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Abstract

The structure of aggregates formed due to DNA interaction with dioleoylphosphatidylcholine (DOPC) vesicles in presence of Ca2+ and

Mg2+ cations was investigated using synchrotron small-angle X-ray diffraction. For DOPC/DNA=1:1 mol/base and in the range of

concentration of the cation2+ 0–76.5 mM, the diffractograms show the coexistence of two lamellar phases: Lx phase with repeat distance dLx
¨8.26–7.39 nm identified as a phase where the DNA strands are intercalated in water layers between adjacent lipid bilayers, and LDOPC

phase with repeat distance dDOPC ¨6.45–5.65 nm identified as a phase of partially dehydrated DOPC bilayers without any divalent cations

and DNA strands. The coexistence of these phases was investigated as a function of DOPC/DNA molar ratio, length of DNA fragments and

temperature. If the amount of lipid increases, the fraction of partially dehydrated LDOPC phase is limited, depends on the portion of DNA in

the sample and also on the length of DNA fragments. Thermal behaviour of DOPC+DNA+Ca2+ aggregates was investigated in the range

20–80 -C. The transversal thermal expansivities of both phases were evaluated.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

It became evident recently that, in order to construct

efficient liposomal genetic delivery systems, it is necessary

to understand the mechanism of the formation of complexes

of DNA and cationic vesicles. Essential requisites to get

effective transfection vectors are the following: they must

bind DNA sufficiently strongly to reach rapidly target cells

and release DNA inside them. Moreover, they must be non-

toxic, non-immunogenic and biodegradable. The first key

step in the whole process is the compaction of the extended,

high-molecular, negatively charged DNA into a dense
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neutral (or positively charged) particle small enough to be

taken up by the cell [1–3]. Neutralization of more than 90%

of the negative charges of DNA by cationic vesicles results

in the condensation of DNA in structures of different

morphology. Three types of condensed organized cationic

surfactant–lipid–DNA microstructures are identified: (i)

spaghetti-like structures in which DNA is covered by a

cylindrical lipid bilayer [4], (ii) honeycomb-like condensed

columnar inverted hexagonal phase with linear DNA

molecules surrounded by lipid monolayers forming inverted

cylindrical micelles arranged on a hexagonal lattice [5], (iii)

sandwich-like with DNA monolayers intercalated between

lipid bilayers (condensed lamellar phase) [6]. The positive

surface charge of cationic vesicles can be created by

intercalation of cationic surfactant molecules [7–9] into

the neutral lipid bilayer, or by addition of small metal

cations [10–13].
cta 1713 (2005) 15 – 28
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Neutral phospholipid bilayers in presence of small metal

cations (Ca2+, Mg2+, etc.) spontaneously form vesicles with

a positive surface charge [14–16]. The formation of large

light scattering aggregates due to the interaction of poly-

nucleotides with phosphatidylcholine vesicles in presence of

Mg2+ ions was documented more than two decades ago

[10,17]. Earlier microcalorimetric and ESR studies per-

formed in our laboratory indicated the formation of a new

phase due the interaction of DNA with multilamellar and

unilamellar dipalmitoylphosphatidylcholine (DPPC) vesicles

in presence of Mg2+ ions. It was observed that the

temperature of the phase transition gel–liquid crystal was

higher than that of pure DPPC [11,18,19]. Khusainova et al.

[20] have found that the main transition temperature of

DNA+DPPC+Ca2+ aggregates depends on the molar ratio

DPPC/DNA. The morphology of the aggregates was

investigated using freeze fracture electron micrographs

[12,21,22]. Small-angle X-ray diffraction experiments have

shown the regular organization of DNA+neutral lipid+di-

valent cations aggregates and X-ray diffractograms indi-

cated two possible structures of aggregates: The sandwich

structure was observed in our previous work [13] in the

DNA/DPPC/Mg2+=1:1:5 base/mol/mol aggregate. In the

temperature range 20–60 -C, we measured the DPPC

repeat distance dDPPC ¨8.00–7.58 nm and the interhelical

DNA distance dDNA ¨6.35–6.02 nm. For DPPC/DNA=8:1

mol/base aggregates formed in presence of 1–100 mM

CaCl2 [23,24], it was observed the coexistence of two

lamellar phases: one with DNA strands intercalated in the

water layer between lipid bilayers with a repeat distance

¨8.0–7.4 nm (sandwich structure), and another with a

repeat distance ¨6.6–5.6 nm, identified as a phase formed

only by lipids bilayers. The coexistence of two lamellar

phases in the structure of DNA+DOPC+Mn2+ aggregates

was reported by Francescangeli et al. [25] as well. Koltover

et al. [26] discovered the ability of divalent cations to

induce a sharp condensation of DNA when the strands are

trapped between cationic lipid bilayers. These experimental

results indicate the ability of divalent cations to compact

DNA into structures with morphologies similar to those

observed for DNA–lipid–cationic surfactant aggregates.

The ability of these ‘‘metallonucleoliposome’’ aggregates to

serve as vehicles for gene delivery to mammalian cells in

vitro as well as in vivo was demonstrated by the group of

Zhdanov [27–29].

In the present paper, we study the structure of aggregates

due to the interaction of DNA with DOPC vesicles in

presence of the divalent cations Ca2+ and Mg2+ using

synchrotron small-angle X-ray diffraction. Diffractograms

of aggregates show the coexistence of two lamellar phases.

We intend to clarify the structural organization of these

phases by changing the molar ratios of components and the

length of DNA fragments in the aggregates. We investigate

the structural parameters of the two observed phases when

the aggregates are formed in solutions of metal cations in

the concentration range 0–76.5 mM, at DNA/DOPC=1:1
base/mol, and their thermal behaviour in the range 20–80

-C. The analysis of the changes of the width of Bragg

diffraction peaks indicates that ¨20 mM CaCl2 provide an

optimal binding between the DNA polyanion and DOPC

bilayers in DNA/DOPC=1:1 base/mol aggregates. A set of

samples prepared with different lengths of DNA fragments

in 20 mM CaCl2 indicates an effect of these lengths on the

volume fraction of each phase. The effects due to the

amount of lipid were followed by changing the molar ratio

DOPC/DNA�10:1 for aggregates prepared in 20 mM

CaCl2.
2. Materials and methods

2.1. Sample preparation

Highly polymerized calf thymus DNA (Sigma Chem-

icals Co., USA) was dissolved in 0.5 mM HEPES buffer,

pH ¨7, at concentration 2 mg/ml. The 8-ml volume of

this solution was sonicated under nitrogen and in an ice

bath using a 20-kHz titanium probe-type sonicator

(Chirana, Piext’any, Slovakia) in 60 s pulses and 120 s

delay. After 200 s of sonication time, 3 ml of solution

was taken away and the rest of sample was sonicated up

to 20 min. The procedure was repeated 4 times and the

same volumes of solutions were taken away after 400,

600, 800 and 1000 s of sonication time in order to obtain

fragments of DNA with different lengths. The last volume

of the DNA solution was sonicated for 60 min. The

portions of DNA sonicated 20 min were mixed together

and used for the preparation of two sets of samples (see

below). The purity and nativity of DNA after sonication

were checked by measuring the absorbance Ak at k =260
and 280 nm. We have obtained A260/A280=1.8 and a

change of 31% of the value of A260 before and after DNA

denaturation.

The length of short DNA fragments was determined by

electrophoretic mobility using the 3.5% polyacrylamide gel

which gives an effective range for the separation of DNA

fragments up to 2000 bp [30]. The electrophoretic trace of

DNA fragments after 20 min sonication was observed above

traces of xylene cyanol, marker with which DNA of ¨460

bp comigrates. Electrophoretic mobility of DNA sonicated

60 min was slightly lower than bromophenol blue marker,

used for detection of DNA ¨100 bp fragment length in this

gel.

Most of the samples were prepared using the solution

with DNA sonicated 20 min. The length of its fragments

was determined from the average molecular weight M

estimated by the intrinsic viscosity g of the DNA solution

using the relation g =1.45�10�6 M1.12 [31]. The value of

the intrinsic viscosity was determined by a linear extrap-

olation to zero of the dependence on concentration of the

partial viscosity. The partial viscosities were measured using

a rotation viscosimeter AB-1 (Special Construction Bureau
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of Biological Instrumentation, Russian Academy of Scien-

ces, Pushchino, Russia) at concentrations between 0.1 and

1.5 mg/ml. By using this method, we determined the length

of fragments ¨600 bp in the solution of DNA sonicated

20 min.

Dioleoylphosphatidylcholine (DOPC, Avanti Polar Lip-

ids, USA) at concentration 32 mg/ml was dispersed in a

solution of 20 mM CaCl2 or MgCl2 dissolved in HEPES.

The 0.5-mM HEPES buffer was used for the preparation of

all solutions. The dispersion was vortexed and homogenized

in an ultrasound bath and by at least threefold freezing–

thawing process to obtain a homogeneous distribution of

positive charge between lipid multilayers. A slightly

opalescent dispersion of giant unilamellar vesicles was

obtained (see Akashi et al. [16]).

Three following sets of samples were prepared: samples

at molar ratio DNA/DOPC=1:1 base/mol in 20 mM CaCl2
(DNA/DOPC/Ca2+=1:1:4 base/mol/mol) with DNA frag-

ments of diverse lengths; samples at molar ratio DNA/

DOPC=1:1 base/mol and concentration of cations in the

range 0–76.5 mM, and samples with increasing concen-

tration of lipid in the range DNA/DOPC�1:10 base/mol in

20 mM CaCl2 solution. The last two sets of samples were

prepared with DNA of ¨600 bp fragments (20 min

sonicated DNA).

The samples were prepared in the following way: the

DNA solution and the DOPC dispersion were mixed at

appropriate volume ratios to obtain the required molar ratio

of DNA/DOPC. The concentration of lipid (4 mg/ml) was

kept constant in each sample. The concentrated solution of

cation2+ or 0.5 mM HEPES (or both) were added setting

the required cation2+ concentration. The samples were

vortexed for a short time; a few minutes after the

preparation, a sediment is formed in the sample. The

supernatant was gently removed by a Pasteur pipette and

the sediment was placed between two Kapton foils

(Dupont, France), which constitute the windows of the

sample holder for X-ray diffraction. DOPC at concentration

32 mg/ml dispersed in the HEPES buffer was used for the

preparation of samples of DOPC or DNA/DOPC=1:1

base/mol without any cations. Each sample was let at rest

at least 30 min before to be transferred to the sample

holder.

2.2. X-ray diffraction

Small- (SAXD) and wide-angle (WAXD) synchrotron

radiation diffraction experiments were performed at the soft-

condensed matter beam line A2 at HASYLAB at the

Deutsches Elektronen Synchrotron (DESY) in Hamburg

(Germany), using a monochromatic radiation of wavelength

k =0.15 nm. The evacuated double-focusing camera was

equipped with two linear delay line readout detectors. The

SAXD detector was calibrated using silver behenate [32]

and the WAXD detector by tripalmitin [33,34]. The sample

was equilibrated at each selected temperature for 5 min
before exposure to radiation. Temperature scans were

performed at a scan rate 1 -C/min and the diffractograms

were recorded for 10 s every minute. Data reduction and

normalization were done with the programs STAFO and

OTOKO ([35,36] and references therein). Each diffraction

peak of SAXD region was fitted with a Lorentzian I = f(s)

above a linear background. The Lorentzian is defined by

I ¼ In

1þ S�Sn
DSn

� �2
ð1Þ

where sn (n =1, 2. . .) are the position of maxima, intensity

In, the integral intensity Intn and Dsn the half-widths of the

peak at half maximum. These parameters were determined

using a non-linear least squares fitting program. All the

measured WAXD patterns (not shown) exhibit one wide

diffuse scattering peak characteristic of liquid-like carbon

chains of phospholipid in the whole studied temperature

range.
3. Results

3.1. DOPC multilamellar structure, effect of temperature

To study the structure of DNA+DOPC+cations2+, it is

necessary to know the structural parameters of the pure

DOPC bilayer. DOPC in excess of aqueous phase forms a

one-dimensional multilamellar La phase with the repeat

distance d ¨6 nm [37]. We observed two reflections in the

SAXD pattern of DOPC at full hydration (Fig. 1a) with the

repeat distance d =6.24T0.01 nm at 20 -C. The repeat

distance d is the sum

d ¼ ds þ dw ð2Þ

where ds is the steric thickness of the lipid bilayer and dw is

the thickness of the water layer between bilayers; ds
includes molecules of water localized in the headgroup

region of the lipid bilayer. The volume of water between

two phospholipid molecules of adjacent bilayers is equal to

the interbilayer separation (dw) times the area per lipid

molecule Al. For zwitterionic lipids, the thickness dw is the

result of a balance between repulsive interbilayer interac-

tions (steric, hydration and fluctuations) and attractive van

der Waals forces [37]. From the thermodynamical point of

view, lipids prepared in an excess of water are a two phase

system, where the second phase is the bulk water. Not all the

water that is added to the lipid is located between stacks of

bilayers with uniform spacing and so there is a problem to

determine the thickness ds and the amount of water between

opposite lipids bilayers as expressed in Eq. (2) [38,39].

The number of observed diffraction peaks of unor-

iented structures is reduced by the Lorentz factor, which

decays as 1/s2. Fully hydrated lipid bilayers in the La

phase show usually two, and at most three SAXD

reflections, partly because of the large molecular and



Fig. 1. SAXD patterns of DOPC multilamellar vesicles (a) and DOPC/

DNA=1:1 mol /base aggregates at 20 -C prepared in: (b) 0 mM MgCl2 or

CaCl2; (c) 2.5 mM MgCl2; (d) 12.75 mM CaCl2; (e) 51 mM MgCl2
solution.

Fig. 2. (A) Temperature dependence of the repeat distance d (in nm) of

multilamellar DOPC vesicles; (B) the first order Ds1 and the second order

Ds2 Bragg reflection widths of DOPC; inset: the ratio Ds2/Ds1.
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bilayer fluctuations which induce disorder and reduce the

intensities of higher order reflections [37]. The electron

density profiles calculated by using 2–3 orders of

diffraction are not sufficiently accurate to determine the

steric thickness of lipid bilayers. The problem of determi-

nation of the thickness of the lipid bilayer and of the area

per lipid molecule of fully hydrated La bilayers was

analysed in [37], where different methods are reviewed.

In the present work we have used the values ds=4.69T0.01
nm and Al =0.682T0.005 nm2 determined by SANS on

unilamellar vesicles at 20 -C in our previous work [40].
These values are in good agreement with ds=4.67T0.22
nm and Al =0.687T0.024 nm2 determined by SANS on

DOPC unilamellar vesicles at 30 -C [41], and also with

ds=4.53 nm and Al =0.722 nm2 at 30 -C reported in the

SAXD work [37,39]. The thickness of the aqueous layer

calculated as dw=d�ds ¨ 1.24 nm is the so-called steric

water thickness [37] that separates lipid bilayers. The dw
value depends not only on temperature but may depend as

well on the method of preparation and history of the sample

because multilamellar vesicles in a random dispersion are

certainly polydisperse. The swelling of such structures due

to temperature changes might be non-uniform.

In the range 20–80 -C, the repeat distance of the DOPC
bilayer stacking increases with temperature (Fig. 2A). The

transversal thermal expansion coefficient at constant pres-

sure p determined from

a ¼ 1

d

fld

flT

��
p

ð3Þ

where T is the absolute temperature, is obtained by a linear

least square fitting of the data in the range 20–60 -C
(Table 1). In the fluid lamellar La phase, a temperature

increase induces an increase of the population of gauche

conformers in lipid acyl chains accompanied by the lateral

expansion of the bilayer, what is manifested by a decrease of

the lipid thickness [42,43]. It enhances also fluctuations of

the lipid bilayer which are accompanied by a diffusion of

water molecules from the bulk water phase in between lipid



Table 1

Repeat distances at 20 -C (d20) and transversal thermal expansion coefficients (a) of the Lx and LDOPC phases of DNA+DOPC+Ca2+ aggregates

DNA:DOPC base/mol Ca2+ mM t (-C) Lx phase LDOPC phase

d20 (nm) 105a (K�1) d20 (nm) 105a (K�1)

0:1 0 20–60 6.24T0.01 100T2

1:1 0 20–80 7.78T0.01 �75T3 6.45T0.06 �43T4

1:1 12.75 20–80 7.44T0.01 �83T1 6.05T0.01 –

1:1a 12.75 20 7.57T0.01 – 6.29T0.01 –

1:1 51 20–55 7.39T0.09 �46T4 5.75T0.01 �54T5

1:1 51 56–80 �85T4 �54T5

1:1b 20 20–80 7.46T0.01 �83T1 6.00T0.01 �31T2
a Data determined after heating scan.
b DNA highly polymerized.
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bilayers, thus an increase of dw [44]. The one of these two

processes that prevails determines the direction of the

change in the lipid repeat distance.

Fully hydrated lipid bilayers are characterized by a wide

array of fluctuations resulting in changes in the intensity,

width and number of observable diffraction reflections as

reviewed in [37]. Molecular disorder and fluctuations give

rise to the so-called short-range fluctuations which are

intrinsic to single lipid bilayer. They correspond to disorder

within a unit cell in a stack of repeat units. Long-range

fluctuations are fluctuations in the relative positions of the

unit cells. This disorder is a consequence of undulations of

bilayers, induced by temperature and enhanced by changes

of the bilayer bending modulus. Both kinds of fluctuations

change the shape of the peaks from the ideal delta function

by removing intensity from the central scattering peak and

spreading it into tails of diffuse scattering centred at the

peak positions. The importance of such smearing intensity

is larger at high diffraction orders [37,44,45]. In the present

paper, we have observed a broadening of the first and

second order diffraction peaks of DOPC when temperature

increases (Fig. 2B). The width of the second order Bragg

peak Ds2 and the ratio of the widths of second and first

Bragg diffraction peaks Ds2/Ds1 increase nonlinearly with

temperature (Fig. 2B, inset). This is an evidence that the

disorder induced by undulations increases at higher

temperature.

3.2. DOPC multilamellar structure in presence of DNA

The diffraction pattern of DOPC multilamellar mixture

changes when DNA is added, even in absence of metal

cations (Fig. 1b). The diffractograms were identified as a

superposition of two one-dimensional periodic structures.

The reflections L(1)DOPC and L(2)DOPC with the position of

the first order maximum s =0.162 nm�1, close to the position

of the first order maximum of multilamellar DOPC structure

(s =0.160 nm�1), were identified as reflections due to the

DOPC bilayer stacking (LDOPC). The reflections L(1)x and

L(2)x were identified as two reflections of another lamellar

phase (Lx). There are two possible interpretations of phase

Lx: (a) another lamellar DOPC phase resulting from the non-
homogeneity of the sample, or (b) DOPC bilayers with DNA

polyanions intercalated in water layers between the bilayers.

The positions of the maxima were determined by fitting

the experimental points by a superposition of two

Lorentzians above a linear background as depicted in Fig.

1b. The repeat distances of both phases, determined from

d =1 / (s2� s1), are dLx= 7.78T0.01 nm and dDOPC=

6.45T0.06 nm at 20 -C. We did not find any information

in the literature about the effects of DNA polyanion on the

lipid bilayer thickness without presence of other additives.

Consequently, we suppose that the DOPC bilayer thickness

does not change. By subtracting the thickness of lipid

bilayer ds=4.69T0.01 nm, we obtained the interbilayer

distances of the two phases: dwLx=3.09T0.02 nm and

dwDOPC=1.76T0.07 nm. The repeat distance dLx and the

corresponding interbilayer distance are too large for

bilayers formed by a zwitterionic lipid like DOPC.

Interbilayer distances of these dimensions (¨2–3 nm)

were observed only with charged bilayers [46]. However,

considering the transverse dimension of hydrated DNA

(diameter 2.4 nm [6]), we see that it can easily fit between

the lipid bilayers. Its presence could even further increase

dw because of the electrostatic repulsion between phosphate

fragments of the lipid and DNA.

The positions of reflections and their intensities change

with increasing temperature, but both lamellar phases are

present in the whole studied temperature range 20–80 -C.
The transversal thermal expansivities of both phases,

determined in the range 20–80 -C according to Eq. (3),

are reported in Table 1. Large differences in transversal

thermal expansivities of both phases (aLx=�(75T3) 10�5

K�1 and aDOPC=�(43T4) 10�5 K�1) confirm that the

diffractogram in Fig. 1b represents two lamellar phases of

different compositions. Francescangeli et al. [25] did not

observe any changes in the DOPC diffractogram when

DNA was added to the DOPC multilamellar vesicles.

However, the interaction of DNA with lipid bilayers, even

in absence of cationic surfactants or metal cations was

observed in calorimetric experiments [11,18,19,47]. In our

previous work [48], we did not observe any change in

diffractograms of dilauroylphosphatidylcholine (DLPC) in

presence of DNA, but there were changes in the trans-



Fig. 3. (A) Dependences of the Lx and LDOPC repeat distances on the

cation2+ concentration in DOPC+DNA+Ca2+ (.,o) and DOPC+D-

NA+Mg2+ (0,>) aggregates at DOPC/DNA=1:1 mol/base and 20 -C.

(B) Dependence of the number of water molecules per DOPC molecule on

the cation2+ concentration of LDOPC phase in DOPC+DNA+cation2+

aggregates (o—Ca2+; >—Mg2+).
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versal thermal expansion of DLPC bilayer in presence of

DNA.

3.3. DOPC multilamellar structure in presence of DNA and

divalent cations

We observed significant changes in the diffraction pattern

of DNA+DOPC mixture already at very low concentrations

of divalent ions Mg2+ or Ca2+ as illustrated by diffracto-

grams of DNA/DOPC=1:1 base/mol aggregates prepared in

2.5 mM Mg2+ (Fig. 1c) and also in 12.75 mM Ca2+ (Fig.

1d). The aggregates formed in presence of Ca2+ ions show

diffractograms similar to those of aggregates created in

presence of Mg2+: 2–4 reflections of Lx phase and 2

reflections of LDOPC phase. Occasionally, we identified a

third-order reflection of LDOPC phase. The number of

reflections, their intensities and widths for both phases

depend on the concentration of divalent ions in the sample,

as documented below. In contrast, within the studied

temperature range, we did not observe any reflection due

to DNA. The SAXD diffractograms are similar for samples

prepared about 30 min before exposition to X-ray or 10 days

old, the only difference being a slightly higher Ds in freshly

prepared samples.

The repeat distances of Lx and LDOPC phases determined

from d=1/(s2� s1), as a function of the cation concentration

are shown in Fig 3. The dependence of the repeat distance

dLx with ion concentration is slightly different for Ca2+ and

Mg2+ ions. Increasing amounts of Ca2+, induce a decrease of

dLx, steep at low concentrations (by 0.34 nm at 12.75 mM

Ca2+) and smoother subsequently. The uncertainty of dLx
due to the analysis of the data is 0.03 nm.

The behaviour of dLx is the same for samples containing

Mg2+ up to 40.8 mM, then it increases as well as the

uncertainty about the position of the second reflection, due

to low resolution, as one can see on the diffractogram of

DNA/DOPC=1:1 base/mol aggregate prepared in a 51 mM

solution of Mg2+ (Fig. 1e).

The behaviour of phase Lx with ion concentration

depicted in Fig. 3 differs from the behaviour of pure

phospholipids in presence of divalent cations. Significant

changes in the SAX diffraction pattern of neutral

phospholipid bilayers with Ca2+ and Mg2+ have been

documented in [14] and [15]: the addition of 1 mM

CaCl2 destroys the lamellar structure of neutral phospha-

tidylcholines and makes it to swell into excess water. The

lamellar phase reappears when the concentration of CaCl2
further increases. A partially disordered lamellar phase

with the repeat distance 15–20 nm appears at about 10

mM, and d ¨9–10 nm at 100 mM. Akashi et al. [16]

have shown that 1–30 mM solution of Ca2+ or Mg2+

promotes the formation of giant unilamellar vesicles. At

concentration above 50 mM, the population of vesicles

decreases.

Our experimental data can be explained by the following

model of the Lx phase: DNA intercalates in water layers
between lipid bilayers (so-called sandwich structure) and

the binding between lipid bilayers and DNA polyanion is

mediated by divalent cations. As reported in [49,50], the

binding site for cations is near the negative phosphate

group of the P�–N+ dipole of phospholipid headgroup.

The observed decrease of dLx spacing compared to

DOPC+DNA samples without cations is then a result of

the electrostatic screening of repulsion between phosphate

fragments of DOPC and DNA by metal ions. Tatulian et al.

([15] and references therein) did not observe any changes

of bilayer thickness of DPPC upon changing the concen-

tration of CaCl2 within an accuracy T0.2 nm. Assuming the

same for DOPC, we get the interbilayer distance

dwLx =dLx�ds ¨2.9 nm. This value of dwLx offers enough

space for the intercalation of DNA strands with diameter

2.4 nm and hydrated divalent metal ions. Furthermore, the

repeat distance dLx ¨7.4–7.5 nm observed in the middle of

Ca2+ concentration range is in accord with the value of

d =7.67T0.05 nm determined for lipid bilayer spacing in

DNA+DPPC+Mg2+ aggregates in the liquid crystalline

phase of DPPC reported in our previous work [13].

McManus et al. [24] studied DNA+DPPC+Ca2+ aggre-

gates at Ca2+ concentrations of 1–100 mM and found the

repeat distance in the range ¨7.35–7.65 nm in the fluid

phase.



Fig. 4. (A) Dependence of the first order Bragg reflections widths of Lx (o)

and LDOPC (.) phase; (B) the ratio of the widths of second and first

reflections Ds2/Ds1 of Lx (o) and LDOPC (.) phase on the Ca2+

concentration in DOPC/DNA=1:1 mol/base aggregates at 20 -C.
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The repeat distance of LDOPC phase decreases non-

linearly in the same way for both Ca2+ and Mg2+ in the

whole studied concentration range, starting at 6.45T0.06
nm at zero cation concentration and reaching 5.65T0.01 nm

at 76.5 mM of Mg2+ (shown in Fig. 3). Supposing no

changes of the DOPC bilayer thickness, the observed repeat

distance decrease probably results from the decrease of the

thickness of the water layer (DdwDOPC;DdDOPC). The

changes in the hydration of the bilayer can be expressed by

the number of water molecules per DOPC molecule. As

mentioned above, water molecules are localized inside the

polar part of the bilayer (nw) and also in the space between

opposite bilayers (nwV). Tristram-Nagle et al. [39] determined

the volume of the DOPC molecule at 30 -C, V30 -C=

1.3033 nm3, and the thermal volume expansion coefficient

b =0.0008 K� 1. Applying these data, we calculated the

volume of the DOPC molecule at 20 -C, V20 -C=1.2929

nm3. From ds and Al, the number of water molecules per

DOPC localized inside the polar parts of the bilayer is

nw=((dsAl/2)�V20 -C)/Vw, where Vw=0.02997 nm3 is the

molecular volume of water at 20 -C. We obtained

nw=10.2T0.5 molecules of water per DOPC, in accord

with nw=11 determined in [39] at 30 -C. The steric

thickness of water layers is dw=dDOPC�ds=1.76T0.07
nm at zero cation concentration. Then, the number of

water molecules per DOPC (nwV) localized between

adjacent lipid bilayers is nwV=Aldw/(2.Vw)=20T1. We

found that at zero concentration of cations the total

number of water molecules per DOPC molecule at 20 -C
is nw+nwV=30.2T1.5. This value is close to nw+nwV=32.5
determined at 30 -C in [39]. The decrease in hydration of

DOPC with increasing concentration of cations is depicted in

Fig. 3B. The largest change of the repeat distance, DdDOPC=

0.80T0.07 nm at 76.5 mM Mg2+, corresponds to a

removal of ¨9T1 water molecules per DOPC from the

interbilayer space. Two steps of the hydration process of

phosphatidylcholine bilayers in the liquid crystalline phase

are known: approximately 10–12 molecules of water per

molecule of lipid tightly bind to the lipid head group (nw)

and this hydration is accompanied by a dramatic decrease

of the thickness of the lipid bilayer and an increase of the

area per molecule (so-called inner water). Further water

molecules (nwV ¨12–22) are located in the fluid space

between adjacent bilayers [39,51,52]. This ‘‘outer waters’’

are much more weakly bound and it requires a small

fraction of thermal energy (about 0.1 kJ/mol) to remove an

outer water molecule in comparison with over 4 kJ/mol

needed to remove inner water [53]. Our analysis indicates

a dehydration of the outer water layer of DOPC in

DNA+DOPC+cation2+ aggregates.

The existence of a phosphatidylcholine phase with

limited hydration in samples prepared in excess of water

is rather surprising. We have devoted more attention to the

analysis of the diffractograms to obtain more information

about DNA+DOPC+cation2+ aggregates characterized by

the coexistence of two phases.
When the interbilayer spacing exceeds 1 to 2 nm, the

thermally induced undulations or fluctuations of the lipid

bilayer are not negligible because of changes in the bilayer

bending modulus or in the curvature elastic modulus [44].

These long-range fluctuations and also short-range fluctua-

tions affect the widths of Bragg diffraction peaks (see Fig.

2B). We investigated how much the widths of Bragg

diffraction peaks depend on the presence of metal cations.

The dependence of the widths of the first reflections

Ds1Lx and Ds1DOPC on the concentration of Ca2+ ions is

shown in Fig. 4A. The width of Ds1Lx depends on the ion

concentration quasi-parabolically with a minimum at ¨20

mM Ca2+ (Fig. 4A, empty circles). The width Ds2Lx of the

second peak of Lx phase shows qualitatively a similar

dependence (not shown). At zero concentration of metal

cations, the electrostatic repulsion between the phosphate

fragments of DOPC polar groups and DNA polyanion

induces a fluctuation of bilayers which explains the width of

the diffraction peaks. The width Ds1Lx decreases with

increasing concentration of Ca2+ ions up to ¨20 mM.

Divalent cations stabilize the bilayer fluctuations by electro-

static screening of the repulsion between DNA and lipid,

yielding the narrowing of the peaks. Further increase of

Ca2+ concentration in the interlamellar space induces a

positive surface charge on adjacent bilayers and enhances



Fig. 5. SAXD patterns of DOPC/DNA=1:1 mol/base aggregates in 12.75

mM Ca2+ at (a) 20 -C; (b) 75 -C; (c) 90 -C; (d) 20 -C and (e) DOPC/

DNA=1:1mol/base aggregate in 51 mM Ca2+ at 75 -C.
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fluctuations, manifested by the increase of Ds1Lx at �30.6

mM Ca2+. An evidence of this positional disorder induced

by the increase of ion concentration is also documented in

Fig. 4B. The ratio of the widths of the second and first

diffraction peaks Ds2Lx/Ds1Lx strongly increases. On the

other hand, the width of the first reflection of LDOPC phase,

Ds1DOPC, decreases nonlinearly in the whole studied

concentration range (Fig. 4A, full circles). The ratio

Ds2DOPC/Ds1DOPC also decreases with increasing concen-

tration of Ca2+ ions (Fig. 4B) what reflects a reduction in

fluctuations of DOPC bilayers as a result of dehydration of

interlamellar space (Fig. 3). The intensities of the first

reflections and the total integral intensities (sum of integral

intensities of the first and second reflection) for both phases

Lx and LDOPC display also a quasi-parabolic dependence on

the concentration of Ca2+ ions with a maximum at ¨20 mM

Ca2+ (not shown). Our experimental results thus indicate

that 20 mM Ca2+ is the optimal concentration of cations for

screening electrostatic repulsion between DNA polyanion

and DOPC bilayers in DNA/DOPC=1:1 base/mol aggre-

gates. Aggregates prepared at lower concentrations of Ca2+

show an increase of lipid bilayers fluctuations because of

insufficient screening of negative charges. Too high

concentrations of Ca2+ (�30.6 mM) induce additional

fluctuations because of an excess of positive charge between

lipid bilayers.

We have observed similar dependences for aggregates

created in presence of Mg2+ ions, except that the minimum

of the width Ds1Lx was shifted to ¨10 mM Mg2+.

3.4. Temperature behaviour of DNA+DOPC+Ca2+

aggregates

We studied the thermal stability of aggregates in the

temperature range 20–80 -C at two concentrations: 12.75

and 51 mM Ca2+. The SAXD patterns were measured

during the heating scans.

Diffractograms of the DNA/DOPC=1:1 base/mol aggre-

gate in 12.75 mM Ca2+ at 20, 75 and 90 -C are shown in

Fig. 5a–c. The diffraction pattern change with temperature:

the intensity of the first order reflection of the LDOPC phase

decreases (Fig. 5b), the second order diffraction peak of

LDOPC phase becomes broader at 75 -C, but the aggregate

still keeps its organization. After the scan, the sample was

heated to 90 -C and equilibrated for 20 min. The diffracto-

gram is shown in Fig. 5c. Broad diffraction peaks are

superimposed to a diffuse scattering and the second order

diffraction peaks are totally absent. After this heating

procedure, the sample was slowly cooled and was again

exposed 8 h later (Fig. 5d). As it follows from Fig. 5d, the

aggregate exhibits high temperature stability, though some

hysteresis is observed. The widths of first order reflections

of both phases increase by ¨50%. Repeat distances are

given in Table 1.

The bilayer spacing dLx decreases in the studied temper-

ature range (Fig. 6A). From these data, we determined the
transversal thermal expansion coefficient aLx=�(83T1)
10�5 K�1 (Table 1). The change of the repeat distance,

DdLx=dL20�dL80=0.37T0.02 nm, where dL20 and dL80 are

the repeat distances of Lx phase at 20 and 80 -C,
respectively, is similar to the value observed for DNA+

DOPC, DdLx=dL20�dL80=0.33T0.02 nm. We observed a

slight decrease of the width of the first order reflection

Ds1Lx when temperature increases; the ratio of the widths of

the second and first reflections Ds2Lx/Ds1Lx increases only

slightly with temperature (Fig. 6C, empty circles). Compar-

ing the ratio Ds2Lx/Ds1Lx of Lx phase of DNA+

DOPC+Ca2+ aggregates with that obtained for pure DOPC

bilayer stacking (Fig. 2), it is evident that the thermally

induced long-range fluctuations observed in pure DOPC are

damped by the DNA intercalated between bilayers. The

observed decrease of the repeat distance DdLx=0.37 nm

indicates that the temperature-induced decrease of the



Fig. 6. (A) Temperature dependence of the repeat distance (in nm) of Lx

(o, >) and LDOPC (., 0) phases DNA/DOPC=1:1 base/mol aggregate in

12.75 mM Ca2+ (o, .) and 51 mM Ca2+ (>, 0); (B) the ratio of the widths

of second and first reflections Ds2/Ds1 of LDOPC phase of aggregates in

12.75 mM (.) and 51 mM (0) Ca2+; (C) the ratio Ds2/Ds1 of L
x phase of

aggregates in 12.75 mM (o) and 51 mM (>) Ca2+.
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thickness of the lipid bilayer prevails against the diffusion of

water molecules from the bulk water phase in between lipid

bilayers. The same effect, i.e., the decrease of the repeat

distance and of the temperature-induced long-range fluctua-

tions in comparison with pure lipid multibilayers, was also

observed in the ternary system DNA+DLPC+cationic

gemini surfactant [48].

We have observed only minor changes of the repeat

distance of LDOPC phase in the temperature range 20–80 -C,
as shown in Fig. 6A (full circles). The mean value of the

repeat distance is dDOPC=6.25 nmwith a standard deviation T
0.01 nm, but a more accurate observation detects values out

of this range at the edges of the studied temperature range.

Such fluctuations prevent the evaluation of the transversal

thermal expansion coefficient with a satisfactory precision.

Also, the ratio of the widths of the second and the first order

reflection Ds2DOPC/Ds1DOPC (Fig. 6B, full circles) increases

with increasing temperature what characterizes the increase

of the long-range disorder of bilayers. This effect is more

pronounced at high temperature. Above 70 -C, the second

reflection was too broad and practically merged into the

diffuse scattering. Fluctuations of bilayers induced by

temperature probably allow water molecules to penetrate

between lipid bilayers. The consequent increase of the
thickness of water layers compensates the concomitant

decrease of the thickness of lipid bilayers.

With increasing concentration of ions, the level of

organization and the temperature stability of LDOPC phase

improve. A typical diffractogram of DNA+DOPC+Ca2+

aggregates in 51 mM Ca2+ at 75 -C is shown in Fig. 5e.

The transversal thermal expansion coefficient aDOPC =
�(54T0.5) 10�5 K�1 was calculated from a temperature

scan (Table 1). This value is smaller than that of pure

DOPC bilayers and of aggregates prepared at lower

concentrations of Ca2+ ions (see Table 1), indicating a

higher resistance of lipid bilayers against water diffusion

from the bulk aqueous phase. When we compare the

temperature dependence of the ratio Ds2DOPC/Ds1DOPC in

Fig. 6B (full squares) with that observed for aggregates

prepared at low concentrations of Ca2+ or without Ca2+

(Fig. 6B, full circles and Fig. 2B), the higher level of

organization of lipid bilayers is evident. As it was

mentioned above, the increase of temperature induces

bilayer undulations and changes of the bilayer bending

modulus (long-range disorder). The excellent temperature

stability of LDOPC phase and the damped temperature-

induced long-range fluctuations indicate that this phase is

partially dehydrated (see Fig. 3B).

The temperature behaviour of the Lx phase in aggregates

prepared in 51 mM Ca2+ is different. Two regions with

different transversal thermal expansions can be distinguished

in Fig. 6A (empty squares). While in the temperature range

20–55 -C we have found the transversal thermal expansion

coefficient a1Lx=�(46T4) 10�5 K�1, at t >55 -C, within the
experimental error, both dLx spacing and transversal thermal

expansion coefficient (a2Lx=�(85T4) 10�5 K�1) are the

same as in aggregates prepared at low ion concentration.

With increasing temperature, the ratio Ds2Lx/Ds1Lx is very

scattered (Fig. 6C—empty squares), what is in contrast with

the highly organized LDOPC phase in the same aggregates.

The concentration of Ca2+ cations in the interlamellar space

of the Lx phase is higher than that necessary for the

electrostatic screening of the repulsion between the DNA

polyanion and DOPC phosphate fragments. The excess of

Ca2+ creates a positive charge at the bilayer surface and gives

rise to fluctuations of bilayers (as indicated also in Fig. 4)

which are then enhanced by the temperature increase.

3.5. DNA+DOPC+Ca2+ aggregates, effect of DNA length

In order to obtain more detailed information about the

coexistence of phases Lx and LDOPC, we prepared aggre-

gates DNA/DOPC=1:1 base/mol in 20 mM CaCl2 with

DNA fragments of different lengths. Highly polymerized

DNAwas sonicated 0–3600 s as described in Materials and

methods. Using the sonication procedure, the mean length

of fragments was changed from approximately 12 kbp

(highly polymerized DNA) to ¨100 bp. All samples were

incubated 10 days at 5 -C before exposure. We observed

changes of the number of diffraction reflections, of their
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widths and intensities, but no changes of the positions of

reflections and number of phases. Aggregates formed with

highly polymerized DNA or by its long fragments (200–

400 s of sonication) have shown high quality diffractograms

with four reflections of Lx phase and 2–3 reflections of

LDOPC phase, what indicates a well-organized structure. A

typical diffractogram of an aggregate created with DNA

sonicated longer than 600 s shows the first and the second

order reflections of both Lx and LDOPC phase (see Fig. 1c–

e). The repeat distance dLx=7.45T0.02 nm of Lx phase is

the result of an average of seven diffractograms of

aggregates prepared with DNA fragments of different

length. The repeat distance of the LDOPC phase determined

in the same way is dDOPC=5.93T0.05 nm. Changes of the

intensities of diffraction peaks enable the calculation of the

fraction of Lx phase (XLx) as a function of the length of

DNA fragments (characterized by the sonication time). XLx

is calculated as the ratio between the total integral intensity

of Lx phase and the sum of the total integral intensities due

to both phases:

XLx ¼

P2

n¼1

IntLx;n

P2
n¼1

IntLx;n þ IntDOPC;n
� � ð4Þ

where Int is the integral intensity of the nth (n =1, 2) order

reflection, and indices Lx and DOPC indicate the Lx and

LDOPC phases, respectively. With increasing time of

sonication (decreasing length of DNA fragments), we

observed a decrease of the fraction of Lx phase as shown

in Fig. 7A. At the molar ratio DNA/DOPC=1:1 base/mol,
Fig. 7. (A) Dependence of the fraction XLx of L
x phase of DOPC/DNA=1:1

mol/base aggregates in 20 mM Ca2+ on the DNA fragments length

expressed as the time of sonication of highly polymerized DNA. (B) Ratio

of the widths of second and first order reflections Ds2/Ds1 of LDOPC phase.
practically all lipid is incorporated in the DNA+DOPC+

Ca2+ aggregates (see experimental results below). It is

known that cationic vesicles or surfactants bind to the DNA

polyanion in a cooperative manner [54]. The decrease of the

fraction of the Lx phase indicates that the binding affinity of

DNA for DOPC in presence of Ca2+ probably increases with

the length of the fragments. Conversely, the fraction of the

LDOPC phase, XDOPC=1�XLx, is larger when the DNA

fragments are shorter, in the range XDOPC ¨0.15–0.55 (not

shown). We found that these changes of the amount of each

phase are accompanied by changes in the degree of long-

range disorder of the LDOPC phase, monitored by the ratio

Ds2DOPC/Ds1DOPC ratio (Fig. 7B). With a larger fraction of

LDOPC phase in the aggregate, the disorder in the relative

positions of its unit cells decreases, indicating restrictions to

undulatory fluctuations.

3.6. DNA+DOPC+Ca2+ aggregates, effect of increasing

lipid concentration

We determined the concentration of DNA in the excess

water phase of the DNA/DOPC=1:1 base/mol aggregate in

20 mM CaCl2 in order to find out how much DNA is

trapped in the aggregate between the lipid lamellae. The

DNA concentration was determined spectrophotometrically

from the absorbance at 260 nm. We found that at least

¨20% of DNA was located in the sedimented aggregate.

Increasing the DOPC/DNA molar ratio, the portion of

bound DNA increases, as shown in Fig. 8.

It is known that supramolecular aggregates like vesicles,

micelles, etc. affect the background of UV-VIS spectra

because of the light scattered by them. This effect increases

with k� 4 and with the size of the aggregates. We did not

observe any changes in the background of the absorbance

dependence A= f(k) as long as DOPC/DNA < 6:1 mol/base.

At higher molar ratios, the contribution from light scattering

was eliminated numerically according to [55] with the aim

to determine the correct value of DNA absorbance. The high

portion of unbound DNA in the supernatant and the absence

of ‘‘unbound lipid’’ in the sample prepared at 20 mM Ca2+

motivated us to investigate structural changes of aggregates

with increasing DOPC/DNA molar ratio.

Samples were prepared in the range of molar ratios

DOPC/DNA�10:1 mol/base in 20 mM Ca2+. The diffracto-

grams show practically no changes in the position of

reflections (Fig. 9a–e) in the whole studied range of

DOPC/DNA molar ratios. The average values of repeat

distances of both phases are dLx=7.53T0.07 nm and

dDOPC=5.94T0.03 nm. The increase of lipid content in

the samples only slightly affected the width of the first

reflection of LDOPC phase, but we observed changes of the

intensity and a marked broadening of the first order

reflection of the Lx phase, as shown in Fig. 9a–e.

Total integral intensities of Lx and LDOPC phase were

used for the evaluation of the changes observed in

diffractograms. With increasing DOPC/DNA molar ratio,



Fig. 8. Dependence of the ratio c/c0 on the DOPC/DNA molar ratio (at 20

mM CaCl2), c0 is the DNA concentration before aggregate formation and c

is the DNA concentration in the sample supernatant after the aggregate

formation.
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the total integral intensities of both the Lx and LDOPC phases

show a quasi-parabolical pattern with a maximum at ¨5

molecules DOPC per DNA base (Fig. 9, inset). The ratio

DOPC/DNA=5:1 mol/base is in good agreement with the

observed 20% decrease in the DNA concentration in the

supernatant after formation of DOPC/DNA=1:1 mol/base

aggregate and probably indicates the optimal binding ratio

of DNA to DOPC molecules in presence of Ca2+ ions.

Kharakoz et al. [56] found the stoichiometry of binding

about 4.5–5 lipid molecules per nucleotide in DNA-DPPC

aggregates prepared in 22 mM CaCl2 in a temperature-

scanning ultrasonic study. Fig. 9 (inset) shows that the total

integral intensity of LDOPC phase displays the same quasi-

parabolic trend as in the Lx phase, indicating that the ratio

between the fractions of each phase, XDOPC/XLx ¨0.5, is

constant. Our samples were prepared at constant Ca2+

concentration 20 mM and the amount of DOPC (hydrated

with the solution of ions) in each sample was kept constant.

The amount of DNA in the sample decreases with

increasing DOPC/DNA molar ratio. The excess of lipid in

the samples, which is not incorporated in the aggregate,

forms unilamellar vesicles in presence of Ca2+ ions which

are located in the supernatant and, consequently, do not

affect the diffraction pattern of the aggregate.
Fig. 9. SAXD patterns of DOPC+DNA+Ca2+ aggregates at 20 -C

prepared in 20 mM CaCl2 and DOPC/DNA molar ratio: (a) 1:1; (b) 3:1;

(c) 5:1; (d) 8:1 and (e) 10:1; inset: the total integral intensities of Lx phase

(.) and LDOPC phase (o).
4. Discussion

DNA aggregates with cationic vesicles create a con-

densed fluid lamellar phase La
c where parallel DNA strands

are intercalated between lipid bilayers and packed in a one-

dimensional periodical lattice [6,48,57–59]. This organiza-

tion of DNA strands results in one broad reflection in SAX

region which usually has lower intensity in comparison with

the intensity of reflections due to lipid bilayer stacking. In

contrast, we did not observe any DNA reflection in our

diffractograms. In our previous work [13], we observed one

broad reflection identified as a diffraction peak from DNA
packing in a one-dimensional periodical lattice between

lipid bilayers in the DNA/DPPC/Mg2+=1:1:5 base/mol/mol

aggregate. The SAX diffraction pattern shows the sandwich

structure of the aggregate, and only one lipid phase was

observed. The lattice parameters dDNA=6.35T0.16 nm and

dDNA=6.12T0.07 nm in the gel and the liquid–crystalline

phase were determined at 28 and 53 -C, respectively. These
experiments indicate the ability of divalent cations to pack

DNA strands into an organized sandwich structure (La
c).

McManus et al. [24] reported the coexistence of two

lamellar phases in the structure of DNA+DPPC+Ca2+

aggregates formed in excess of the lipid phase (DPPC/

DNA=8:1 mol/base). They observed the diffraction peak

from DNA–DNA correlations at dDNA=5.14 nm in the

temperature range corresponding to the DPPC gel phases

(¨25 -C–40 -C). In the liquid–crystalline phase of DPPC,

the peak from DNA–DNA correlations was not observed.

These authors supposed that this peak was obscured or

masked by the peaks arising from the two lipid phases.

Another possible explanation of the absence of a DNA

reflection is a high topological disorder of DNA strands

placed between lipid bilayers. The absence of DNA

reflection in SAX region of diffractograms was also

reported [25] in the study of the structure of DOPC–

DNA–Mn2+ aggregates. These authors supposed that the
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higher mobility of the metal ions does not induce enough

constraints to allow the DNA chains to assume a regular

packing within the lipid bilayers. Because packing of DNA

strands in this phase is unclear, we use abbreviation Lx.

Our analysis of experimental data indicates the coex-

istence of both phases in one aggregate—we have not

observed any macroscopic separation in the sample sedi-

ment. We prepared a set of samples with DNA/DOPC=1:1

base/mol in 20 mM CaCl2, where the mixtures of D2O/H2O

were used as solvent, with a density that can be tuned

between 1 and 1.1 g/cm3. The density of the aggregate is

inside this range, because it floats on top of the most dense

and at the bottom of the least dense solvent. We did not

observe any macroscopic separation of the sample sediment,

even when the specific densities of the H2O/D2O mixtures

differed by only 4.3 10�3 g/cm3.

We have shown that 10 days incubation of aggregates or

heating over a wide temperature range does not induce

dramatic changes in the structural organization of aggre-

gates and the structure displays excellent stability. The

repeat distances and lipid bilayer fluctuations of both phases

reflect changes due to cation concentration, amount of lipid,

length of DNA fragments and temperature. The presence of

a partially dehydrated phase (LDOPC) in samples prepared in

excess of water indicates the coexistence of this phase in

osmotic equilibrium with a ‘‘polymer stressing solution’’. It

is known that DNA itself can be thought as an osmometer

[60,61]. We have found, that with increasing amounts of

lipid, the fraction of partially dehydrated DOPC phase

(LDOPC) is limited and depends on the portion of DNA in

the sample and also on the length of DNA fragments. The

obtained stoichiometry of binding of DOPC/DNA ¨5:1

mol/base in 20 mM Ca2+ is related to the total volume of

lipid in the sample, which is distributed into Lx and LDOPC

phase. The ratio of the fractions of each phase (XDOPC/XLx

¨0.5) indicates a distribution of DOPC molecules among

both phases. It was suggested that the presence of negatively

charged DNA between bilayers can induce a partial lateral

segregation of cationic surfactants in bilayers to minimize

the electrostatic energy of the whole system, i.e., lateral

‘‘demixing’’ in the plane of the bilayers can occur [62–64].

Such a demixing was observed experimentally in 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphorylcholine vesicles

containing various cationic surfactants and interacting with

polyadenylic acid [65]. MacDonald et al. [66] have shown

that adding polyelectrolytes to lipid bilayers consisting of

mixtures of oppositely charged and zwitterionic lipids

produces 2H NMR spectra which are superpositions of

two sub-spectra: one corresponding to a polyelectrolyte-

bound lipid population, and the other to a polyelectrolyte-

free population. Quantitative analysis of the two sub-spectra

indicates that the polyelectrolyte-bound population is

enriched with oppositely charged lipid, while the polyelec-

trolyte-free lipid population is correspondingly depleted.

These experiments were performed with cationic surfactants

which are ‘‘anchored’’ in the lipid bilayer as a result of
hydrophobic interactions between the hydrophobic core of

lipid bilayers and the alkyl chains of surfactants molecules.

The analysis of our data indicates a similar structural

organization of DNA–DOPC–cation2+ aggregates, despite

the higher mobility of divalent cations.
5. Conclusions

Two lamellar phases form in aggregates of DNA with

DOPC vesicles in presence of divalent cations (Ca2+, Mg2+).

One phase is a condensed lamellar phase with DNA strands

intercalated between lipid bilayers. The second lamellar

phase consists of pure DOPC bilayers, without any divalent

cations and DNA strands, and is partially dehydrated. The

fraction of the partially dehydrated phase depends on the

portion of DNA in the sample and also on the length of

DNA fragments. The coexistence of two phases in one

aggregate can be explained by a lateral segregation of DNA

and metal cations that minimizes the electrostatic energy of

the whole system.
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calorimetric studies of the interaction of DNA with unilamellar

phosphatidylcholine liposomes, Gen. Physiol. Biophys. 8 (1989)

399–406.
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