one hand the counterion release mechanism
plays a key role in the CL-DNA complex formation, this

DNA

pOPC 1

FIGURE 1 Phase diagram of the lamellar CL-DNA complexes. Corners
of the triangle correspond to 100% weight fraction of DOPC, DOTAP, and
DNA. Dashed line indicates the isoelectric DOTAP/DNA ratio (adapted
from Koltover et al., 1999).
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represents a strong limitation, favoring the formation of only
charge-neutral complexes (shown by the dashed line in the
phase diagram, Fig. 1). Indeed, Bruinsma and co-workers
have shown that the lipoplex at the isoelectric point, when
the complete charge balance is reached between the pos-
itively charged cationic lipids and the negatively charged
DNA chains, is unstable against adsorption of extra DNA or
lipid molecules (regions 4 and 5 of Fig. 1). This instability is
determined by the entropy gain occurring when small ions
are released inside the complex and is clearly observable in
the behavior of the dpna spacing near the isoelectric point
(Bruinsma, 1998).

However, since the CL-DNA complexes must be cationic
to bind to cell surface, it is extremely important to extend our
study to charged CL-DNA lipoplexes.

MATERIALS AND METHODS
Cationic liposome preparation

Lamellar CL-DNA complexes were prepared as described in detail
elsewhere (Caracciolo et al., 2002a,b, 2003). Lipids and DNA were
purchased from Sigma (St. Louis, MO). The mixtures of cationic lipid
dioleoyl trimethylammonium propane (DOTAP) (molecular weight =
698.6) and helper lipid dioleoyl phosphatidylcoline (DOPC) (molecular
weight = 705) were prepared by choosing the fraction of weight of DOPC/
total lipid weight (®) = 0.5. An appropriate amount of double-stranded calf
thymus DNA (molecular weight (basepair) = 649) was diluted in deionized
water and then sonicated for 1 min; the molecular weight distribution in the
solution, determined by gel electrophoresis, was within 0.5-1 kb.

Oriented multilayers were obtained by depositing the final solution on
(110) Si wafers (30 X 40 X 0.15 mm®); the samples were dried in a closed
chamber under a gentle nitrogen flux and stored at T = 40°C for several
hours. The mosaic spread of the lipid mixture was determined by x-ray
diffraction: the angular width of the first order Bragg reflection, estimated as
<1°, confirms the good quality of the oriented multilayers (Natali et al.,
2002, 2003).

A total number of five wafers (four wafers covered with the CLs-DNA
film and one bare wafer) were layered in a slab-shaped aluminum sample
holder vacuum-tight using an indium seal. To prevent sample contamination
the sample holders were gold coated.

Three different samples were investigated: a), CLs binary mixture with-
out DNA (here called lipids); b), CLs-DNA with excess of lipids (p = 4);
and c), CLs-DNA at the isoelectric point.

Monochromator
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Since DNA carries two negative charges/basepair, whereas each DOTAP
molecule has one positive charged head group, the complex at the isoelectric
point is stoichiometrically neutral only when the numbers of DNA bases and
DOTAP molecules are equal or when p = piso = 2.2, where

- 2XnX MWDOTAP
MW,

with n the number of DOTAP molecules per DNA basepair (pb), and MW
the molecular weight.

We have not investigated the CL-DNA mixture with p < piso (excess of
DNA) due to DNA precipitation at the high solution concentration required
by neutron experiment.

p ; ey

Backscattering spectrometer

Incoherent elastic neutron scattering scans have been performed at the
thermal (A = 2.23 A) backscattering spectrometer IN13 at ILL, taking
advantage of the good energy resolution ~8 ueV, thus allowing the
investigation of a time window centered at ~0.1 ns.

The elastic scattering intensities / (Q,w = 0) were corrected for the
contribution of the ‘‘empty’’ cell (containing five silicon wafers without CL-
DNA complex) and normalized with respect to the lowest temperature run to
compensate for spurious background contributions and detector efficiency.

The selective investigation of lipid motions was achieved through the
availability of oriented membranes, using Si (110) wafers as substrates.
Thus, by rotating the sample with respect to the incoming beam, as shown in
Fig. 2, the momentum transfer was oriented predominantly parallel and
perpendicular to the membrane surface to detect in-plane (panel a) and out-
of-plane (panel b) membrane dynamics, respectively.

The in-plane motions are those lipid motions that have their main
component on the membrane plane whereas the out-of-plane motions are
those motions that have their main component along the normal to the
membrane plane.

RESULTS

To understand complex dynamics, it is necessary to clarify:
i), the origin of the measured incoherent neutron scattering
signal (i.e., if the changes observed in the dynamics can be
attributed only to lipid motion neglecting DNA dynamics),
and ii), the kind of motion detected by our experimental
setup.

In Table 1 we report the contributions, expressed in
relative percentages, to the total proton scattering (coherent

Monochromator

FIGURE 2 By rotating the sample with respect to the
incoming beam, the momentum transfer is predominantly
oriented parallel (panel a) and perpendicular to the mem-
brane surface (panel b).

b) Out-of-plane geometry
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TABLE 1 Contributions, expressed in relative percentages, to
the total proton scattering (coherent and incoherent) arising
from DOTAP + DOPC (where the two lipids equally contributes
to the scattering signal) and DNA in the lipids mixture and at
two DNA concentrations (p = 4 and p = piso = 2.2)

Lipids (%) p =4 (%) p =22 (%)
DOTAP + DOPC 100 95.3 91.6
DNA 0 4.7 8.4

and incoherent) arising from DOTAP + DOPC (where the
two lipids contribute equally to the scattering signal) and
from DNA in the lipids mixture at two DNA concentrations
(p=4and p = piso = 2.2).

It is clear that the measured signal is assigned principally
to the protons of the lipid hydrocarbon chains. Therefore,
a second reason for excluding the p < p;go CL-DNA
samples (excess of DNA) from this investigation, is that the
scattering signal from the DNA could mask the scattering
signal of the lipid chains.

It is thus certain that an elastic experiment carried out on
those systems might be useful in clarifying a), the dynamics
of H atoms, here mainly located in the lipid chains, present in
the DNA-free sample (lipids); and b), the changes induced
on the lipid motion under DNA complexation.

The second question to answer refers to the specific mo-
tions observable in the experiment described herein.

As already mentioned, the experiment was performed at
the IN13 high-energy resolution backscattering spectrometer
at ILL (Grenoble). The high-energy resolution, provided by
the backscattering geometries of the monochromator and
analyzers of the spectrometer, was experimentally de-
termined and found equal to ~8 ueV. The corresponding
time domain was then obtained by the Heisenberg un-
certainty principle, AE X At = h, leading to ~0.1 ns.

Thus motions characterized by timescales within the time
window centered at 0.1 ns fall within the elastic energy range
accessible on IN13 and only these motions will be observ-
able in our experiment. As reported elsewhere (Essmann and
Berkowitz, 1999), this time domain covers typical dynamics
of lipid molecules of oriented membranes: the chain defect
motion, the rotational diffusion of the lipid molecule about
its molecular axis and spatially restricted vertical trans-
lational diffusion. The first two motions are both in the
membrane plane whereas the last is the typical out-of-plane
motion that may be detected in the time window mentioned.
We stress, on the other hand, that the estimated time domains
of the motions mentioned are highly dependent on membrane
composition, so that no specific assignment can be made
without appropriate and detailed investigations. Therefore
this work is a preliminary study based on the above-
mentioned estimations, but further experiments, in particular
quasi-elastic neutron scattering (QENS) scans have been
planned for the same and complementary time domains. For
this purpose, larger timescales have already been explored
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using the NEAT spectrometer at the HMI (Germany, data
analysis in progress). We mention here how QENS measure-
ments will make it possible to better characterize motion
nature, thus obtaining also other quantitative information
from the dynamic models chosen to interpret the data.

As already described in the Material and Methods section,
as the experiment described herein is direction sensitive, the
neutron scattering intensities were acquired at two different
geometrical configurations, with the momentum transfer
predominantly parallel and perpendicular to the membrane
surface. Thus, information can be obtained on the in-plane
and out-of-plane lipid motions in oriented systems (Fig. 2).

The typical mismatch of the bilayers and the quality of the
samples were checked in our previous energy dispersive
x-ray diffraction (EDXD) experiment (Fig. 3), where first-
and second-order Bragg reflections reveal the existence of
a bilayer periodicity of d 2 65.1 A (Caracciolo et al., 2002a).
This periodicity is in agreement with that obtained by
Safinya (2001). An additional middle peak is observed in the
EDXD scans corresponding to the average interhelical
spacing between the DNA chains (dpna), Which has been
observed to move from 35.1 to 47.7 A, decreasing DNA
concentration (inset, Fig. 3). Therefore the existence of two
different packing regimes assigned to the positively charged
and negatively charged CL-DNA complexes is revealed: the
former are strongly influenced by the interbilayer repulsions
that set the finite amount of lipid that the complex can
accommodate, whereas the latter are influenced by inter-
DNA repulsions (Caracciolo et al., 2003).

The agreement between the packing regimes and the
EDXD data, as expected, confirms the model in which the
CLs and DNA condense into a multilayer structure with
DNA sandwiched between the bilayers (Radler et al., 1997).
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FIGURE 3 EDXD scan of CLs-DNA measured at p = 4. The peaks are
assigned to first (001) and second (002) orders of multilamellar Bragg
reflections and to first (001) order interhelical DNA Bragg reflection. (Inset)
dependence of the lamellar and of the DNA chains d-spacings upon the
DNA concentration (Caracciolo et al., 2002a).
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Moreover, the first dpya Bragg peak is broader than the
lamellar ones ((HWHM)ooonpna = 0.0058 A~
(HWHM)g00 hmultitayers = 0.00668 A™"), as expected,
because the two-dimensional smectic liquid crystal is more
strongly affected by thermal disorder than the three-
dimensional smectic one of the bilayer-DNA (Salditt et al.,
1997).

These diffraction results showing a structural change due
to the presence of DNA in the lipid bilayer afford us a better
understanding of the influence of the DNA on lipid dy-
namics.

Dynamic models

Although elastic scattering does not allow any distinction to
be made between different motions falling within the
instrumental resolution window, we can try to find a proper
model to describe the global dynamics. Thus, to apply
a model to our investigation, the experimental mean-square
displacements have to be extracted. This was done within the
framework of the Gaussian model. In this context the
normalized Q*-dependent elastic intensities were fitted in
the low Q range to verify the condition of the Gaussian
approximation, as described elsewhere (Doster et al., 1989;
Reat et al., 1997; Natali et al., 2000, 2002, 2003), using the
following equation:

10,0 = 0) = Le T, )

In Fig. 4 we report the normalized mean-square displace-
ments thus obtained ((Ax%) = (x*) — (x*)a0k) versus T of the
lipids (DNA-free CLs), in panel a, and of CLs-DNA for p =4,
in panel b. No anisotropy is observed in these samples,
suggesting that lipid dynamics have no preferential directions.

On the other hand, panel ¢, which refers to CLs-DNA at
the isoelectric point, displays a marked anisotropy in the
mean-square displacements. Therefore a higher dynamics
associated with the vertical translation of lipids within the
bilayer is observed in the out-of-plane configuration only
when the complex is at the isoelectric point (Deriu, 1993).

Hitherto the elastic data concerning the atomic motions in
proteins and membranes have been analyzed by preferen-
tially considering two models essentially based on fluctua-
tions between potential wells within the particle energy.

In particular, a two-state model was proposed by Doster
and co-workers (Doster et al., 1989), in which the protons
can fluctuate between two sites of different energy separated
by a temperature-independent distance d.

A second and more complex model was recently
introduced by Bicout and Zaccai (2001). It assumes the
atomic motion in macromolecules to be fluctuating, within
the energy conformational landscape, mainly between two
classes of cages, in which the atoms accomplish small and
large amplitude motions with respect to their equilibrium
positions.
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FIGURE 4 Normalized mean-square displacements of the CLs-DNA
mixed multilayers versus 7, obtained in the framework of the Gaussian
model. (Panel a) lipids; (panel b) p = 4; and (panel c¢) piso = 2.2. (Open
squares) Out-of-plane direction; (solid circles) in-plane direction. The error
bars are calculated as the standard deviation of different measures at the
same temperature.

Because the aim of this work is to find the best model to
describe the effect induced by the DNA on the CLs-DNA
dynamics, both models have been considered.

In a first attempt, the data were analyzed using the two-
state model (Doster et al., 1989). Unfortunately, the model
properly describes only the low temperature range of our
data, where the harmonic regime contributes exclusively to
the mean-square displacements. The settling of additional
degrees of freedom at higher temperatures suggests that a
change in atom dynamics, usually called in neutron studies
dynamical transition (Bicout and Zaccai, 2001), may even-
tually occur.

An extension of the model proposed by Doster (Doster
et al., 1989), in which the vibrational motions in the two
wells were assumed to be identical, is provided by the more
sophisticated Bicout and Zaccai model which takes into

Biophysical Journal 88(2) 1081-1090



1086

account additional degrees of freedom accessible to the
macromolecules. Indeed, the Bicout and Zaccai model
considers different vibrational motions in each well, and
regards the translational interconversion between wells as
a continuous process. Therefore the nonharmonic regime
observed in the mean-square displacements behavior may be
assigned here to the crossing of the barrier separating the
conformational cages in translational motions.

These cages represent the large or small environments
within which the atomic motion occurs; it iS common in
quasielastic neutron scattering to speak of motions restricted
within a cylinder or a sphere, etc., indicating the geometrical
characteristics of such cages.

In this elastic experiment we have no quantitative
information about the geometry of the cages as obtained by
quasielastic scattering but we have some information on the
variation of the atomic dynamics (i.e., mean-square displace-
ments) inside them.

In this context, the mean-square displacement (R*(T))
(with (R*(T)) = 3 (x*(T))), counting both the vibrational and
translational motions of the particles, is given by

kgT kgT
(R =1 = $(T)]= =+ $(T) =~ 3)
ky ky
with ®
¢ = - “)
Tt
the probability of spanning a given potential well (® = 1 and
® = 0 represents the limit when only small or large

amplitude motions are observed, respectively). On the other
hand, k; and k;, are the force constants governing the particle
motions in the small and large conformational cage,
respectively. The model adopted here in the approximation
of dynamically equivalent particles, turns out to be
particularly suitable for describing atomic motion across
a dynamical transition. The temperature at which the
dynamical transition takes place (T,) is operatively defined
by Bicout and Zaccai as the temperature at which ~10% of
the molecule fluctuations are of large amplitude. It is
therefore clear that T, which is strongly dependent on the
energy difference between the conformational cages, is an
optimal parameter for comparing molecular dynamics in
different systems or/and in different environmental con-
ditions. T, is a reference temperature around which the
length scale of dynamics changes and so we can speak of
a transition between different kinds of cages or environ-
ments. Taking into account the settling of a dynamical
transition, the expression of the mean-square displacements
becomes

® 1)y =4 M r=h 5)
kT _ 2 1.<T<T,
with
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T, is the temperature at which the energy-entropy compen-
sation is reached (¢ (T,,) = 0.5) and is generally higher than
the maximum temperature explored in a standard experiment.

Thus, the pseudo-force constant k3 together with the forces
constants k; and k,, providing information on the resilience
of the molecules are very useful for comparing different sys-
tems showing comparable transition temperatures (Zaccai,
2000).

An exhaustive description of different applications of the
model to proteins and membranes is provided by Bicout and
Zaccai (2001).

To enhance insight into this peculiar behavior, the Bicout
and Zaccai model may now be applied to fit the data shown
in Fig. 4 using Eqgs. 3 and 5.

Fig. 5, by way of example, shows the results obtained for
the mean-square displacements of the CLs-DNA at the iso-
electric point (with (AR*(T)) =3 (Ax* (T))).
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FIGURE 5 Proton mean-square displacements (with (AR*(T)) = 3 (Ax*
(T))) versus T for in-plane (panel a) and out-of-plane (panel b)
configurations of CLs-DNA at the isoelectric point. The solid line is the
best fit to the data using Eq. 3, whereas the dashed curves represent Eq. 5
with the force constants kjand k3, The error bars are calculated as the
standard deviation of different measures at the same temperature.
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Panels a and b refer to the in-plane and out-of-plane
configurations, respectively. The continuous lines represent
the best fit using Eq. 3 with AG, & and k; as free parameters,
whereas the dashed curves correspond to Eq. 5 with k; and
ks the force and pseudo-force constants. The agreement
between the experiment and the model is excellent.

The crossover between the two dashed curves indicates
the settling of a dynamical transition between small and large
conformational cages, with consequent univocal determina-
tion of the dynamical transition temperature T),. Fig. 5 clearly
displays a significant difference in the observed 7).

The fitting parameters thus obtained, k; (panel a), k;
(panel b), and kj (panel c) are reported as a function of the
DNA concentration in Fig. 6.

The two curves shown in each panel (Fig. 6) refer to the
in-plane (solid circles) and out-of-plane (open squares) dir-
ections of the CLs-DNA with respect to the incoming neutron
beam.

Fig. 6 suggests that the anisotropic behavior of the lipid
motion at the isoelectric point lies in the temperature region
where the dynamical transition may take place. Indeed,
whereas the low temperature ranges of the two configu-
rations of the CLs-DNA at p = 2.2 are characterized by
similar force constants k; (Fig. 6, panel a), as is suggested

35
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T o
E; 0.06- * %
0.03- C

| | '
T T T

P =22 p=4 Lipids

FIGURE 6 Dependence of k; (panel a), ky (panel b), and k3 (panel c)
upon the DNA concentration. (Solid circles) In-plane direction; (open
squares) out-of-plane direction. The data errors are calculated as statistical
errors from the fit.
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also by the absence of deviation in panel ¢ of Fig. 3 at T <
150 K, the force constant k, exhibits a strong increase in the
out-of-plane geometry. On the other hand, a smaller free
energy difference AG is observed as shown in Fig. 7, where
AH and AS are also reported. This would suggest that the
probability of interconversion between small and large
amplitudes cages is strongly increased (Eq. 4), whereas the
high amplitude motions cage of the DNA-lipoplex at the
isoelectric point at 45° is characterized by smaller mean-
square displacements (varying (AR®) with 1/k, Eq. 3) with
respect to the other compounds, indicating a conformation
with reduced mobility and thus a dynamics inside a smaller
conformational cage.

Once the dynamical transition has taken place, the
equilibrium between the free energies and the force constants
k> contributions (Eq. 6) leads to comparable pseudo-force
constants k3 (Fig. 6, panel c).

Thus, it turns out that an extremely useful parameter for
characterizing the influence of the DNA concentration upon
lipid dynamics is the dynamical transition temperature T,
shown in Fig. 8§ as a function of the DNA concentration and
for both geometrical configurations. The free energy dif-
ference, calculated at T = T, is also shown in panel b.

The balancing of the net charge of the membrane by DNA
molecules seems therefore to play a key role in enhancing the
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FIGURE 7 Dependence of AS (panel a), AH (panel b), and AGspok
(panel c) upon the DNA concentration. (Solid circles) In-plane direction;
(open squares) out-of-plane direction. The data errors are calculated as
statistical errors from the fit.
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out-of-plane motion of the lipid chains, shifting the dy-
namical transition toward appreciably lower temperatures.
This is accompanied by a strong deviation of AGry, which
indicates that interconversion between small and large
atomic amplitude motion cages across the transition tem-
perature is energetically favored in the out-of-plane mem-
brane direction. Indeed AG is the free energy barrier that the
particles have to cross to enter the large amplitude range or
dynamical cage and the transition temperature depends upon
this energy gap between conformational cages. On the other
hand, the much higher force constant &, indicates that the
amplitudes in the high energy cages are not comparable in

the three samples, since the mean-square displacements vary
as 1/k,.

DISCUSSION

The results obtained here show that the DNA-free CLs
complex displays an isotropic behavior in lipid dynamics.
On the other hand, the frequently observed higher mobility in
the out-of-plane direction of model membranes (Ko6nig et al.,
1992; Natali et al., 2003) may be screened and obstructed
here by the interlayer repulsion. Indeed, as already
mentioned in the introduction section, in the absence of
DNA, the lamellar L, phase of CL membranes exhibits
strong long-range interlayer electrostatic repulsions that
overwhelm the van der Waals attraction (Roux and Safinya,
1988; Safinya, 1989). The description, using several models,
of the possible motions implied in the anisotropic behavior,
is provided elsewhere on model membranes in the presence
of stabilizing protein and has applications in neurophysiol-
ogy (Natali et al., 2003).
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We are confident in the model applied as the thermody-
namic parameters obtained here are of the same order of
magnitude as those obtained for other membranes (Bicout
and Zaccai, 2001).

Through CLs-DNA complexation, the electrostatic re-
pulsion is almost neutralized. The formation of higher-order
self-assembly is thus favored by the replacement and release
of the counterions in solution (>95% of the Na* and C1™ from
DNA and lipids, respectively) originally confined close to the
DNA chains and lipid membrane surface (Manning, 1969).
Indeed, this release mechanism, which accompanies CLs-
DNA complex formation, leads to a high entropy gain (kg7/
released counterion, comparable to the direct electrostatic
repulsion) (Radler et al., 1997; Bruinsma, 1998; Harries et al.,
1998; Wong et al., 2000), thus promoting a close association
between DNA and lipids in a compact complex (Koltover
et al., 2000). The CLs-DNA ordered structure thus formed
shows an increased fluidity of the apolar region of the mem-
brane, with respect to the DNA-free CLs systems (Regelin
et al., 2000; Choosakoonkriang et al., 2001).

Together with counterions release, also the spatial di-
mension available to DNA plays a key role in the organization
of the lipoplex, through the interactions between chains.
Indeed, to minimize the long-range repulsive forces between
DNA chains (extending to near 60 A for salt-free complexes,
consistent with recent theory (Bruinsma, 1998; Bruinsma and
Mashl, 1998)), the DNA molecules homogeneously cover all
the available membrane surface (Radler et al., 1997; Salditt
etal., 1997, 1998).

This allows us to assume that lipid dynamics is equivalent
over the whole CL-DNA surface and therefore the results
obtained here may be homogeneously attributed to the total
membrane complex.

Whereas, as confirmed by the literature, no modification
of the d spacing is observed on DNA addition even at a
concentration crossing the isoelectric point (indicating that
DNA remains tightly bound to lipid bilayers), the dynamical
behavior of the charge neutral CL-DNA complex investi-
gated by neutron scattering is peculiar. Indeed, charge
neutralization seems to be accompanied by (or to induce)
a strong effect on the lipid motion. In particular, significant
anisotropies are responsible for the large differences
observed in the thermodynamic parameters characterizing
the interconversion between large and small amplitude cages
(Fig. 7), where relative variations in the range of 50-65% are
observed (6(AH)/H = 51%, 6(AS)/S = 65%, 6(AG)/G =
65%). It is worth underlining that this increased mobility
exclusively involves the out-of-plane motion of the CL-
DNA at the isoelectric point, whereas the parameters of the
in-plane component remain almost unchanged (except for
a very small change in the enthalpic contribution) (Figs. 6-8,
solid circles). DNA complexation, on charge neutralization,
thus seems to favor the population of the high amplitude
motion cage in the out-of-plane configuration, where, on the
other hand, the mobility is reduced with respect to the same
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cages of the other samples, as suggested by the force
constant k,. We mention here that k; and k, are the force
constants associated with the small and large conformational
cage (or fluctuations), respectively, and k3 is the force
constant at 300 K. This is in agreement with a possible
scenario in which the neutral DOPC lipids, due to the
acquired higher fluidity of the apolar region and to the charge
balance of the lipoplex, with consequent displacement of
bound water molecules, may fluctuate more easily in the
interlayer free-space (reflecting the increase of the popula-
tion of the large amplitude motions cage, associated with AG
and a shift of dynamical transition temperature T, toward
lower values). On the other hand the more compact structure
assigned to the neutral complex may be responsible for the
reduced dimension of protons movements compared with the
other compositions. The cationic lipids are instead assumed
to remain localized close to the DNA to balance the total
charge. On the other hand, the enhanced disordered con-
formation in the lipid chains should affect also the chain
defect motions. However, this contribution to the observed
change in membrane dynamics is assumed to be negligible
because it should present projections in both the in-plane and
out-of-plane directions, which were not observed experi-
mentally (no appreciable variation of the in-plane dynamics
is attributed to DNA addition).

Moving away from the isoelectric point, unlike the in-
variant lamellar repeat distance d, the DNA chains distance
dpna Was observed in SAXS experiments to shift toward
lower values for p < 2.2 and higher ones for p >2.2
(Koltover et al., 1999). Furthermore, measurements of the
complex &-potential (the electrostatic potential near the mem-
brane surface), show charge reversal at p = 2.2 from negative
at p < 2.2 to positive at p > 2.2.

On the other hand, from the dynamical point of view, no
differences are observed between the in-plane and out-of-
plane lipid motions (Figs. 6-8), and thermodynamic values
remain unchanged with respect to the other DNA concen-
trations. This suggests that the addition of small concen-
trations of negative DNA phosphate groups is not sufficient
to compete with the constraints of unbalanced electrostatic
repulsion between the positively charged bilayers and the
residual interlayer water molecules. Thus, the CLs-DNA
complex at p < piso does not exhibit any change in lipid
motion.

In summary, the balancing of the net charge of the DNA-
lipoplex seems to change not only the equilibrium between
the populations of the low and the high amplitude motion
cages, favoring the crossover at lower temperatures, but also
the force constants and therefore the atomic displacements
characteristic of the high amplitude motion cage.

CONCLUSIONS

The exceptional combination of spontaneous lamellar phase
formation and the feasibility of direction sensitive experi-
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ments with neutron scattering allowed us to obtain very im-
portant information on the effect of lipid-DNA interaction in
the in-plane and out-of-plane lipid motions.

In particular, our results show that a minimum number
of DNA phosphate groups do not induce significant modif-
ications in membrane dynamics. On the contrary, at the
isoelectric point, the balance of the total net charge inside the
complex, together with the displacement of bound water
molecules into solution (with counterion release), provides
new degrees of freedom for the lipoplex. This determines an
increase in apolar region fluidity and in out-of-plane lipid
motions, mainly assigned to spatially confined vertical trans-
lation of the entire lipid molecule.

We thank Dr. Dominique Bicout for stimulating discussions on the model
used for data treatment.
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