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We report a synchrotron small-angle x-ray scattef8g§\XS) study of the mutilayered, self-assembled
structure(complex that is formed by mixing DNA with cationic liposomes. In these complexes the DNA is
confined between charged lipid bilayers and orders as a two-dimengRBDplsmectic liquid crystal. The
power-law bilayer-bilayer correlations of the 3D multilayer smectic liquid crystal, which are coupled to the 2D
lattice of DNA chains, are found to deviate significantly from those described by the standardn@alié of
smecticA phases. To model the DNA ordering, the 2D smectic correlation function and the corresponding
structure factor are derived from the smectic Hamiltonian in harmonic approximation. The resulting line shape
is then fitted to the DNA correlation peak. It is found that for samples of higheshort-range correlations
between the DNA in adjacent sheets have to be assumed to explain the data. From the least-square fitting, the
2D DNA interchain compressibility moduluB is extracted as a function af and discussed in view of
different possible microscopic interactions responsible for the orddi81$63-651X98)10207-4

PACS numbes): 87.22.Bt, 61.10.Eq, 61.30.Eb

I. INTRODUCTION ecules are able to undergo dense conformations, with pos-
sible similarity to their biologically active native state, either
Recently, a novel multilamellar structure of DNA sand- induced by multivalent catior{d.2], or in high density liquid
wiched in between cationic lipid membranes has been recrystalline phases, botim vitro andin vivo in packing of
ported by Raler et al. [1,2]. The structure is formed in a DNA in bacteria and eukaryotic cel[43]. Theoretically, a
self-assembled manner when mixing suspensions of cationf@gh density phase of DNA chains has been predicted with a
lipid vesicles (cationic liposomeswith DNA. Such com- Novel “braided chiral” structure with crystalline ordét4].

plexes have been shown to be able to mimic certain characith the obvious relevance of DNA and given the present
teristics of natural viruses in their ability to act as efficient Understanding of the macromolecule in solution, the elucida-

chemical carriers of extracellular DNA across outer Ce”itéogfc;mémiﬁgl?ﬂgg;Other macromolecular assemblies
membranes and nuclear membraigeansfection for gene . ) o
In this work we report a quantitative synchrotron x-ray

therapy _appllcatlon§3]. Th_e corre_lqtlon of the gene carrier scattering study elucidating the nature of the DNA ordering
mechanism and transfection efficiency to the microscopic

. o in two-dimensional(2D) layers confined between the lipid
structure of the complex remains a fascinating challenge fo, (2D) lay P

h f At th . h istical physi ilayers of the complexes. A 2D smectic order is inferred
the near future. At the same time, the statistical physiCS Ofom the analysis of the line shape of the DNA correlation
the complexes exhibit interesting ordering and fluctuatio

; = rbeak for samples of different average spacthdetween
phenomena, which are currently studied in several theoretipna Furthermore, for larged we find additionalcross

cal works[4-€]. More generally, the self-assembly of su- corelations between the DNA of adjacent layers. The elastic
pramolecular structures, and in particular the interaction ogonstants extracted from the least-square fitting of the corre-
membranes and polymers, is currently an active area of reation peak indicate a repulsive long-ranged electrostatic in-
search7,8]. teraction.

In the case of the structurally well defined DNA macro-  The structure and positional correlations of low dimen-
molecule, the ability to produce perfectly monodispersedsional systems are often governed by strong thermal fluctua-
DNA has led to many important experimental studies in sotions. In the case of smectic symmetry, for example, the
lution over the past two decadg®. These include studies as lower critical dimension is threD). In 3D, true long range
a model system for direct observation of chain reptation dyorder breaks down and is replaced by an algebraic decay of
namics[10], and persistence-length measurements in polyeorrelations. This Landau-Peierls instability has been inves-
electrolytes[11]. Structural studies have been designed tatigated in detail both theoreticallyl5] and experimentally
elucidate the various mechanisms by which giant DNA mol-{16,17. However, only few experimental studies have been

reported on smectic phases below their lower critical dimen-

sion[18]. In this case, the positional correlations are weaker

*Present address: Sektion Physik der Ludwig-Maximilians-than algebraic, resulting in an anisotropic short range order.
Universitd Munchen, Geschwister-Scholl-Platz 1, 80539ridien,  Related to the correlation functions are the interesting elastic

Germany. properties of smectic phases, which have recently been stud-
Present address: Physikdepartment, TUnbhen, 85747 Garch- ied in the framework of a nonlinear theory, in which the
ing, Germany. spacial fluctuations of smectic liquid crystals were related to
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FIG. 1. Sketch of the self-
assembled DNA-cationic lipo-
some complex with the DNA
double helices represented by rods
in between the lipid membrane
comprising the neutral and cat-
ionic lipids. The corresponding
lipid headgroups are shown in
light and dark shade, respectively.
S, denotes the multilamellar peri-
odicity andd the interhelical dis-
tance.

the spatiotemporal fluctuations of growing interfaces, in parWe will rather start from this structure as the basis and study
ticular to the Kardar-Parisi-Zhan@g{PZ) equation[19]. The the details of the DNA ordering from the line shape of the
elastic coefficients that contain much of the microscopic in-DNA correlation peak. The results will allow us to draw
teractions governing a particular system can be determinecbnclusions on the nature of the relevant microscopic inter-
from scattering experimenfd6,17. As a consequence of the actions.
Landau-Peierls effect, this becomes experimentally feasible The paper is organized as follows. Section Il gives a brief
in spite of often low cross sections, since the correlatioraccount of sample preparation and the setup of the SAXS
peaks themselves refect the thermal scattering, unlike thexperiment. The data will be presented with a discussion of
thermal diffuse scattering in 3D crystals, which forms only athe main features in the scattering distribution. In Sec. Il the
background to the Bragg peaks. x-ray structure factor of a 2D smectic liquid crystal is de-
When mixing aqueous solutions of DNA with a suspen-rived from the Hamiltonian. Both “single crystal” and
sion of cationic lipid vesiclegcationic liposomes a highly  “powder-averaged” expressions are discussed. This part of
condensed systerftomplex is formed in a self-assembled the work is quite general and can be readily applied to the
manner, with the cationic lipids neutralized by the negativestudy of other 2D smectic systems. The model is then used to
phosphate groups of the DNA. The driving force of the com-fit the DNA correlation peak for a series of samples. The
plex self-assembly is the entropic gain in releasing the counresults of the least-square fitting are presented in Sec. IV
terions both from the cationic lipids and in particular from along with a discussion of the implications on the effective
the DNA (Manning condensatigorf20]. Multilamellar com- interactions between the DNA in the complex. Appendix A
plex structures were observed for three types of DNA ( contains a detailed calculation of the 2D smectic correlation
phage Escherichia coli and pBR322 plasmjdand two dif-  function, and Appendix B discusses the compressibility of a
ferent phospholipid systems consisting each of cationidinear array of line charges.
DOTAP (dioleoyl-trimethylammonium-propahe and of

DOPE (dioleoyl-phosphatidyl-ethanolamipe or DOPC Il. MATERIALS AND METHODS
(dioleoyl-phosphatidylcholinerespectively[1]. In addition,
complexes made out ofA-DNA and DLPC/DDAB The samples were prepared by mixing phage DNA

(dilaureoyl-phosphatidylcholine/didodecyl-dimethyl-ammon- (48502 bp, contour length of 16.xm) with liposomes in
ium bromide, a lipid system with shorter hydrocarbon tails ultrapure water, as described[if. The liposomes consisted
and therefore also smaller bilayer thickneks, have been of cationic DOTAP (dioleoyl-trimethylammonium-propane
found to exhibit the same structuf1]. Thus the multila- and neutral DOPGdioleoyl-phosphatidylcholineat various
mellar phase is not specific to a certain DNA/lipid system,weight ratiosv: =mas§DOPC]/mas§DOTAP] (lipid dilu-

but of more general nature. In this work we will not repeattions), while keeping the the DOTAP/DNA weight ratio con-
the complete line of arguments including experimental evi-stant at 2.2 to ensure overall charge neutrality of the com-
dence from x-ray scattering as well as light microscopy explexes. In this so-called isoelectric regime, the cationic
periments(double fluoresence, crossed polarizers, differengroups of DOTAP exactly balance the negative base pairs of
tial imaging contrast[1], which led to the postulation of the DNA. To assure a proper mixing of the two lipid types, they
multilamellar structure depicted in the schematic of Fig. 1.are matched in their respective chain length. By adjusting the
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ratio of neutral to positive lipid component, the average in- .
terhelical spacingl between DNA can be controlled over a 1077 '
range of 27—60 A, i.e., from an almost close-packed to a 2} . : H
more diluted state. At higher dilution the system eventually ‘g H \
d . . 3 10 _| i (a)

phase separates to a phase of complexes in coexistence with & 10 \ j;
a pure lipid lamellar phasg21]. 8, | : z e

Small-angle x-ray scatteringSAXS) experiments were 2 i i
performed with the samples sealed in the same quartz capil- 'Z 10? ] u ®)
laries (1.5 mm diameterin which they had been mixed. 8 | 2
Consequently, the complexes were surrounded by excess wa- = ’ 5
ter, corresponding to the volumes of the initial lipid and 10° . \ . (c)
DNA stock solutions before the condensation of the complex | \ J, 1
phase. The resulting suspension of complexes was perfectly : i
isotropic, as evidenced by powderlike Scherrer rings on an 4 H i\ .
image plate detector. As observed with light microscopy, the 10 L_J\.N'; @
complexes exhibit a globular structure with globule diam- 1 '
eters on the order of 0.5um [1]. In the isoelectric regime 10° 1 1 : : (e)
(charge neutral complexethe globules aggregate to larger H it H
clusters. Thus, on semimacroscopic length scales, the sample 1 \‘ )\/\JL_
structure was not homogeneous. Indeed, x-ray scans taken at 10° : ' ~
different positions of the capillary with respect to the beam s §3)
typically showed large intensity variations. However, the ] 3 it s
curves overlapped perfectly after scaling the intensity, indi- 2] \‘J\’\—‘L Pt
cating an identical structure on the submicrometer scale. 10 . :

SAXS measurements were carried out both at an in-house 1 i i s (®)
18 kW rotating anode equipped with a bent graphite mono- 4 \\J\ A
chromator and a two-dimensional image plate detector, and 107 | U S
at the Stanford Synchrotron Radiation Laborat¢BSRL). ; (001) (002) (004)
The high resolution data for line shape analysis were col- e e e e ]
lected at the Wiggler beamlines 7-2 and 10-2 of SSRL, with 0.0 0.1 0.2 0.3 0.4
the x-ray energy set to 8.047 keV and 10.00 keV, respec- 1
tively, by double-bounce Si(111) monochromators. Higher q[A7]

harmonics were supressed by a mirror, which also focused
the incoming beam in the horizontal plane with a conver-
gence of 21 mrad yielding an out-of-plane resolution of
20'00.8 A (HWHM). 'U the(\{ertlcal) scattejlng plane the factors: from top to bottomv=0, 0.35, 0.67, 1, 1.5, 2.33, and 3
resolution Wasl set by tight slits to 010013 A (HWHM) [curves(a)—(g)]. Apart from very sharp Bragg reflections with the
a_lnd 0.0006 A* (HWHM), for the two instruments, respec- typical power-law tails of multilamellar phases, a much broader and
tively. weaker peak arising from DNA-DNA correlations is obseryeer-
tical arrows.

FIG. 2. Small-angle scattering of charge-neutral lipid/DNA
complexes in excess water. Curves for samples of increasing ratios
between neutral and cationic lipid are shifted by multiplicative

Ill. SMALL-ANGLE X-RAY SCATTERING: LAMELLAR

AND DNA DIFERACTION PEAKS the diameter of the globules, one can conclude that the glob-

ules consist of only a few, or more likely, just one lamellar
SAXS scans for five representative samples in the isoelecdomain.

tric regime are displayed in Fig. 2 on a semilogarithmic Apart from the lamellar peaks, the scans exhibit also a

scale, with the respective curves shifted by multiplicativemuch broader and weaker maximum arising from the DNA-

constants for better comparison. Curyasthrough(g) cor-  DNA correlations (vertical arrow$, shifting over a wide

respond tov=0, 0.35, 0.67, 1, 1.5, 2.33, and 3. All samplesrange as a function of corresponding to a change ih

show strong first- and second-order Bragg pe@k¥) of the  spacing from an essentially closed packed structurel of

lamellar structure. Some samples, in particular those of=26 A up tod=54 A. This increase is governed by the

higher v, additionally exhibit higher harmonic€04) and relationship

(005, while (003 is generally suppressed by a form factor

minimum. Thus, the scattering distribution indicates a well d= Appp

ordered lamellar structure of stacked membranes, with a pe-  Smp

riodicity d, that slightly increases frond,=57.8 A for v

=0 up tod,=70.3 A for v=3. The width of the peaks is which results from simple mass conservation in the multila-

resolution limited, setting a lower bound bf,=2000 A for = mellar geometry(neglecting the extra space that is left open

the domain lamellar domain sizéshe subscripm is carried due to defects of the DNA orderipngwith Ap the DNA

on those variables that refer to the 3D smectic liquid crystatross-sectional are@p and p, the mass densities of DNA

of the lipid membranes rather than the 2D smectic liquidand lipid, respectivelys,, the membrane thickness, ah(D

crystal of the DNA. With an upper bound fok ,, given by  the lipid to DNA mass ratio.

(L/D), @
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E‘ 404 ) 4 solid and dotted curves for parameteyg=0.1 andz,,=0.15, re-
5 <l spectively. In the simulations, the domain size was set {p
E: =2000 A.
g | g J
E 30 & ] e DOPC-DOTAP _ . : .
. © DLPC-DDAB smectic Hamiltonian including terms of bending and com-
pressional mode$16,17,23, resulting in the well-known
20 r T Caille line shape of the lamellar Bragg pedks$]. A funda-

N 4

4 6 8 mental assumption in the derivation of that model is isotropy
(L/D) in the plane of the membrane. In the case of lipid/DNA com-
FIG. 3. The increase dB) the multilamellar distancd, and(b) plgxes, however, th? bendlr.]g. r!gldlty must Io_cally be. O”e.”'

the interhelical distance with increasing total lipid to DNA ratio  t&tion dependent, with the rigidity enhanced in the direction

L/D (lipid dilution) for the system DOPC/DOTARsolid circles  @0ng the stands. Given the high persistence length of about

and DLPC/DDAB (open circles The solid and dotted lines iy 00 A, thermal height fluctuations along tlyeaxis must

are the corresponding theoretic predictions according to(Hq. therefore be totally suppressed at least on smaller length

scales, while the system can support bending abomgore
Figure 3 shows the changes of the structural changes asasily. The compressional modes must also be affected by
sociated with the lipid dilution in the isoelectric regime. In the DNA, reducing the fluctuations of the lamellar periodic-

Fig. 3(a) the variation of the multilamellar periodicitiek, is ity d; due to electrostatic and hard core interaction, respec-

plotted versus the total lipid to DNA ratib/D, for the tively. Moreover, from a more fundamental viewpoint, there

DOPC/DOTAP (solid circles and DLPC/DDAB systems must be additional terms in the Hamiltonian describing the

(open circles The systems differ mainly in the chain length modes of DNA and also the possible coupling between the

leading to a much shortef,, and therefore alsal,,=4,  fluctuations of the layers and those of DNA, see below.

+ 8, in the DLPC/DDAB casg?22]. In each case the in- In Fig. 4 the (001) peak of the=0 sample is shown on

crease ofd,, with L/D is due to the fact that the neutral a semilogarithmic scale along with simulated line shapes of

colipid is always somewhat shorter than the cationic lipid.the Cailletype. Since the peak is symmetric, the line shape

Therefore,s,, of the combined systems intrapolates the twoshould only depend on the finite domain sizg and the

single-component values, which can be measured indepetitless parameten,, containing a combination of the sys-

dently by water dilution in the pure lipid system without tem’s bending and compressional modulus. Clearly, the the-

DNA. The average thickness of the water gp=d,,—J,,  oretical line shape does not explain the data. For higher val-

remains approximately constant corresponding to the diamdes of,, the central and medium—q, range can be fitted,

eter of DNA, 2p=20 A plus a hydration layefrl]. Figure  but not the tails. For lower values the tails can be fitted, but

3(b) shows the DNA spacing as a function of the lipid/ there are systematic deviations at snegljo. This may sug-

DNA mass ratio for the two lipid systems, DOPC/DOTAP gest that, compared to the Caittase, fluctuations on shorter

(solid circles and DLPC/DDAB(open circley with the cor-  wavelength are indeed suppressed. Figure 5 shows the left

responding dilution lines according to EfL). The devia- tails of the (001) peak after background subtraction on a

tions from the linear behavior result from the changegjn  double-logarithmic scale with an empirical power-law Ifit

These findings indicate that the lipid dilution law is generally<q~” to the tail. The exponeny extracted from the tails

valid for lamellar complex phases, as long as the neutral antnges between 1 and 2, while the Caitiedel after powder

cationic lipids do not phase separgfd]. averaging would give a value below ¥~1— 7 [17]. The
Over the past decades a large body of experimental workystematic dependence pfas a function ofv is depicted in

has confirmed that fluctuations in multimamellar stacks ofthe inset. For samples of decreasing DNA content, the devia-

membranes or more generally lamellar phases of lipids otion from the Caillemodel gets less and less pronounced.

surfactants in solution are well described by the harmonicOne may argue that for very stiff lamellar systems with
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= [72]
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E 8E-4 | 5
10° 7E-4 | DNAII
10" 6E-4 | o %
00° ¢
o 5E-4 | o
10
0_1 1 N 1 . 1
! 0.1 0.2 0.3
10° q[A™
10° FIG. 6. In ther=1.5 sample, a weak maximum is observed at
the position of the second DNA harmonic. Apart from peak scaling
10° and background, the simulatigeolid lineg is to the same param-
eters as the fit of the fundamental pegake Sec. Il
10°
T — T viations must increase with DNA content as observed.

IE-3 | 001 Presently, without any theories at hand, we cannot further
@@ [A] analyze the scattering distribution of the lamellar peaks, and
FIG. 5. The left tails of the (001) peaks on semilogarithmic W& turn directly to the analysis of the DNA correlation peak

scale after subtraction of a constant background level. The centré? gain insight into the nature of the DNA ordering in the

width is resolution limited, and followed by a power-lay decay COMPlex. _
S(q)=q " over one decade ig. The results of the fitésolid lines The widths of the DNA correlation peaks range between

are plotted versus/D in the inset(open circle along with the ~0.013 A™*and 0.023 A*. This implies that positional cor-
corresponding exponents of the (002) peédlid circles. relations persist over roughly 5 to 10 times the interhelical
spacingd. However, the DNA cannot be ordered in a perfect
<1, experimental real structure effects such as deviationsD lattice with parallel strands that fluctuate around well
from a perfect powder may spoil the applicability of the defined positions. Ignoring for the moment the finite bending
model and explain the deviations with respect to the theoretistiffness with the resulting loss of positional correlations
prediction[24]. However, the powderlike nature of the com- along the strands, a 1D solidlike model is contradicted by the
plex suspensions was unambiguously evidenced by thabsence of strong higher harmonics of the DNA correlation
Scherrer lines on an image plate detector. In the same mapeak. In fact, estimating the Debye-Waller factor, e.g., for
ner, finite resolution and finite size are more critical experi-sampler=1.5 from the ratio of the DNA correlation peak
mentally for smallz,, [25] and may account for deviations and the small bump that can be identified as its second har-
from the Cailleline shape. However, the resolution function monic, see Fig. 6, one would obtain a rms deviation of the
was decaying much faster than the observed lamellar tailstrands with respect to their 1D lattice site of 0.4 d. At this
and deviations from Caille model are also found for the level of fluctuation, no long-range order can persist. Further-
(002) peak, which is usually much less sensitive singes  more, the line shape of the powder-averaged 1D solidlike
expected to scale quadratically with the peak order. Herenodel does not fit the data well in the tails of the peak, as
this is clearly not the case, e.g., in the case of #hel.5 will be shown in the next section. Thus, we can conclude
sample we findy=1.55 for the (001) and 1.29 for the (002) fom the scattering distribution that there is no long-range
peak, respectively. We can thus safely attribute the observearder between DNA strands. This conclusion can of course
deviations of the lamellar line shape to a more fundamentadlso be drawn on fundamental grounds that a long-range or-
difference in the Hamiltonian of the complex phase from thatdered phase cannot exist in 1P6].
of the conventional one. In particular, one has to bear in More appropriately, the ordering of the DNA has to be
mind that the DNA strands lead to an enhanced stiffness afescribed in a two-dimensional model, since the DNA
the lamellar system along the strand direction. This anisotstrands cannot be treated as stiff and parallel rods. At least on
ropy of an effective membrane bending rigiditgt least on  length scales larger than the persistence lehgthsuch an
small length scales smaller than the DNA persistence lengthapproximation has to break down, as orientational order
cannot be captured by Caikemodel. Accordingly, the de- along the standsx(direction in the local coordinate system
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latter is much broader, we decided to discard the data points
| e corresponding to a strong (002) contribution and used the
~~~~~~~ left tail of (001)-peak

« veL5 sample | ttipedover remaining data for the subsequent fitting, with correspond-
el of 002) 1 ingly larger errors; see the following sections.

0.04

----- left tail of (001)
flipped over

IV. FITS TO THE STRUCTURE FACTOR OF A 2D
SMECTIC LIQUID CRYSTAL

0.01

Intensity normalized to (001)-peak

0.014

. ] . The free energy density of a 2D smectic liquid crystal is
K8 ] given by
y 1 o T g

T T T T T v T T T 2 2 2
0.08 010 012 0.14 016 018 020 010 011 012 013 014 H/A=EB au(x,2) _1_3 J“u(x,z) , @
0z 2 0’))(2

q[A™] q[A™ 2

tbe lamalar peaks on each Sile, To sublrac the hackground, tigereuC:2) is a continuum displacement ield of the DNA
unaffected left tail of (001) and right tail of (002) are flipped over strands with respect to a perfect lattice in the local coordinate

(solid and dotted lines, respectivelyb) The same for thev=3 system defined in Fig. 18 andK are the bulk moduli for

sample, where the DNA peak is riding on the right tail of the (001) strand compressior! (meand strand cgrvatur(a]), with K .
peak. related to the bending modulus of a single strand according

to K=Kg/d. The corresponding free energy density for the
will decay. Positional correlations due to small length scald=ourier componeng is given by
fluctuations may vanish on even smaller length scales 1
<l|,. Additionally, if correlations between the DNA exist _- 2 4y 2
also across the lipid membrang ¢lirection in the local co- F Z(BqZ+qu)u (@) &
ordinate system a correct model would have to be formu- » o )
lated in three dimensions. In the next section, we will showAdditional terms describing the coupling of the 2D-DNA
that the data are fitted well to the structure factor of a 2pPhase to membrane undulations, i.e., the coupling between
smectic liquid crystal with additional short-range correla-fluctuations of the nested 2D smectic and the 3D smectic
tions across the lipid membrane, which can be regarded as #0St” structure, may be neglected for membranes with high
small pertubation of a purely 2D system. For low these bending rigidityK ,>kgT. Rigorous theoretic treatments of

cross correlationsvanish and the system becomes strictlythe free energy density containing also coupling terms have
two-dimensional. been developed independently by O’Hern and Lubensky as

Before exploring quantitative modeling in the next sec-Well as Golubovicand Golubovic[5,6]. However, it seems
tion, the issue of background subtraction must be discusseéflat the scaling behavior of the nested 2D smectic liquid
For curves of mediuni/D ratio where the DNA correlation Crystal is not altered by the lamellar fluctuations of the 3D
peak lies in between the lamellar peaks, the background ig_o;t fluctuations, thus justifying the simplistic approach of a
fairly uniform with only little deviations from a constant gid lamellar host structure. Furthermore, the very interest-
value towards the tails of the lamellar peaks. A subtraction of"d €ffects arising from nonlinear elasticity theory and inter-
the background without free parameters was carried out b{pYer coupling become relevant only for length scales larger
the following procedure: The peak centegs-lq, of the than those found in this experimental work. Equati@

(001) peaks were used as mirror lines for the unaffected tail§lifférs from the Hamiltonian of many previously studied 2D

of the opposite sides, which could then be inverted and sulBYStems such as stripe-phase domain walls or step edges on
tracted without introducing further parameters. This schem&'yStal surfaces in that there is no line tension t¢27, so
relies on the general observation that all the lamellar peak1at form fluctuations are governed by bending rigidity
are symmetric. Figure (2 shows the case of the=1.5 alone. _ _
sample(open circleswith the solid line representing the left |t IS instructive to compute the mean-square fluctuation
tail of the (001) peak flipped over to the right side. For low (U°) by applying the equipartition theorem to E@),

g good overlap with the right tail is observed until deviations

set in corresponding to the left tail of the DNA peak. The (ud)= kT fqmaxdq qu"‘axdq (BR+Kgh~*
equivalent has been done with the tails of the (002) peak (2m)2 o g T X
(dotted ling. It is remarkable that the level of background of

the two inverted tails coincides in the centcategion. This 2KgT [ Ymax arctariyB/Kqo/q2)
nearly flat background scatter must also be attributed to the :W J 0 day2 JBKQ?
complexes, since the pure water scan results in scattering that mn %
is smaller by more than a factor of 2 in thisrange. For

-q min

Amin—0
samples of higher lipid dilutiom, the influence of the (001) 0 keT ~ KkTL @
becomes very dominant, but can still be taken into account in 27BKGmin  (2m)2/BK'

a similar manner by subtraction of the inverted left tail of the

first lamellar peak. The situation is illustrated in Figbj7for ~ where the integrals have been performed WIHTHEMATICA
the »=3 case. The most critical samples are those oflow [28]. Thus,(u?) diverges linearly with the lateral system size
where the (002) peak overlaps with the DNA peak. Since thé.,, which has to be compared to the®)oL* behavior of a
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-3 -2 -1 4 1 2 3
x [A]

d A7 NS . - - L=200 A
FIG. 8. The contour ploflogarithmic shadingof the correlation 0-8-_ (C) 7 z \‘\ S Lf‘OOA
function g(x,z) with x andz in units of A at =0.08. 0.6 o 0 T tjgg&

single curvature governed polymer. The effect of the har- ]
monic coupling between strands effectively reduces the di- B25p7 5 ot
vergence of u?). The resulting power law is the same as that ~ ~  E=—i—
of a single flexible polymer in 2D governed by surface ten-
sion rather than curvature. This also means that in contrast to [A'l]

the single chain result, the orientational order of the polymer q

confined in the stack becomes long-ranged. The correlation

function g(x,2): = (expligoe[ u(x,2) —u(0,0)])) is calculated FIG. 9. The 2D smectic line shape after in-plane powder aver-
from Eq.(3.1) in Appendix A, yielding aging: (a) varying ¢, at constant{,=200 A andL=900 A; (b)
varying £, at constant, =400 A andL=800 A; (c) varyingL at
constantt,=200 A andé,=400 A.

~~~~~

2

g(x,z)zex;{—n —\m\[Z] e /4D

branes, a finite size factor is introducg2B], that accounts
) for a broadening of the central peak to a finite domain kize
_ Tr—|x|erf x| Since the data were taken from perfectly isotropic suspen-
X 2\\|Z] sions, the ‘_‘single crystal” _result t.hen has to be “powder-_
averaged” in three dimensions. First, the structure factor is

with constants \: = yK/B and n:szq%/(er)ZB, and averaged in the two-dimensiong|/q, space over the angle
erf(z) denoting the error functiof30]. Parallel to the ¢ between the average helical axis of the DNA and xhe

strands, the correlation function decays exponentig(ly,z axis, resulting in an expression that is applicable when the
—.0)=exd —|x/&] with a corresponding correlation length DNA is powderlike but the membrane stacks are perfectly

¢,=N pm2. Normal to the strands, the correlations decay afrented,
9(x—0.2) =exd VZ/&,], with &,=\/(27 n)?. 1 B

This result is noteworthy. Along the DNA strands the 52D(sz)=—j dd,J dx
positional order decays exponentially in contrast to the alge- 2m) & —o
braic decay of the 3D membrane counterpart. Normal to the .
strands, the decay is also much stronger than algebraic but XJ’ dz qxlz)efrZWILe*i(q_G)'r_ (6)
still weaker than the liquidlike exponential decay that would —o
apply, i.e., for harmonically coupled stiff rods or platds ( A A
=0). Instead, the exponeaté, is replaced byz/¢,, lead-  Here,q=(0dx,qy), r=(x,z), andG=qyz=2m/dz Investi-
ing to a steep initial decay of correlations withiollowed by  gating the resulting line shapes one finds that curves of fixed
elevated tails for larger. This effect is visualized by the ¢, andL become independent &f (apart from an absolute
eye-shaped contour plot g{x,z) in Fig. 8. In this sense the scaling factor if ¢, becomes larger thad; see Fig. 9. In
2D smectic liquid crystal is a unique liquid crystalline state other words, in this limit the line shape is the same as that of
of matter. an equivalent ensemble of rigid rods fluctuating only in their

The structure factor of a single-domain sample is obtainegbositions along. Since the DNA is known to be quite stiff,
by Fourier transforming in the variable{—qg,qy). Along it is therefore not surprising that only, can be extracted
the g, axis the peak is a simple Lorentzian (HWHM from the fitting, in the same manner that the bending rigidity
=1/¢,), but alongg, it exhibits a singularity with tails that K, cannot be determined for stiff membrariés].
decay to lowest order likg~%? for g>1/£,. Analogous to Next, the membrane normal is summed in 3D over all
the power-law singularities of 2D crystals and stacked memeonfigurations with respect g,

: ©)
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1
fl(qy):ﬁv fo(ay)=exd —(oay)?], (8)

with f; corresponding to an exponential correlation across
different layers with a decay leng#}y, andf, corresponding
to a damping due to height fluctuations of amplitugleBe-
forehand, we knew thaf, must be of the same order dg,,
since if it was larger, extra peaks of 2D ordering of the DNA
strands(e.g., on a hexagonal or rectangular lattieeould
have to appear; see above. Alternativélyis appropriate for
an uncorrelated but strongly fluctuating system, where the
fluctuations of the DNA and lipid sheets in tlyedirection
would give rise to such a Debye-Waller term. The fitting
I results in this case vary betweer=0.3 d ando=0.4 d,
H whereg corresponds to the fluctuation amplitude on the lat-

eral length scale of the DNA domaln,, i.e., typically a few
hundred A. These high values are incompatible with the ex-
istence of higher harmonics of lamellar peaks, e.g., the (002)
peak that is observed throughout, typically weaker than
(001) by one order of magnitude. More drastically,odt,

Ty =0.3 the fourth harmonic (004) observed in the=1.5

smectic str.f. EIIE]{I sample should be weaker than (001) by about 23 orders of

S(q) [arb.units]

Lorentz Fit
=335

0.14

Gaussian Fit
=412

0.14

with no correl. along y magnitude. By estimating the rms deviations to be around
o=10 A, consistent with the intensity ratios of the higher
harmonics, we can safely rule out this model, and accept the
q [A"] existence of weak short-range cross correlations between the
DNA strands of neighboring layers as the valid effect, even
FIG. 10. Fit of(a) Lorentzian andb) Gaussian line shapes to if least-square fitting leads to similgy? values for either
the DNA peak of sample=1.5. Obviously, these simple empirical form. Recent theoretical studies on DNA-lipid complexes
line shapes fail to explain the data, and a more rigorous modeling ipredict a “new phase” of vanishing positional and persisting
required.(c) Simulation of 2D smectic correlation with no posi- grientational cross correlations, i.e., an orientational but no
tional correlations of the DNA across different layers, yielding apositional coupling between DNA strands of different layers

0.14

0.12 0.13 0.14 0.15 0.16

right slope that is systematically too high. [5,6]. This does not mean, however, that there are no short-
range positional correlations. Indeed, the “sliding columnar

w2 _ ) phase” predicted by the studies also implies an exponential

%D(Q)“f W/Zdﬁ sin(6) Syp(q sink) decay along of the positional cross correlations, i.e., just as

is assumed for the line shape fitting in this wfikst term in
2 Eq. (8)] [5]. Moreover, the 3D smectic undulations of the
) fy(q cos). (7 lipid membrane “host structure” were shown to have no
qualitative effect on the DNA ordering, i.e., on the functional
behavior ofg(x,z) [6].
The second factor in the integrand is the cylindrical form  Figure 11 shows the fits of the data to Ef) with f; in
factor of DNA with radiusrp=11 A. The form factor ap- Eq.(7) as the rod function, where the fitting has been carried
pears only here rather than already in Eg), because it can out on a pentium PC platform with a software package of
be shown numerically that it does not affect the 2D powdemonlinear and evolutionary fitting algorithn{81]. Seven
average if the correlation length, is large compared with peaks with least-squares fits are displayed, corresponding to
the DNA radiusr. Contrarily, it must be included in the samples ofv=0, 0.35, 0.67, 1, 1.5, 2.33, and[8urves(a)
present step of the 3D powder averaging, if the DNA strandshrough(g)], with respective least-squares deviatigngy/pi-
are not correlated over a long range algng.e., across the cally around 1.5 per degree of freedom. The curves are plot-
layers. A long-range correlation in this direction would im-ted as a function of the normalized wave vectay (
ply the existence of additional peaks in the powder spectrum;-qp)/qq, and have been shifted by additive constants along
which are not observed,(q,) is the structure factor of the the abcissa for better comparison. In cur¢asand (b) the
truncation rod, which is constant for a true 2D system, i.e.Jamellar (002 peak falls on the left slope of the DNA cor-
also for perfectly uncorrelated layers . Howeviy=1 does  relation peak so that the affected data points had to be re-
not fit the data with the right tail of the simulated peak beingmoved, resulting in larger fitting uncertainties. The fitting
systematically too high; see Fig. @. In other words, the parameters of the model weég,é, ,L,d as well as a scaling
model of perfectly flat and uncorrelated planes of DNA can-factor and a constant background level that was allowed to
not explain all the data. We therefore introduce a decayingary in a range of a few percent of the peak maximum to
structure factor that for the sake of simplicity is taken to beaccount for small possible errors in the previous background
of one of the two following simple forms: subtraction.£, was kept constant in the range where it does

« J1(rpgqcos))
rpgcosd
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0.1 0.2

(@-9,)/q, [A"]

TABLE I. The fitting results: the first three rows correspond to
the results of the 2D smectic model fitting to E§), with either
f1(ay) (parameteg,) or f,(qy) (parametew), respectively, as the
rod function in Eq.7). The last row gives the results of the corre-
lation length¢ when fitting to a 2D nemati€1D liquid) model.

samplev= 0 035 067 1 15 194 233 3

d A) 27.6 287 381 399 479 524 530 547
L (A) 475 539 667 895 634 521 602 1080
£ A 91 108 141 131 311 189 148 176
& (&) 20 10 24 33 31 60 52

o A) 92 85 14 135 18 26 24
&R 103 113 167 168 183 173 212

DNA. The x? values of the corresponding curves were gen-
erally higher than for the smectic liquid crystal model. The
situation is illustrated in Fig. 12 for the case of the sample
v=1.5, with the 1D solid structure factdilD Gaussian,
powder averaged in 3D as described abomesulting in a
least-squares deviation Q§0,=2.2, and the 1D liquid struc-
ture factor(1D Lorentzian, powder averaged in 3D as de-
scribed abovein a value ofxﬁq=1.95, as compared tg?
=1.65 for the smectic liquid crystal model. But even without
referring to these somewhat small differences, 1D solidlike
ordering can be ruled out because higher harmonics would
be much stronger in this case; see the preceding section. The

FIG. 11. Normalized and rescaled DNA correlation peaks after
background subtraction and the corresponding fits to 2D smectic
line shapgEgs. (6) and (7)] for samplesyr=0, 0.35, 0.67, 1, 1.5,
2.33, and Jcurves(a) through(g)].

not affect the lineshapé,>2d; see above. In the simula-
tions, L is found to be inversely proportional to the
Gaussian-like center of the curve. Changesépfare most
visible in the left tail where the scattering gets weaker with
increasingé, resulting in a steeper left slope. The right tail
was dominated by the value &§, which can be understood
in geometrical terms, since the truncation rods are tangents
to the Ewald sphere and intersect @t-qy. The striking
asymmetric profile observed, in particular, for samples of
medium » ratio, occurs when the correlation lengéh is
relatively large, leading to a steep left tail, béy is still
relatively small, leading to a slowly decaying right tail. The
fitting results of all samples are displayed in Table | and will
be discussed in the next section.

As described above, the low-dimensional nature of the
self-assembly is directly apparent in the powder-averaged
scattering profile, and models with different geometfieg.,
2D hexagonal phase, 3D nematic, etfail to explain the
data. However, within the given geometry of DNA ordered
as parallel strands in a two-dimensional plane, different mod-
els with relatively small variations in the correlation function
alongz are harder to differentiate by the line shape analysis,
since small domain sizes and powder-averaging effects
somewhat blur the distinct features of each model. To inves-

-
2

5
ey
5
~~~

=
el
195} 1D solid str.f))

0.14 =22 II .

0.1

0.14

1D liq. str.f.
(2D nem.)

x'=1.95

smectic str.f.

1’=1.65

0.12

0.13 0.14

q[A7]

0.15 0.16

FIG. 12. DNA peak of thev=1.5 sample with(@) a 1D solid,

tigate this issue, alternate models were fitted assuming tru@) a 1D liquid (2D nemati¢, and(c) a 2D smectic line shape. The
solidlike and liquidlike ordering of parallel DNA strands, 3D powder averaging scheme with an exponential correlation func-
respectively. The latter case corresponds to the line shape @én alongy was the same for all three fits. Small but statistically
a 2D nematic liquid crystal composed of stiff polymers like significant differences are observed in the tails.
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2D nematic model, on the other hand, requires untypically

high values for the correlation lengths perpendicular to the 1200+

strands of the order of four to five lattice units. To this end, (@)

a 2D smectic phase and a highly correlated 2D liquid of ot 800 { J
polyelectrolyte strands cannot be distinguished very well by ) { ) ﬁ
the line-shape analysis, but the latter can be rejected on the 400 ﬁ

basis of the fitting results. Theoretically, the two phases be-

come equivalent on long length scales, due to dislocation

defects that are free in 2[32]. Indeed, a high defect density

in the complexes is also obvious from the small values of {
smectic domain sizek inferred from the fitting. Interest- 300 ®

ingly, defects have also been imaged by atomic-force mi- =2 200

croscopy(AFM) in fingerprintlike patterns of DNA adsorbed = < {
to lipid bilayers[33]. This system, however, differs from the d 100 ﬁ { 1 q

present one in that it is constrained by the presence of a
substrate and it is composed only of one bilayer covered with

DNA rather than a multilamellar structure with the DNA
sandwiched in between two bilayers. Moreover, for the AFM

images the lipid is required to be in the gel phase with or- —
dered tails in contrast to the liquid nature of membranes in =<
the complexes. However, the ordering of DNA strands is o

most probably also of smectic symmetry. 21 { i {

Finally, we justify the use of the harmonic approximation
a posteriori by the relative values of the smectic domain {
sizes&, and &, obtained in the present workalled disloca- 25 30 35 40 45 S0 55 60
tion length in[19]). Nonlinear effects become observable d[A]
only when &, and &, become larger than the respective
Ginzburg lengthés, and¢g,, which are given in 2D by19] FIG. 13. The results of the least-square fittitg: DNA smectic

domain size_, (b) correlation length,, and(c) correlation length
87T(K/kBT)3/2 §<23x ¢, perpendicular to the layers, as a function of DNA spacing.
Gx= T oo —ap v Serm 9
(B/kgT) for D=1+1 the equation predicts the same divergence of

(u?) with the lateral system size as E@).
From the results of the fitting we only get a combination of
K and B (or alternativelyh and 5, or & and &,, see the V. EITTING RESULTS AND MICROSCOPIC
definitions abovg so that we cannot evaluate the Ginzburg INTERACTIONS
lengths directly. However, as will be discussed in the next
section, the bending rigidity can be related to the persistence The results forl, &,, and &, obtained from fitting the
length&, of DNA according toK =kgT&,/2d, which allows  data to Eq(6) with rod functionf,(q,) in Eq. (7) are shown
us to remove this ambiguity and calculate the quantitiesn Table I. The second to last row contains the Gaussian
above toég,=0.7 um andég,~80 um. These values are width o, as obtained by using the alternative rod function
much higher than those found experimentally fgrand &, ; f2(qy). As discussed in the preceding section, an increasing
see the next section. Accordingly, nonlinear terms in thewidth of the 2D layers could only be explained by a strongly
Hamiltonian are irrelevant and the interesting theoretic relafluctuating multilayer, and by inspection of the values the
tionship [19] between a 2D smectic liquid crystal and the model can be ruled out, since it is inconsistent with the
KPZ theory of a growing interfac@growth in D=1+1, with  strong second harmonic of the lamellar peaks; see above.
one substrate dimensipnwhich has been mentioned in the The fitting results forL and &, obtained withf,(q,) and
Introduction, must in this case be drawn as an analogy to thé&;(qy) fall within the respective error bars. The values dor
linear version of the KPZ equation, the so-called Edwardsare shifted by about 0.2 A when usirfg(qy) instead of
Wilkinson (EW) equation[34]. The EW equation has been f;(q,). Finally, the last row of the table gives the values of
used in many different linear theories of interfacial evolutionthe liquid correlation length as obtained from the 1D liquid
as well as in corresponding computer simulations. Further(2D nematig¢ structure factor. Again, the model can be ruled
more, it has been verified experimentally to apply to theout on the basis of the unrealistically high correlation lengths
interface evolution of sputter-deposited amorphous multilayand also the slightly highey? values, e.g., see Fig. (3.
ers(in D=2+1) [35]. In the picture of the analogy, theaxis Therefore, the 2D smectic ordering with weak exponential
of the 2D smectic liquid crystal would be mapped to the timecorrelations alongy can be established as the valid model. In
axis of the interface evolution, whibe would be the spatial Fig. 13 the corresponding values bof §,, and, are plot-
coordinate. Interface fluctuations of different smectic layerged versudd. L is found to vary nonsystematically between
(strand$ would then correspond to interface positions of 500 A and 1200 A, see Fig. 1@, while Fig. 13b) shows a
subsequent points in time in the stationary growth regimemoderate overall increase 6§ with d. The highest value of
with the EW coefficient proportional tegT/BK. Indeed, &,=311 A is determined for the=1.5 sample. Expressed
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' ' ' ' ' ' can be compared to various different models, from which
significant conclusions can be drawn.
0.04 E (a) Let us consider if steric repulsion of the DNA strands
may be responsible for the ordering, analogous to the steric
E interactions in membrane systefii], which were theoreti-
cally proposed by Helfrici37]. However, this would imply
considerable strand undulations on lateral length scales of
the order ofd, with a corresponding line shape significantly
E different from the one observed, which is consistent with
] undulations only on longer length scales. Thus, we conclude
that steric undulations are irrelevant in the present case. In-
: : : : : : dependent of the line-shape argument, Helfrich’s interaction
can be clearly ruled out from the measurB@d) depen-
dence. Following HelfricH38], the mean square of the dis-
placementu for a polymer of lengtH in a two-dimensional
plane is(u?)=kgTI%/2K,, whereK is the bending rigidity
of the polymer. The mean number of contacts per unit length
of a polymer confined between walls of separatibar in a
corresponding array of parallel polymer chains is therefore
given by 1I,, with a collision length of Iy
=(d?2K4/kgT)Y3. An entropic free energy cost &T can
be attributed to each collision, so that the free energy per
surface area is given by

0.014 (@

0.01 1

1/3
_ keT(ksT) a

F
d [A] dly (2K ) V3553

FIG. 14. The compressional modulBsin units ofkgT/A2asa  From the definition of the compressional modulus as the sec-
function of d on double-logarithmic scale. The data points as ex-Ond _derivative of the free energy densityB

tracted from the fitting(see text are the same itta) and (b), but ~ =d?d*(F/A)/(ad)?, we get for Helfrich’s interaction
plotted versus the predictions for different microscopic interactions:

(a) Helfrich steric repulsior{solid line), (b) exponential interaction 40 kgT 1

Bxexyd —d/l] as resulting from hydration forces or screened elec- = 9 1B d?/?” (12
trostatics, respectively, with=3 A (dotted ling and 25 A (solid &p

line). Hydration interaction could only explain the very first data . .

points, and screened electrostatics can be discarded since the DeBy8€re Ks has again been expressed in terms of the known

length ), is several hundred A in the present case, and thus mucRersistence lengti,. The corresponding form is plotted as

larger than the 25 A obtained from the fit. the solid line in Fig. 14a) for | ,=500 A, and corrected for
the finite size effect, i.e., by replacimyby d—rp [39]. A

in lattice units, this flat dependence translates into a signifisimilar result with a different prefactor has been derived for

cant decay of the correlation length with Using the defi- hexagonal phases of polymé#Q0]. Clearly, this curve does

nitions of &, and &, given in the preceding section, one can not fit, and this remains to be the case also when the prefac-

extract the 2D chain-chain compressional modBys tor is treated as a fit parameter, which is appropriate, since
only a more rigorous derivation can yield a correct value of
(keT)3 &,\23 1 the prefactof41]. _
B=(2m)%2 23 (_Z> — (10) (b) Hexagonal phases of DNA have been extensively
K13 \d d? studied by osmotic pressure techniques for different salt con-

centrationg42,43. At high DNA densities corresponding to
We can now proceed by estimating the bending rigiddy interhelical distances of up to abotit=30 A, hydration in-
splay modulus K. As a reasonable assumptidq, can be teraction dominates, giving rise to an exponentially decaying
linked to the single DNA bending rigiditiks by K=K, /d, repulsive force per unit length of DNA,
with Ky in turn being proportional to the DNA chain persis-
tence length,= 2K/kgT [36], which has been experimen- fr(r)="fpoe (@720)/An (13
tally measured to bg,~=500 A[11]. The corresponding val-
ues are plotted in Fig. 14 faf,=500 A. Different values of  with typically f,,=90 dyn/cm and\=3.1-3.5 A[42]. In
&, merely change the curve by a multiplicative factor, butthe same way, the DNA packed in the complexes can be
not thed dependence. Of course, the analysis of the results igxpected to experience a strong contribution of hydration
severely limited by the small number of points and the relaforces at smald<30 A. The corresponding curve of the
tively large error bars. Refined data will become available incompressional modulug(d)=exp(—d/3 A) is plotted in
time with ongoing studies, and possibly also from orientedrig. 14b). Clearly, hydration alone cannot account for the
samples. However, to this end the experimental ciB{e) experimental data over the whole rangedof
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FIG. 15. Schematic of the DNA and the corresponding counte-
rions of cationic lipids(DOTAP) in the lipid bilayers composed of
DOPC/DOTAP. The concentration profile of the DOTAP counteri-
ons is sketched above the bilayer.

force / length { units of dyne /cm ]

In the regime of interhelical distances 30<Al<120 A,
pure solutions of DNA in brine exhibit an electrostatic inter-
action screened by the salt ions, leading to an exponentiI?
decay of the repulsive forces. Fitting the data to an expone [0
tial decay of arbitrary rangk Bxexd —r/l], agreement can
be obtained only foﬂ-:25 A; see the S.O“d curve in F'g'. Poisson-Boltzmann resulsum of f° andfl), as well as the com-
14(b). The correspondlng Sa,lt concentration of 14.4 mMol '_S’bination of all of the above. As can be seen, the van der Waals
however, much higher than in our samples. Indeed, preparingyntripution is negligible over the entire range, while hydration

the samples with ultrapure watéMillipore), the ion concen-  foces hecome comparable to the electrost@imisson-Boltzmanin
tration is given by only the anions corresponding to the catierm at smalld.

ionic lipid and the cations corresponding to the DNA, which

geF fl.J”y released when the DNA and the l'p'd Cor.‘d?nse'mensions. A 2D cross section with quantitative field lines is

This increase in free ions and the corresponding gain in eNsyetched in Fig. 15

tropy is the driving force of the self-assembly. However, the s

ions are released into the full volume of excess water in th

capillary, resulting in a relatively low concentration, which

can be estimated to be below 1 mM. Further experiment

proof is of course given by the fact that the DNA dilutes to

above 60 A (where this number is not limited by electrostat- o, TKeTTp

ics but by lipid phase separatiprgiving an upper bound for )= 2lg(d— )2’

the concentration of salt of about 2.5 mM. A fit to an expo-

nential curveB(d) with =60 A is, however, in complete ) i . .

disagreement with the data. Thus, we conclude that in con¥hich are due to the osmotic pressure of lipid counterions

trast to pure DNA solutions, electrostatic interaction and Ic_mg-range electrostatic forces, _respectlv_ely,_ calculated

screened by salt cannot account for the DNA ordering in thdY Using the Maxwell stress tensor, i.e., considering the en-

complexes. ergy of the equtnc ﬂel_d betwegn ne|ghbor|ng_ DNA chains.
(c) The interactions may thus be attributed to a combina!" tzhese equaﬂonsl,b_gs the Bjerrum length in watet,

tion of hydration forces(at short rangeand long-ranged =€7(ekgT)=7.1x10"" cm (en,0=78.5, €jpia=2), rp

electrostatic forces. In the limiting case of infinitely high =107 is the DNA radius, and\ is a somewhat empirical

mixing enthalpy of the cationic lipid and the neutral colipid, distance below which the formula fdi® does not work,

or, equivalently, in the special case of no neutral colipid ( roughly equal to the DNA radiug? and f! are the lowest-

=0), the system could be approximatively treated as an agrder terms in an expansion of smefj/r, so that the result

sembly of oppositely charged planes and lines; see Appendii valid only for large DNA separations. The finite size is

B. For v#0, the system has to be described self-consistentlyieglected, and the equation is not applicablefer0 (pure

by the Poisson-Boltzmann equation just as in the well knowrcationic lipid, see Appendix B where the osmotic pressure

case of stacked membrangts]. However, the present ge- of lipid counterions vanishes. The two force contributions

ometry is somewhat more complicated, since the electri@are shown in Fig. 1@): f°«1/d? dominates at smatl, with

field distribution has to be parametrized in at least two di-a crossover al=483 A.

FIG. 16. The force laws of various microscopic interactions
rce per unit length of DNA (a) The two dominating terms of the
solution of the Poisson-Boltzmann problga], (b) the contribu-
tions of the van der Waals fordattractive, hydration force, the

Bruinsma and Marshl have addressed the projrand
®btain two main contributions for the repulsive forted)
a;?er unit length,

fl(d):2|n(2)(i)kB—T (14)
en)Tod

w
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Let us also consider the van der Waals force between thetrength as in bulk DNA phases. At larger separations, the

DNA strands, 1/d term dominates. Moreover, an additionadi3term does
not improve the fit. The o decay of the electrostatic con-
Ay tribution may be related to a short calculation for the case of
fyaw=— 16(d——2rD)5’2' (15 pure cationic lipid or no lipid demixing presented in Appen-

dix B, suggesting that the simplest electrostatics without a
where the Hamaker constaAt=5.2x 10" erg has been Poisson-Boltzmann-like counterion pressure captures the es-
derived withepya=4 and €41,0=80 [46]. This is an attrac-  S€NCe of the DNA-DNA interaction in the complexes. The

tive f that | ller than th ; i tributi counterion pressure in this quasi-two-dimensional system
Ive force that 1s smaller than the previous two contributions, .., very large and relatively few “solvent’{neutral lipid

?t Ie:?st at dver\)lfvlovxlgomé: tshtrengthlf.. Tr](etellictrostanc,r?ydraénd “counterion” (cationic lipid molecules may not be as
lon, (van der Waals and the resuiling tolal force are SNoWn o jayant a5 in the ordinary three-dimensional analog of

n F|g_. 150 for the distances covered in the lipid d|Iut|(_)n charged membranes. However, to safely draw conclusions on

Yhis issue, further theoretical calculations that are valid also
in the experimentally important regime of small DNA spac-
ingsd are required.

Another possible contribution to the compressibility
modulusB may arise from changes in ratio of the membrane
area to lipid head group area, and the associated chain
stretching. This mechanism assumes that the average area

except at smalt, where hydration forces are comparable.
To compare the above forces with the experimeBial)
data, we need to calculaB and to convert it to the units of
kgT/AZ2. This is accomplished with the thermodynamic defi-
nition B=d(df/ad), wheref is the force per unit length as
used in the above formulas. Correspondingly, we obtain

per lipid molecule is reduced rather than neutral lipids being
Bpoiss -BoltZIMJrZ'nQ) € kB_T, (16) expelled from the complex when the DNA distance is de-
T lg(d—2A)3 en,0) |8d creased. However, an estimate of the lipid compressibility
shows that the contribution #® would be independent af
fro and of the order of RgT/AZ.
Bpyar=d——e (47280 (17 All of the interactions discussed above, aside from the

M negligible van der Waals contribution, are purely repulsive.

The average density and hence an average interhelical dis-
B =5A\/G d (18) tanced is fixed by the condition of overall charge neutrality
vaw™ 32 (d—2A)7? (isoelectric regimg with the repulsive interactions respon-
sible for the ordering.

In the above formulag, f,, and\, are fitting param- In summary, we have demonstrated that the DNA orders
eters, since they may be somewhat different in the DNA-as a 2D smectic phase in the 3D smectic DNA/lipid complex,
lipid complexes than predicted or measured for bulk DNAWwith the interhelical distance determined by the average bi-
phases. The comparison with the experimental data in Figayer charge density. The ordering is found to be inconsistent
17(a) shows that the decay iB(d) is slower than current With pure hard-core interactions, steric repulsion, and hydra-
thoeretical predictions. The solid curve in Fig(&7s afitto  tion forces, but can be well explained by long-ranged elec-
the data, restricting coefficients to be reasondplesitive  trostatic forces with the cationic lipids acting as counterions.
and not larger than several A in the caseAoéind\y,). The  Furthermore, the line-shape analysis shows that short-ranged
values of the simulated curve ate=9 A, \,=3.1 A and positional cross correlations exist between the DNA of adja-
fro=0.014&gT/A2, all of which are very close to the ones cent layers. For the samples of smdlinear close packing
given in the literature f(,,=0.02kgT/A? in bulk DNA these cross correlations vanish, but they become very pro-
phases, but this difference is not significant, considering hovtounced for samples of higher spacingwhere the correla-
poor the fit i3. Thus, the conclusion can be drawn that thetion length increases with interhelical spacidg For the
electrostatic predictiofd] is two large at smalil and decays Present work, the analysis was limited by the significant er-
too quickly compared with the data. This is not too surpris-fors and the effects of powder-averaging. Further insight
ing considering the above discussion, where the work of Refmay be derived from studies of oriented samples that may
[4] does not take into account that the lipid osmotic pressur®ecome available in the future. The correlation of complex
should vanish asl— 2r with »=0 (pure cationic lipid. structure and fluctuations to properties such as synthetic gene

What can then be compared favorably with the data? Figcarriers also remains to be explored.
ure 16b) shows a fit to a hypothetical d/dependence with
added hydration and van der Waals contributi@id line).
The fit is to the sum of the respective terBs- B+ B,qw
+C/d, with By, B,qw, andl, the same as above aftlas We acknowledge useful discussions with N. Dan, P. Pin-
the coefficient of the 1 term. As shown above, thB,4y  cus, B. Gelbart, T. Lubensky, F. MacKintosh, L. Golubgvic
contribution is negligible, but has nevertheless been includednd in particular, R. Bruinsma for communicating his elec-
here since it introduces no free parameters. The fit parantrostatic calculations. This work was supported by NSF-
eters wereC=43.6, f,,=0.109, and\,=3.23 A. We can DMR-9624091, the Petroleum Research F(®i352-AC7,
draw a definite conclusion that hydration forces are imporand a Los Alamos CULAR grant STB/UC:96-108. T.S.
tant (improving the fit in a statistically significant wayat  would like to thank the DAAD for the distribution of a
small d with a decay length of 3.2 A, of about the same NATO grant. J.O.R. acknowledges a DFG gréRa 655/1-
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APPENDIX A: CALCULATION OF THE CORRELATION a fo dZ'\mlZ'exp=x7I(4Z"). (A7)
FUNCTION
After elementary rearrangements, the remaining integral over
Z' can be linked to the definition of the error function
erf(x) =2/\/=[§dtexd —t?],

In continuum description the correlation function can be
defined as

9(x,2) =(expfigo[u(x,2) —u(0,01}), (A1) .
1.2 _ a_ S T A x2(4N]Z))
where qo=27/d is the q value corresponding to the first (200]u(x,2)~u(0,0[) Y mh|Z| e
correlation peak, and(x,z) denotes the displacement of the )
DNA strands with respect to a perfect lattice in a local coor- _ 777T—|x|erf || (A8)
dinate system. In the harmonic approximation valid for small N Zm '
displacement amplitudes, is a Gaussian random variable,

so that the ensemble average) has to be performed only \yhich in the harmonic approximation of EQ.7) leads to the

over u. Using Eq.(3) of Sec. Il we are therefore left to . ralation function of a 2D smectic as given by E4) in
evaluate Sec. lll.

1.2 . 2
(z95lu(x,2)—u(0,0)|%) APPENDIX B: COMPRESSIBILITY OF A LINEAR ARRAY

OF LINE CHARGES

= ”f dqxf dqzl coZS{qX>2<+4qZZ] , In this appendix we calculate the compressional modulus
*“3 — qz+ A0y B(d) for a system of equally spaced line charges of charge
(A2) density A (C/m) in between homogeneously charged planes

of sheet densityr(C/m?). This may be a valid approxima-

with 7 and\ as defined in Sec. Ill. Using the integral tion for the present case of DNA intercalated in between
cationic lipid membranes, if no neutral colipid is present or if

© 1-cogalb—x)] = B the lipids do not demix.
fdeT:E(l_e *‘cogab]), Since the field is constant in between parallel and uni-

ormly charged planes, the only effect of the lipid bilayers in
formly ch dpl h ly eff f the lipid bil i
this electrostatigellium modelis to fix the average spacir

- between the DNA to maintain overall charge neutralyis
which can be calculated, e.g., IMATHEMATICA [28] after . : i
switching to a complex representation of the cos func’[ion,thfan determined by t_he restoring force per unit Iength_ that
the d, integral is carried out, leading to arises from a small displacemefut e.g., of one strand with

z ' respect to the linear array. In this simplified picture the loga-

rithmic potential of all the strands can be summed up to give

(A3)

(395lu(x,2)~u(0,0[%)
B m* (B1)
:f dqxﬁ(l—e’”qizcowxﬂ). (A4) bed
% with \ the line density of charges of the DN&/L.7 A),e
The remaining integral oveg, can be solved by partial in- the un'it charge, and= ¢, theT dielectric constant of theT
tegration rewriting the integrand as water in between the DNA Th_ls model can then.be applied
to samples of only cationic lipidy=0), i.e., the first data
2 point in Fig. 14, yielding B=2.74x10 2kT/A? for \
f(Z,X):f(O’X)_’_f dz . (A5) =e/1.7 A d=27 A, ande =80. The measured value of
o 9z B=(3.77+0.3)x 10 2kT/A? is somewhat larger than this
prediction, which can be easily attributed to hydration forces,
with Z=\z. For the integral corresponding to the first term as discussed in Sec. V. Moreover, the above equation com-
on the right-hand side of Eq20) we get(MATHEMATICA) pares well with the experimentBi(d) values over the whole
range. Without adjustable parameters, the prefactor of the
" 1 1/d dependence is fairly close to the emperical coefficent
J qu—z(l—COS{qXX]):ﬂXL (AB) in Fig. 171b) found by a free fit. Thus, the present “jellium
- X model” without any adjustable parameter predicts a result
well in agreement with the data. In reality, however, the
while the second gives assumption of a perfectly homogeneous charge density in the
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To derive the above equation, we assume the negative line
charges to be placed on a one-dimensional lattice with peri-
] odicity d in each of the line charge layers. Since we further
] assume the line charges to be perfectly uncorrelated across
- different layers, it is sufficient for the calculation of averaged
1 elastic constants to consider only one layer of line charges
with planes of half the charge density/2 on each side.
However, the field between equally charged planes is zero,
so that we can ignore the presence of the positive sheet
- charges altogether. Their only effect is to fix the valuel ¢
] ensure overall charge neutrality. Thus we are left to evaluate
the compressibility of parallel and equally spaced line
charges in 2D.

Due to the logarithmic form of the potential of a line
charge[44] V(r)=—\N/(2m€)In(r), with e the dielectric
constant of the medium, the total energy of such an array
diverges. However, one can calculate the change in energy
with respect to the ground state if the position of one line
charge is displaced b alongz with respect to the perfect

lattice site. Labeling the corresponding line wiik=0, one
(b) %E can sum up the terms corresponding to the difference in po-
tential energy(per unit length along the lines in thedirec-
] tion) for each of the other line charges on the left- and right-

s hand side, respectively,
25 30 35 40 45 50 55 60

0.14

0.014

B [KT / A’

<

O

U
l

2

I
d [A] AUy=5—(Innd|~In|nd-A]),
(B2)
FIG. 17. The experimental daB(d) with a fit to (a) hydration, A2
van der Waals, and electrostatieoisson-Boltzmannforces. The AU,n=—(In|nd|—In|nd+A|).
parameters have been varied within physically reasonable values 2me
(see text Clearly, the theory predicts a much stronger decay of . .
B(d) than observedb) If instead of the Poisson-Boltzmann result ~ Adding the terms by pairs of n, one gets
an empirical 1d term is included, reasonable agreement is obtained.
i 2
- . u=>, )\—m(ﬂ)ﬂn(ﬂ}
lipid membrane may no longer be valid, if a local compres- =1 2mel |\ |nd—A| Ind+A|
sion or decompression of the DNA due to thermal fluctua-
tions is accompanied by a corresponding change of lipid area .
headgroup to maintain local charge neutrality. More impor- A=d _ A% A? A2 A2
tanly, any lateral demixing of charged and uncharged lipids - n; T 2me d2n2 T 127e ? (B3)

will contradict the central assumption of charge homogeneity

in the membrane. The mixing enthalpy is not likely to be

large enough to prevent the lipids from charge seggregatiowhere first a Taylor expansion valid for small was used
[47]. However, even though applicability of this simple elec-and for the last step the relatidt,_,(1/n?) = 7?/6. The re-
trostatic model remains doubtful for samples with neutralsult is of the harmonic formaAU=A? defining a force con-
colipid »#0, it provides an excellent result when comparedstant k=\?/6wed? and the corresponding compressional
to the measure®(d) values. modulusB=dk=\?%/(6med).
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