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Structure of self-assembled liposome-DNA-metal complexes

O. Francescangeli, V. Stanic, and L. Gobbi
Dipartimento di Fisica e Ingegneria dei Materiali e del Territorio and Istituto Nazionale per la Fisica della Materia,
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We have studied the structural and morphological properties of the triple complex dioleoyl phosphatidyl-
choline~DOPC!-DNA-Mn21 by means of synchrotron x-ray diffraction and freeze-fracture transmission elec-
tron microscopy. This complex is formed in a self-assembled manner when water solutions of neutral lipid,
DNA, and metal ions are mixed, which represents a striking example of supramolecular chemistry. The DNA
condensation in the complex is promoted by the metal cations that bind the polar heads of the lipid with the
negatively charged phosphate groups of DNA. The complex is rather heterogeneous with respect to size and
shape and exhibits the lamellar symmetry of theLa

c phase: the structure consists of an ordered multilamellar
assembly similar to that recently found in cationic liposome-DNA complexes, where the hydrated DNA helices
are sandwiched between the liposome bilayers. The experimental results show that, at equilibrium, globules of
the triple complex in theLa

c phase coexist with globules of multilamellar vesicles of DOPC in theLa phase,
the volume ratio of the two structures being dependent on the molar ratio of the three components DOPC,
DNA, and Mn21. These complexes are of potential interest for applications as synthetically based nonviral
carriers of DNA vectors for gene therapy.
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I. INTRODUCTION

Accurate characterization of the structure of biome
branes is a major interest of the biophysical community@1#.
This characterization includes the lipid bilayer that forms
basic matrix of the membrane as well as the intrinsic prote
which are responsible for most of the biochemical functio
ality of membranes. On the other hand, the elastic and ch
properties of the structurally well-defined DNA macromo
ecule have led to many important experimental studies
recent years@2#.

Liposomes ~L! are self-closed structures composed
curved lipid bilayers which entrap part of the solvent,
which they freely float, into the interior@3#. They may con-
sist of one or several concentric membranes and their
ranges from about 20 to several tenths nanometers. The
sociation between neutral liposomes and DNA has been
object of several investigations@4–6# over the past two de
cades. However, due to extreme weakness of the interact
the claimed formation of binary complexes do not seem
offer any practical application. On the contrary, cationic
posomes~CLs! complexed with DNA have been shown to b
promising nonviral delivery systems for gene therapy ap
cations@7–10#. This is because they are able to mimic c
tain characteristics of natural viruses in their ability to act
efficient chemical carriers of extracellular DNA across ou
cell membranes and nuclear membranes~transfection!
@11,12#. The use of nonviral rather than viral methods f
gene delivery has several advantages, including nonim
nicity and the potential for transferring and express
1063-651X/2003/67~1!/011904~11!/$20.00 67 0119
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~transfecting! large pieces of DNA into cells. The lowe
transfection efficiencies of nonviral delivery methods may
improved through insights into transfection-related mec
nisms at the molecular and self-assembled levels. For th
reasons, in recent years there has been a tremendous su
interest in elucidating the structures of CL-DNA complexe

The solution structure of CL-DNA complexes was prob
on length scale from subnanometer to micrometer by s
chrotron x-ray diffraction~XRD!, optical microscopy and
freeze-fracture electron microscopy~EM! @10,13–18#. Three
different types of ordered microscopic structures were id
tified. The first one, namely, the spaghettilike one, is a str
ture in which the DNA strand is covered by a cylindric
lipid bilayer @18,20#. In the honeycomblike columnar in
verted hexagonal phase,H i

c , the linear DNA molecules are
surrounded by lipid monolayers forming inverted cylindric
micelles arranged on a hexagonal lattice@16#. Finally, a mul-
tilamellar structure has been reported consisting of alter
ing lipid bilayers and DNA monolayers@9,13–15,19#. This
structure is formed in a self-assembled manner when mix
suspensions of CL with DNA. In addition to the enormo
interest of these latter complexes as efficient delivery s
tems in gene therapy, their structure also found interest as
experimental realization of a system of weakly interacti
quasi-two-dimensional~2D! smectic manifolds@21#. The na-
ture and the extent of the DNA ordering in the 2D laye
confined between the lipid bilayers of the complex, ha
been quantitatively studied@15# and the possible equilibrium
phases of stacked 2D smectic layers, dependent on the t
©2003 The American Physical Society04-1
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membrane lattice interactions, have been deeply investig
@17,22,23#.

Metal ions may have considerable effects on the struc
and conformational behavior of phospholipid bilayers. Ph
phatidilcholine head groups behave as sensors of the ele
static charge at the membrane surface@24#: for example, ions
induce conformational changes in the polar head group
gion in the liquid-crystallineLa phase@25,26#, reorder the
packing geometry of the saturated acyl chains in the rip
phase and enhance the appearance of the submain tran
@27#. The interaction between Li1 and the negatively charge
head groups of phospholipids can lead to the formation
high-melting ion-lipid complexes@28#, whereas Na1 and K1

only produce minor changes@29#. On the other hand, exper
mentally@30#, as well as theoretically@31#, it was shown that
monovalent cations cannot condense DNA.

Within the general scope of studying new biological m
terials of potential interest for gene delivery systems,
cently we have undertaken a systematic investigation of
interactions among neutral liposomes, DNA, and metal~Me!
cations in triple L-DNA-Men1 complexes@32#. These are
expected to be more stable than binary neutral L-DNA co
plexes @33,34# and to exhibit lower cytotoxicity than the
complexes with some kinds of CLs@35#. Evidence of the
formation of L-DNA-Me21 triple complexes was previousl
given by different techniques such as turbidimetry@36# and
Fourier transform–infrared spectroscopy@37#. The stoichi-
ometry and the stability constants of the complex with Mn21

ions have been determined by comparing data of eleme
analysis and electron spin resonance spectroscopy@36#. The
structural characterization of these ternary complexes is
sential in order to understand the role played by the m
cations in stabilizing the L-DNA interactions and therefore
the formation of supramolecular aggregates. Investiga
the formation of L-DNA-Me21 complexes should improve
our understanding of how the genetically active material
teracts with cells and hopefully will lead to improved tran
fection formulations. On the other hand, the correlation
gene carrier mechanism and transfection efficiency with
microscopic structure of the complex is a fascinating ch
lenge for the near future. To this purpose, complexes of
neutral multilamellar liposome of dioleoyl phosphatidylch
line ~DOPC! and DNA with different bivalent cations
(Mn21, Co21, Fe21, Mg21) have been prepared and studi
by means of synchrotron XRD. Even though evidence of
complex formation was found in all cases, we have prima
focused our structural analysis on the complex with Mn21

because it gave the best signal-to-noise ratio at the solu
concentrations used. Electron microscopy has been used
as complementary technique, to gain further information
the structure and morphology of the complexes. The res
reported clearly prove the formation of triple L-DNA-Me21

complexes that self-assemble when mixing water susp
sions of DOPC liposomes with DNA and metal ions. Bas
on the experimental data, a model is proposed for the st
ture of the complex, which consists of an ordered multi
mellar structure with DNA sandwiched between the lip
some bilayers and the Mn21 ions acting as a bridge amon
the phosphate groups of DNA and the DOPC headgrou
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These results show that Mn21 ions have the potency to bin
the negatively charged phosphate groups of phospholi
and suggest that neutral liposomes in the presence of biva
metal ions behave as cationic liposomes.

II. EXPERIMENT

A. Materials

DOPC, DNA from calf thymus~base pairs52675, contour
length'0.9 mm) and metal ions Mn21, Mg21, Co21, Fe21

as chloride were purchased from Fluka. Solutions of DN
DOPC and metal ions were prepared in 4-~2-
hydroxyl!piperazine-1-ethanesulphonic acid~HEPES! buffer
(20 mM , pH57.2). DOPC solutions were prepared evap
rating appropriate volumes of DOPC chloroform solution
a stream of nitrogen and then vacuum desiccated for 2 h in
order to remove traces of the solvent. Multilamellar vesic
~MLVs! were formed by hydrating the dry lipid in HEPE
solution and vortexed several times during the 4 h hydration
period. Appropriate aqueous concentrations of the three c
ponents have been used in the different experiments and
values are reported as specific experimental details. The
centration of DNA is reported as phosphate units. In
cases, the triple DOPC-DNA-Me21 complexes were pre
pared by adding the metal ion solution to the DOPC-DN
solution.

B. XRD measurements and data analysis

Preliminary XRD measurements were carried out
means of an in-house diffractometer equipped with
Bruker AXS general area detector diffraction system. Mon
chromatozed CuKa radiation was used (l51.54 Å).
DOPC solutions of 60 mM concentration were used for th
DOPC structure determination. Equal volumes of DOP
60 mM , DNA 80 mM and metal ion 120 mM solutions
were mixed and appropriate portions were used for the st
ture determination of the complex.

Simultaneous small- and wide-angle x-ray scatter
~SAXS and WAXS! measurements were carried out using t
8-keV branch (l51.54 Å) of the SAXS beamline at the syn
chrotron radiation source ELETTRA, Trieste, Italy@38#. The
beam size was reduced to 0.533 mm2 at the position of the
sample, and the distance sample detector was set at 1.2
The sample was held in a 1-mm-diameter quartz glass c
illary. Two one-dimensional position sensitive Gabriel-ty
delay-line detectors were used in order to cover simu
neously the SAXS and the WAXS regions. Theq interval
explored (q54p sinu/l, 2u being the scattering angle!
ranged between qmin52.2831023 Å21 and qmax
52.10 Å21. The resolution in the scattering plane was 2
31023 Å21 @full width at half maximum~FWHM!#. The
calibration of the scattering angle scale was performed w
silver-behenate powder for the SAXS and wi
p-bromobenzoic acid for the WAXS regime. Triple com
plexes DOPC-DNA-Me21 were studied using different com
ponent ratios, obtained by mixing equal volumes of solutio
of appropriate concentration of the free components pre
ously prepared. In particular, the range of investigated ra
for the complex with Mn21 is as follows: DOPC, 2 mM ;
4-2
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DNA, 2.67 mM ; Mn21, 0.67–16 mM . Measurements were
performed at room temperature after 2 min of incubation
the samples. In order to have good statistics, we chose
overall measuring time of 10 min. To avoid radiation dama
of the samples, the overall 10-min spectra were obtained
summing five independent 2-min measurements, each ta
on a fresh sample.

The raw scattering data were normalized against
incident-beam intensity using the signal of an ionizati
chamber mounted directly upstream of the sample. Patt
with empty sample holder and sample holder filled w
HEPES solution were measured for background subtracti
The scattering data were further corrected for the dete
efficiency. The best fit to the experimental profiles of t
diffraction peaks were obtained by means of Split-Pear
VII lineshapes, with model parameterm ~characterizing the
tail-decay! variable betweenm'1 ~basic Lorentzian! and
m'4 ~close to a modified Lorentzian!.

The electron-density profile,Dr, along the normal to the
bilayers,z, was calculated as a Fourier sum

Dr5
r~z!2^r&

@^r2~z!&2^r&2#1/2
5(

l 51

N

FlcosS 2p l
z

dD , ~1!

wherer(z) is the electron density,^r& its average value,N is
the highest order of the fundamental reflection observed
the XRD pattern,Fl is the form factor for the (00l ) reflec-
tion, d is the thickness of the repeating unit~including one
lipid bilayer and one water layer!, and the origin of thez axis
is chosen in the middle of the lipid bilayer. The form fact
Fl was calculated from the integrated intensity of thel th
order peakI l by means of Eq.~2!,

I l5sl uFl u2/ql
2 , ~2!

FIG. 1. XRD pattern of DOPC at 4.2% weight in HEPES so
tion. The inset shows the WAXS region of the spectrum. The m
surement was carried out by means of the in-house diffractom
The continuous lines are the best fit to the experimental data (s).
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where 1/ql
2 is the usual Lorentz factor for unoriented samp

(ql52p l /d) and the additional correction factorsl takes into
account the effects of the liquid crystalline nature of the m
tilamellar structure according to the modified-Caille´ theory
@1,39#. Equation~2! determines the form factors except fo
the phase factor which must be61 for symmetric bilayers.
The phase problem was solved by means of a pattern re
nition approach based on the histogram of the electr
density map@40#, and the results were found to be in agre
ment with those obtained with different approaches@41,42#.

C. Freeze-fracture electron microscopy

In the transmission electron microscopy measurement
portion of DOPC 24-mM solution was used for the simpl
DOPC analysis, while samples of a mixture of equal v

-
er.

FIG. 2. Synchrotron XRD patterns of:~a! DOPC; ~b! DOPC-
DNA at 3:4 molar ratio;~c! DOPC-Mn21 at 3:24 molar ratio. In all
cases the DOPC weight in HEPES solution is 0.14%. The cont
ous lines are the best fit to the experimental data (s).
4-3
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FIG. 3. Freeze-fracture EM micrographs of DOPC liposomes.
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umes of DOPC 24 mM , DNA 32 mM and Mn2148 mM ,
were prepared and used for the morphological analysis of
complex. To this mixture, 26% of glycerol was then added
increase the viscosity of the overall solution. The specim
were mounted on gold disks and frozen in freon 22 and
uid nitrogen, then fractured in Balzers BAF 301 device a
vacuum better than 731025 Pa and at a temperature of 16
K. Immediately after fracture, the specimens were shado
with platinum carbon at an angle of 45°. Replicas reinforc
with carbon evaporation were then cleaned in chlorofor
methanol blend and examined by a Philips CM 10 transm
sion electron microscope.

III. RESULTS AND DISCUSSION

Preliminary measurements were carried out on the mu
lamellar DOPC liposomes at different concentrations in bu
ered water solution, by means of the in-house diffractome
Figure 1 shows the small-angle and wide-angle~inset! scat-
tering of DOPC~4.2% weight! at room temperature, afte
subtraction for the sample holder and HEPES-solution ba
ground. The low-angle scattering consists of three fa
sharp peaks centered atql52p l /d, with d556.4 Å (l
51,2,3), corresponding to the first three orders of diffract
of the periodicity atd556.4 Å, and is typical of the lamella
phases@43#. The WAXS region is featured by a wide diffus
peak centered aboutd52p/q54.4 Å, resulting from the
liquidlike lateral ~in-plane! packing of the melted hydrocar
bon chains. This XRD pattern reveals the liquid-crystalli
~LC! nature of the lamellar structure that corresponds to
well known La phase of DOPC@44,45#. A similar pattern
was observed on reducing the DOPC weight in solut
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down to 0.14%. Due to extreme weakness of the scatte
signal, the intensity of the diffracted peaks was very smal
DOPC concentrations below 1% and the higher order pe
were hardly detectable. However, from the position of t
first-order diffraction peak it was possible to measure a c
tinuous increase of the lamellard spacing fromd556.4 Å,
at 4.2% DOPC weight, up to a maximum valued563.2 Å,
at 0.14%. This concentration corresponds to theLa phase of
DOPC in excess water@41,45#. In this condition, the swell-
ing up of the uncharged lipid bilayers reaches its limiti
hydration level and any excess water added to the samp
present as a bulk phase in the lipid dispersion, rather t
being accommodated within the interbilayer space. Beca
of the control and the stability of the lamellar spacing, w
chose the 0.14% as the reference DOPC weight concen
tion for the further measurements at the synchrotron sou
described in the following. On the other hand, this conc
tration is very close to the lipid concentrations used by ot
authors in the study of CL-DNA complex, which make
easier a comparison of the results.

Concerning the synchrotron XRD measurements, first
characterized the structural and morphological properties
the DOPC liposomes in our experimental conditions~0.14%
weight!. Figure 2~a! shows the small-angle scattering
DOPC at room temperature, after subtraction for the sam
holder and HEPES-solution background. The XRD patt
corresponds to theLa phase of DOPC with a lamellar repe
distanced563.2 Å, in excellent agreement with the resu
of Ref. @41# for fully hydrated DOPC bilayers. The presenc
of only two orders of diffraction reflects the strong fluctu
tions of the bilayers. Freeze-fracture EM micrographs
4-4
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STRUCTURE OF SELF-ASSEMBLED LIPOSOME-DNA- . . . PHYSICAL REVIEW E 67, 011904 ~2003!
DOPC ~Fig. 3! show well-defined, mainly large, liposome
which are rather well separated from each other; typica
heterogeneous particles in the size range 0.3–4.0mm are
observed. From the experimental FWHM of the first-ord
diffraction peak, after correction for the intrinsic spreadi
due to the instrumental resolution, we estimated a theore
linewidth of Dq52.231023 Å21. The average domain siz
D of the lamellar structure of the vesicles, calculated asD
'2p/Dq52900 Å, is consistent with the EM micrograph
Figure 4~continuous line! shows the electron-density profil
normal to the bilayers. The large central minimum cor
sponds to the region of the hydrocarbon tails whereas
two strong maxima correspond to the polar headgroups.
widths of the peaks are related to the extent of molecu
disorder caused by fluctuations in the bilayer@46#. The dis-
tance between the electron-dense polar heads, measur
the distance between the centers of the electron-den
peaks, gives a reliable estimate of the thickness,dHH , of the
lipid bilayer @47,48#. The value obtained isdHH537 Å.
From the lamellar spacingd>63 Å and the value ofdHH ,
the interbilayer water thickness,dW , was calculated asdW
5d2dHH526 Å. In spite of the low resolution of the
electron-density profile~due to the limited number of observ
able orders!, these values are in excellent agreement with
structural data previously reported for fully hydrated DOP
bilayers@41#. The dotted line of Fig. 4 shows the electro
density profile of the DOPC liposome at 4.2% weight
buffered water solution, obtained from the XRD data of F
1. A larger distance between the electron-density peaks
companies the reduction ofd(d556.4 Å), which results in a
value ofdHH536 Å that remains essentially constant~within
the experimental uncertainties!. BesidesdHH , the bilayer
thickness is also frequently represented as the Luzzati bil
thicknessdB52VL /A, whereVL is the volume of a single
lipid molecule in the bilayer andA is the area per lipid mea
sured parallel to the surface of the bilayer. The correspond
water spacing is thendW5d2dB . However, the values o

FIG. 4. Electron-density profile along the normal to the bilaye
the continuous line is for DOPC from data of Fig. 2~a!, the dotted
line is for DOPC from data of Fig. 1, and the dashed line is
DOPC-Mn21 from data of Fig. 2~c!.
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dB and dW calculated in this way differ from the previou
calculations for less than 1 Å@41#. As the bilayer-water in-
terface is not as simple as a plane, a slightly more comp
model@49# assumes that the headgroup has a lengthdH over
which it has a uniform areaA8. This model allows for pen-
etration of a number of water molecules in the volum
dH(A2A8) between the headgroups. From neutron diffra
tion data@50# the thickness of the headgroup may be es
mated to bedH58 Å. Then, a corresponding pure wat
distance

dW5d22dH22dC ~3!

is defined, where 2dC is the overall thickness of the hydro
carbon region. Using the structural data of Refs.@49,51,52#
for the hydrocarbon-chain region, the valuedC514.6 Å is
obtained, which gives the maximum bilayer thicknessdB8
52dH12dC545.2 Å and the minimum water layer thick
ness@Eq. ~3!# dW8 518 Å.

Addition of DNA to the DOPC solution did not produc
any significant change in the structure of the vesicles,
shown by the XRD pattern of Fig. 2~b!. Differently, addition
of Mn21 to the DOPC solution caused appreciable modifi
tions of the structural arrangement of the lipid bilayers,
deduced from the SAXS pattern of Fig. 2~c!. The shift of the
diffraction peaks towards higher scattering angles co
sponds to the reduction of the layer spacing tod558.4 Å,
whereas the reduction of the FWHM of the peaks cor
sponds to the increase of the longitudinal correlation leng
However, being the diffraction peaks resolution limited,
was possible only to estimate the lower limit of the doma
size, i.e.,D>2900 Å. The significant change of the secon
to-first-order integrated intensity ratio revealed a structu
modification of the molecular packing within the layers. T
dashed line of Fig. 4 shows the electron-density profile in
DOPC-Mn21 solution deduced from the XRD data of Fig
2~c!. All these effects are indicative of a strong influence
the metal ions on the lamellar structure of the liposomes
neutral liposomes, the equilibrium interbilayer distance
sults from a critical balance between the attractive van
Waals interaction and the repulsive hydration force@53#
originating from interactions between the hydrated ph
phate groups of the polar heads. Various direct measurem
of the hydration force have shown that the repulsive hyd
tion pressureP decays exponentially with the amount of th
interbilayer water~or, equivalently, with the interbilayer dis
tance! @45,53–58#.

P5P0exp~2nW /n!5P0exp~2dW8 /l!, ~4!

wherenW is the number of water molecules per lipid,dW8 is
the water interbilayer thickness,P0 is the nominal pressure
at zero hydration,n represents the hydration force dec
constant in units of water molecules andl is the space decay
length. Choosing forn the average of the values available
the literature@45,53,58#, i.e., n53.65, and takingl52.2 Å
@41#, we find that the experimental valuedW8 518 Å corre-
sponds tonW'30, in agreement with the value expected f
fully hydrated DOPC@41,45#. The attractive interaction o

:

r
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the metal ions with the polar heads of DOPC leads to pa
dehydration of the headgroups. A new equilibrium charac
ized by a shorter interbilayer distance is reached, where
stronger attractive action promoted by the metal cation
balanced by an equivalent stronger repulsive hydration fo
In addition, the presence of metal cations favors a be
packing of the multilayered structure, which results in
increase of the positional correlation length evidenced by
reduction of the peak width. Finally, the metal ions in t
region close to the polar heads increase slightly the elec
density in the water layer as evidenced by the electr
density profile shown by the dotted line of Fig. 4. From th
figure, a thicknessdHH>37 Å of the lipid bilayer has been
estimated, which confirms that the reduction of periodicityd
of the multilamellar structure is due to reduction of the wa
layer thickness. In particular, the Luzzati water thickness
comes dW5d2dHH521 Å and dW8 5d2dB85d2(2dH

12dC)513 Å. According to Eq.~4!, the change ofdW8 from
18 to 13 allows one to estimate a reduction innW of about
27% when metal ions are added to the solution.

XRD measurements of the DOPC-DNA-Mn21 complex
were carried out for a wide range of molar ratios of t
components. Figure 5 shows the SAXS spectrum of DOP
DNA-Mn21 at 3:4:12 molar ratio. This pattern is characte
ized by two intense sharp peaks atd1573.4 Å and d2
560.4 Å with the corresponding first-order harmonics
36.7 Å and 30.2 Å, respectively. The WAXS pattern~not
shown in the figure! exhibits only a wide diffuse peak cen
tered aboutq'1.43 Å21, very similar to that observed fo
DOPC in solution, which excludes crystalline order and
flects the short-range liquidlike positional ordering of t
lipids within the layers, with an average distance'2p/q
54.4 Å. A similar pattern was observed for all the samp
investigated, that ranged from 3:4:1 to 3:4:24 molar rati
The relevant XRD data of these spectra are summarize
Table I as a function of the relative concentration of me
ions ~with a fixed DOPC/DNA ratio!. These data show a

FIG. 5. Synchrotron XRD pattern of DOPC-DNA-Mn21 at
3:4:12 molar ratio. The continuous line is the best fit to the exp
mental data (s).
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substantial constancy of thed1 spacing accompanied by a
appreciable continuous decrease ofd2 from 63.8 Å~3:4:1! to
58.8 Å ~3:4:24!. For the reasons discussed below, it is im
portant to observe that the valued2558.8 Å corresponding
to 3:4:24 is very close to the value of the layer spacing m
sured in the DOPC-Mn21 ~3:24! mixture, i.e.,d558.4 Å.

The above XRD data are indicative of the coexistence
two distinct LC multilamellar structures with incommens
rate periodicities: thed2 spacing can be associated with th
La phase of the DOPC whereas the higher spacingd1 reflects
the presence of theLa

c lamellar phase of the triple DOPC
DNA-Mn21 complex ~this phase is one of the condens
lipid-polyelectrolyte phases, for which the lipid phase n
menclature plus an additional ‘‘c’’ for ‘‘condensed’’ or
‘‘complex’’ is used @16#!. This latter consists of a structur
similar to that found in CL-DNA complexes@10,13#, which
is made of stacks of alternating lipid bilayers and DN
monolayers. A schematic picture of the local structural
rangement of the triple complex in theLa

c phase is shown in
Fig. 6 whereas the electron-density profile within the repe
ing unit of the complex is shown in Fig. 7~the structure

i-

TABLE I. The lamellar repeat distance of theLa
c phase of the

triple complex (d1) and theLa phase of DOPC (d2) as a function
of the metal ion concentration.

DOPC DNA Mn21 d1 (Å) d2 (Å)

3 4 1 63.8
3 4 3 73.4 62.6
3 4 4 73.3 63.3
3 4 6 73.4 62.4
3 4 9 73.5 61.0
3 4 12 73.4 60.4
3 4 18 73.5 60.0
3 4 24 73.1 58.8

FIG. 6. Schematic picture of the structure of theLa
c phase of the

triple complex DOPC-DNA-Mn21.
4-6
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factors are F1521.000 and F2520.648). The DNA
strands are sandwiched between the lipid bilayers and
bound to these through the metal ions. The overall thickn
of the lipid bilayer, estimated from the position of the tw
maxima in Fig. 6, isdB'45 Å which is very close to tha
found in pure DOPC. The corresponding interbilayer thic
nessd2dB'28 Å is then sufficient to accommodate on
hydrated~one-water! shell DNA helix of 25 Å@59# plus two
thin layers of metal cations ('3 Å).

A similar behavior was observed for different total co
centrations of the DOPC-DNA-Mn21 mixture in buffered

FIG. 7. Electron-density profile along the normal to the bilay
in the La

c phase of the triple complex DOPC-DNA-Mn21 at 3:4:12
molar ratio.
01190
re
ss

-

water~at the same relative concentration of the componen!.
As an example, Fig. 8 shows the SAXS and WAXS XR
pattern of the DOPC-DNA-Mn21 mixture ~3:4:12! at 4.2%
concentration of DOPC in buffered water. Two sets of pea
are identified: the first one corresponds to the fundame
and the first two harmonics of the reflection atd1571.5 Å,
associated with theLa

c phase of the triple complex; the se
ond one corresponds to the fundamental and the first

s FIG. 8. XRD pattern of the triple complex DOPC-DNA-Mn21

~3:4:12! at 4.2% DOPC weight in HEPES solution. The inset sho
the WAXS region of the pattern. The measurement was carried
by means of the in-house diffractometer. The continuous lines
the best fit to the experimental data (s).
FIG. 9. Freeze-fracture EM micrographs of the DOPC-DNA-Mn21 mixture at 3:4:6 molar ratio.
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monic of the reflection atd2555.1 Å, associated with theLa
phase of DOPC.

From the above XRD data, it must be concluded that
formation of the triple complex is promoted by the positive
charged metal ions that bind the polar heads of DOPC w
the negatively charged phosphate groups of DNA. This
perimental evidence suggests that neutral liposomes in
presence of metal ions behave similarly to CLs. In fact,
both cases, the driving force for complex condensation is
release of counterions. DNA carries 20 phosphate groups
helical pitch of 34.1 Å, and due to Manning condensatio
76% of these anionic groups are permanently neutralized
their counterions, which lead to a distance between anio
groups of the order of the Bjerrum length (7.1 Å)@60#. In
the triple-complex condensation, the Mn21 ions play the
same role as the cationic head of the lipid in that they ten
fully neutralize the phosphate groups of the DNA, thus
placing and releasing in the solution the original counterio

The simultaneous presence of the two multilamellar str
tures requires a model to explain such coexistence. To
purpose, the XRD data were complemented with morp
logical cryo-EM data of the triple complexes and the resu
were compared with those obtained in CL-DNA complex
Figure 9 shows representative EM micrographs of
DOPC-DNA-Mn21 mixture. In the range of molar ratios in
vestigated we always observed single spheroidal or dist
semifused aggregates of a few~mainly two! globules with an
average size between'200 nm and'900 nm, similar to
those observed in CL-DNA complexes after comparable
cubation time@18#. The surface of the globules is smooth
it is typical of LC phases. We have interpreted these agg
gates as being constituted by distinct LC multilamellar str
tures: a given fraction of the total number of globules co
sists of theLa

c phase of the triple complex, whereas the r
of the globules persist as theLa phase of DOPC. In our

FIG. 10. The integrated intensities of the first-order diffracti
peak of the triple complex (d) and the DOPC liposome (s), as a
function of the ratio of the metal ion concentration to the conc
tration of the DNA phosphate groups. The continuous lines
guides for the eyes.
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picture of the triple-complex formation, the linear DNA mo
ecules are condensed in the mixture with the starting M
liposomes, whereby both lipid and DNA undergo a compl
topological transformation into compact spheroidal partic
within which the complexes have ordered structure. T
process should be similar to that observed in CL-DNA se
assembled complexes@13# apart from the different fusogeni
agent and the different nature of the starting liposomes~mul-
tilamellar vesicles instead of unilamellar vesicles!. This lat-
ter, however, is a relevant difference because it involve
more complex phenomenology of the triple-complex form
tion process. In the case of CLs, the original samples did

-
e

FIG. 11. Synchrotron XRD pattern of DOPC-DNA-Me21 triple
complexes at 3:4:24 molar ratio:~a! Me5Co21, ~b! Me5Mg21,
~c! Me5Fe21. The continuous lines are the best fit to the expe
mental data (s). In each of the pattern, the peak at lowerq is due
to the La

c phase of the complex while the remaining two~funda-
mental and first harmonic! are due to theLa phase of the DOPC.
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consist of multilamellar vesicles prior to the addition
DNA. It is therefore clear that the transition from unilamell
to multilamellar structure is induced by the complexation
DNA with the small cationic unilamellar vesicles. The DN
adsorbs between the liposome bilayers giving rise to an
ternating, locally flat lamellar structure; in this process,
DNA intercalates between the bilayers forming a more
less ordered array of chains. Spheroidal macroaggregate
then formed, composed of flat lipid bilayers with DN
packed between them in a sandwichlike structure. Th
multilamellar aggregates were identified in several lipid s
tems and at various DNA to lipid ratios, by means of sc
tering @10,13# and cryo-EM experiments@19#. In our case,
MLVs of the liposome are contained in the original samp
and therefore the lipid bilayer-DNA aggregation involved
the complex formation requires a simultaneous breaking
of the multilamellar liposomes, starting from the extern
layers of the vesicles. In other words, while the condensa
between lipid bilayers and solution DNA proceeds, promo
by the fusogenic action of the metal ions, the original se
closed vesicle structure of curved bilayers must continuou
open to provide the lipid material for self-assembling of t
triple complex. This process involves the external layer
the vesicle and produces a continuous reduction of the o
nal vesicle volume until a minimum size is reached. Wh
the steady state is reached, globules of the multilame
structured triple complex coexist with the rest of the origin
MLVs characterized by a reduced average size. This mo
of lipid vesicle disaggregation and reaggregation into a
ferent multilamellar structure is supported by the cryo-E
data of the triple complexes that always showed partic
with an average size much smaller than that of the orig
vesicles~Fig. 9!. Basing solely on the present data, only
qualitative explanation of this mechanism can be propos
The driving force for DNA complexation with lipids is du
to the release of counterion entropy upon complexat
@61,62#, the energy involved being very high~of order
1 kT/Å). Accordingly, we expect that DNA will find ener
getically more favorable to form some sort of complex w
lipids and metal ions. On the other hand, from calculations
minimum free energy of the aggregated lipids~including
head-head and tail-tail interaction energy and the interfa
energy!, it has been shown@20# that the locally flat lamellar
structure of the complex should be the most stable comp
with other possible geometries such as those of ‘‘bead
string’’ or ‘‘cylindrical’’ complexes, regardless of the lipid
properties. Therefore, the aggregation process gives rise
multilamellar locally flat structure of the complex. Howeve
a further contribution to the total free energy of the sam
should come from the organization of these lamellar doma
within the globular microaggregates. This contribution
creases with their dimension and, beyond a given size,
ther growth of the complex becomes energetically unfav
able. The relative concentration of the two multilamel
species at equilibrium is expected to depend on sev
physical and chemical parameters such as water dilutio
the lipids, average size of the vesicles, temperature and
lar ratios of the components of the mixture. The latter dep
dence is confirmed by further analysis of the XRD data. T
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integrated intensity of each of the two first-order diffractio
peaks in the SAXS region is proportional to the volume fra
tion of the sample that is occupied by the correspond
multilamellar structure. Figure 10 shows the integrated int
sities of the peak atd1 ~from the triple complex, full circles!
and atd2 ~from DOPC, open circles! versus the ratio of the
metal ion concentration to the one of the DNA phosph
groups. The data demonstrate that an increase of the m
ion concentration favors the formation of the triple comple
the increase of the complex volume fraction is accompan
by a complementary reduction of the amount of DOPC lip
somes until a saturation is reached~above@Mn21#/@PO4

22#
'4) corresponding to constant volume fractions of the t
structures ('70% and 30%, respectively!.

XRD measurements were also systematically carried
on triple mixtures of the DOPC, DNA, and Mn21 compo-
nents at different DOPC/DNA molar ratios. All these me
surements evidenced the formation of the triple complex
its coexistence at equilibrium with the DOPC MLVs. How
ever, an analysis of the effects of the relative concentra
of the three components on the formation and the equi
rium concentration of theLa

c phase is beyond purpose of th
present paper and will be reported elsewhere.

Differently from what was found in CL-DNA complexes
in our experimental conditions the DOPC-DNA-Mn21 com-
plex did not exhibit two-dimensional ordering or regulari
of the DNA packing within the lipid bilayers. In fact, th
XRD data of CL-DNA complexes@14,15# evidenced, apart
from the sharp lamellar peaks, a much broader and wea
peak arising from the DNA-DNA correlations. The positio
of this was strongly dependent on the neutral-to-catio
lipid ratio, shifting over a wide range corresponding to
change in the DNA interhelical spacing fromd'26 Å ~close
packed! to d'55 Å ~significant dilution!. In our case, the
absence of this peak can be justified considering that
higher mobility of the fusogenic agent, i.e., the metal ion
does not induce enough constraint to allow the DNA cha
to assume a regular packing within the lipid bilayers. On
other hand, measurements performed up to 30 min after
sample preparation did not show any change of the X
pattern, thus excluding possible effect of the incubation ti
in removing the DNA positional disorder that is natural
involved in the condensation process. In addition, the XR
data on similar complexes obtained with different catio
such as Co21, Fe21, Mg21 ~Fig. 11!, while showing the
formation of analogous self-assembled multilamellar str
tures, confirmed at the same time the lack of DNA-DN
positional correlations.

IV. CONCLUSIONS

We have studied the structure and the morphology of
DOPC-DNA-Mn21 complex that is formed in a self
assembled manner when liposome, DNA and bivalent m
ions are mixed in solution. The complex is characterized
the lamellar symmetry of theLa

c phase and is rather hetero
geneous with respect to size and shape. The structure o
complex consists of an ordered multilamellar assem
where the hydrated DNA helices are sandwiched between
4-9
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liposome bilayers. The condensation of the DNA in the co
plex is induced by the metal cations that bind the lipid po
heads with the negatively charged phosphate groups
DNA. This represents a striking example of supramolecu
chemistry.

Further experiments with higher resolution and comp
mentary techniques are needed to elucidate the nature o
intermolecular forces and the interplay between repulsive
dration forces and attractive electric interactions. Fut
studies may also reveal regimes with in-layer correlatio
between the DNA chains as well as correlation from laye
layer, in analogy to CL-DNA complexes and recent theor
ical findings in highly condensed DNA phases. To test h
promising these complexes are as synthetically based no
h,

s

tt
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n
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ral carriers of DNA vectors for gene therapy, we ha
planned specific experiments to measure the transfection
ficiency and to determine the structural parameters relev
to it. These should favor our understanding of the inter
tions of the complex with cellular lipids and the mechanis
of DNA transfer across the nuclear membrane.
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@22# L. Golubović and M. Golubovic´, Phys. Rev. Lett.80, 4341
~1998!.
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