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Two-Dimensional Smectic Ordering of Linear DNA Chains
in Self-Assembled DNA-Cationic Liposome Mixtures
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We report a synchrotron x-ray scattering study of linear DNA chains and cationic liposome mixtures
which spontaneously self-assemble into a coupled two-dimensional (2D) smectic phase of DNA chains
imbedded between lipid bilayers of a 3D smectic phase. The DNA peak is quantitatively described by
anisotropic exponentially decayinghain-chain correlations. The measured interchain compressibility
modulusB(d) as a function of the interhelical spacidgof the 2D smectic, witl25 < d < 60 A, is not
described by hard core repulsions but, rather, is dominated at larger spadcings A by long-range
electrostatic repulsions. [S0031-9007(97)04054-4]

PACS numbers: 87.15.By, 61.30.Eb, 64.70.Md, 82.70.K]

Over the last two decades the elastic and charge propewhere u(x, z) is a continuum displacement field of the
ties of the structurally well defined DNA macromolecule DNA chains with respect to a perfect lattice in the local
has lead to many important experimental studies [1l]coordinate system defined in Fig. 1. The 2D smectic lat-
Structural studies have centered around probing the variouge compressibility modulus is denoted By(erg/cn?),
dense conformations of giant DNA molecules, with simi-while the splay moduluk = «/d (erg) is related to the
larity to their biologically active native state, eitherinducedbending modulus of a single chain (ergcm). Equa-
by multivalent cations [2] or in high density liquid crys- tion (1) differs from the Hamiltonian of previously stud-
talline phases, both in vitro and in vivo in packing of DNA ied 2D systems such as stripe-phase domain walls in that
in cells [3]. there is no line tension term [11], so that DNA chain fluc-

More recently, there has been a tremendous surge ituations are governed by their bending rigidity alone.
interest in elucidating the structures in complexes consist- The correlation functiong(x, z) = (expligo[u(x,z) —
ing of DNA mixed with oppositely charged (cationic) li- u«(0,0)]) can be calculated from Eq. (1) analogous to the
posomes (closed bilayer shells of lipid molecules). Thiderivation of the three-dimensional counterpart [8,12],
is because they have been shown to be able to mimic cer-
tain characteristics of natural viruses in their ability to act
as efficient chemical carriers of extracellular DNA across
outer cell membranes and nuclear membranes for ger
therapy applications [4]. The complexes are novel statis
tical mechanical systems forming interacting tensionles:
one-dimensional (1D) polymeric chains physisorbed ontc
and confined between 2D fluid membranes with curvature
elasticity [5]. More generally, the nature of interactions
between polymers and membranes is actively studied an A
remains far from being understood [6]. d

LS

In this Letter we report a synchrotron x-ray study with
guantitative line shape analysis which demonstrates that i J_
this recently discovered multilayered DNA-cationic lipo-
some complex shown schematically in Fig. 1 [5], the 1D
array of DNA chains sandwiched between cationic mem-
branes exhibits a novel anisotropic chain-chain correlatior <
function g(r) which decays faster than algebraic and falls
into the experimentally rare 2D smectic class [7]. The
system constitutes the lower dimensional analog of three
dimensional smectié- phases studied in humerous con-
densed matter materials in thermotropics [8], in lyotropicriG. 1. Sketch of the self-assembled DNA/lipid complex with
multilayer membranes [9], and in polymeric smectics [10].the DNA double helices represented by rods in between the

The free energy density of a 2D smectic is given by lipid membrane comprising the neutral and cationic lipids. The
1 aulx. z) 2 1 0u(x. 2) 2 corresponding lipid headgroups are shown in light and dark
H/A = _B<M> - K(ﬂ) (1)  shades, respectivelyd, denotes the multilamellar periodicity
0z 2 ’

2 dx2 andd the DNA spacing.
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yielding

2
glx,z) = exp{—n%,/ﬂ/\m o~ X/(4ALD)
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with g9 = 27 /d, d = DNA interhelical spacing (Fig. 1),
A= (K/B)*5, and n = ksTq3/(27)*B and erfz) de-
noting the error function. Parallel to the chains the
correlation function decays exponentialfyx,z — 0) =
exd —|x|/&;] with a corresponding correlation length :
£, = A/nm?. Normal to the chains the correlations decay 1014}
asg(x — 0,z) = exfd(z/£,)*%], with £, = A/QQ@n)*7.

The samples were prepared by mixing lambda-phage
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DNA (48502 bp, contour length of 16,6m) with li- 10193

posomes in ultrapure water as described previously [5].

When mixing aqueous solutions of DNA with a sus- 103 . .
pension of cationic lipid vesicles (cationic liposomes), a 00 01 o0 03 04
highly condensed system (complex) is formed in a self- q[A1]

assembled manner, where the cationic lipids neutralize theg o (a) Small-angle scattering of charge-neutral DNA/
negative phosphate groups on the DNA (Fig. 1). The lipocomplexes in excess water. Curves for samples of increasing
somes consisted of cationic DOTAP (dioleoyl-trimethyl- ratios between neutral and cationic lipid are shifted by
ammonium-propane) and neutral DOPC (dioleoyl-multiplicative factors: from top to bottom =0, 0.67, 1.5,
phophatidylcholine) ~ at various weight ratioss = 2.33, and 5.25. Apart from very sharp Bragg reflections with

. . the typical power-law tails of multilamellar phases, a much
mas$DOPC]/mas$DOTAP]  with  DOTAP/DNA = proader and weaker peak arising from DNA-DNA correlations

2.2 (wt./wt.) kept constant at the isoelectric point of s observed (vertical arrows). In some samples a weak peak
the complexes where the cationic DOTAP lipids exactlyis observed at the position of the second DNA harmonic

balance the negalive phosphate groups of DNA. _ Thicee oel. (1) 1, e Don, DOmore o A srare

uno_nen}ed samples were se_‘aled in 1.5 mm quartz x-ra, obtaine%, and can be cpomggred to the simple relationship

capillaries. The x-ray experiments (8_ keV) were Camedexpected for simple 1D packing (see text).

out at the Stanford Synchrotron Radiation Laboratory. The

measured line shape did not depend on the instrument reso-

lution function [5,9], which had a width typically 10 times

smaller than the peak, and much faster decaying tails. eventually phase separates to a phase of complexes in
Representative small-angle scans are displayed iooexistence with a pure lipid lamellar phase [Fig. 2(a)

Fig. 2(a), shifted by multiplicative factors for samples bottom aty = 5.25] [13].

of increasing mass rati@ of neutral to cationic lipid The tails in the lamellar (001) peaks decay alge-

(from top to bottom» = 0, 0.67, 1.5, 2.33, and 5.25). braically, but simulations showed significant deviations

While the lamellar (001) peaks only move slightly with from the standard Caille line shape [12]. This is not sur-

v towards smallegy, the much broader and weaker peakprising since it may be expected that the bending rigidity

arising from the DNA-DNA correlations (vertical arrows) «,, of the membrane will be locally anisotropic, with one

shifts over a wide range corresponding to a change iulirection stiffened by the presence of the DNA chain [13].

the DNA interhelical spacing! from essentially closed Already on the large scale of Fig. 2(a), one recognizes the

packed at 26 A to significantly dilute at 54 A. The mea-peculiar asymmetric line shape that directly relates to the

sured curved(v) is displayed in Fig. 2(b) in membranes confinement of DNA chains in a 2D layered structure. In

comprised of either DOPC/DOTAP or DLPC/DDAB some samples a very weak and broad second harmonic of

(which results in thinner membrane) mixtures. Thisthe DNA was observed [see inset in Fig. 2(a)].

increase agrees well with the geometric packing relation- To model the data, we numerically calculate the struc-

shipd = (Ap/pp)/(8./p1) (L/D) [solid, dashed lines in ture factor of the DNA correlation peaks frogix, z).

Fig. 2(b)] derived previously [5]. Here4p is the DNA  Since the data were taken from perfectly isotropic suspen-

cross sectional area,, andp; the densities of DNA and sions the “single crystal” result then has to be “powder

lipid, respectively,5,, the membrane thickness, aidD  averaged” in 3D. First, the structure factor is averaged

the total lipid to DNA mass ratio. The average thicknessn the two-dimensional;, — ¢, space over the anglé

of the water gap,, = dp — 8, remains nearly constant between the average helical axis of the DNA and ¢he

corresponding to the diameter of DNA 2rp, =20 A axis, resulting in an expression that is applicable when the

plus a hydration layer. At higher dilution the system DNA is powderlike with a finite domain size [9], but the
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membrane stacks are perfectly oriented,

1 T o 0
Sop(g) = oy f_ d(ﬁf_ dx]_ dz

X g(x,z)e "/ eia=G) T, (3)
Here q = (¢x,¢z), T = (x,2), G = goZz. Investigating
the resulting line shapes one finds that curves of figed
and L become independent &f, (apart from an absolute
scaling factor), if¢, becomes larger tha#h[13]. In other
words in this limit, the line shape is the same as that of an
equivalent ensemble of rigid rods fluctuating only in their
positions along;. L . —
In the next step, the membrane normal is summed over 0100 0‘1] 02
all configurations with respect i [14], -q,)/q, [A1]
/2 . . FIG. 3. The DNA correlation peaks of four representative
S3p(g) = f d6 sin(6)Sap(g sin(9)) samples: §) v =0, (b) v = 1, (CF)) v = 1.5, and (153 v =3,
—7/2 corresponding tod = 27.6, 38.1, 47.9, and 54.7 A, respec-
tively. The normalized peaks are displayed as a function of

2
} fy(g codd)). (4)  the normalized wave vectdy — go)/qo and after background

Th df . "olil 905(0) dis th lindrical f subtraction. The straight lines represent least-squares fits to the
e second factor In the integrand Is the cylindrical formap gmectic structure factor with exponential correlation across

factor of DNA with radiusrp, = 11 A, and f,(g,) is different layers. The dotted line in curve)(is a simulation
the structure factor of the truncation rod which measuresithout such a correlation, i.e., with, = 1 in Eq. (4).

DNA-lattice correlations between layers and is a constant
for a true 2D system. Howeverf, = 1 does not fit range where it does not affect the line sha@pe> 2d (see
the data with the right tail of the simulated peak beingabove).

systematically too high [dotted line of Fig. 3(c)]. Inother In the simulations,L determined by the width of
words, the model of perfectly flat and uncorrelated planeshe Gaussian-like center of the curve is found to vary
of DNA cannot explain all the data. After adding an nonsystematically withZ, in a range between 500 and
effective Debye-Waller factor for the DNA rod which 1200 A, corresponding to 2 to 4 times the correlation
takes into account the thermal fluctuations in the Iength ¢.. The fitting results foré, shown in Fig. 4(a)
component (normal to the membrane) in the DNA-chainexhibit a moderate, roughly linear increase &€f with
displacement functiom, (x, z), the data can be fitted well 4. Using the above definitions of. and &,, one can
for samples with smal/ = 30 A with an rms roughness extract the 2D chain-chain compressional modubus-
(u2))*% = 10 A (with the lateral length scales of the (27)2272/3{[(kzT)*3/K'/*](£./d)*?(1/d?)}. The splay
DNA domainsL = 500 A). However, for largerd the
required fluctuations increase tremendously V{ify )"

Intensity [arb.u.]

ks

% [Jl(qu cog6))

betweer.4d;, and0.6dL.. SL_I(;h strong fluctuations Woul_d 3001 (a) { g R — hard core I
affect the (001) peak significantly and completely wipe = 200 = Poiss.-Boltzm.
out the second harmonic lamellar peak, in contradiction —, { }ﬁ =]
to the experimental observation. We therefore conclude ™ 100 {{ ¥ |
that at largei/ a correlation between DNA of neighboring A
layers (correlation in the direction) becomes important. 62 o £ I
To account for this we takg,(q,) = 1/(1/&; + ¢3) in — 50 : ]
EqQ. (4) which describes exponentially decaying positional L w0l ®
and orientational correlations along s 30 3 by
Figure 3 shows 4 representative fits of the data to - % : le-2
Eq. (4) along the lipid dilution line, fora) » = 0, (b) 1, ,
(c) 1.5, and @) 3 (d spacings of 27.6, 38.1, 47.9, and 30 40 50 60 30 40 50 60
54.7 A), with respective least-squares deviationg df= d[A] d[A]

1‘24',1'66’ 1.65, and _0'83' The curves are plotted as R1G. 4. The parameters obtained from the line shape analysis.
function of the normalized wave vectf — qo)/qo0, and  (a) Correlation lengthst, along the packing axis. (b) The
have been shifted by additive constants along the abscissarrelation length¢, across the layers. (c) The values for the
for better comparison. In curva)the lamellar (002) peak compressional modulus in double-logarithmic scale. The de-
falls on the left slope of the DNA correlation peak so that¢réase withd is much more moderate than the theoretic

. . _.prediction (dotted line) for 1D packing of rigid rods with hard
the affected data points had to be removed resulting Ir(Flfore repulsion (radiug, = 11 A). The solid line corresponds

larger fitting uncertainties. The fitting parameters of theyy the Poisson-Boltzmann model of electrostatically induced
model were¢,, &, L, andd. ¢, was kept constant in the lipid counterion pressure (see text).
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modulusK can be estimated from the DNA chain per- ordering is found to be consistent with the presence
sistence length in two dimensiong, = 2«/kgT =  of long-ranged repulsive electrostatic forces. While we
2Kd/kgT, which has been experimentally measuredhave measured the interhelical distance dependence of
~500 A [15]. The corresponding values d8(d) are B(d) of the 2D smectic phase® and K could not be
plotted in (c). Different values of, merely change the determined independently in unoriented samples. Studies
curve by a multiplicative factor, but not thkdependence. in aligned samples measurirg will open up a new way
First, B(d) can be compared to the prediction for a oneto determine the persistence length of surface adsorbed
dimensionally packed hard-core system (e.g., hard cylinpolyelectrolytes.
ders) with radiug, = 11.5 A, which is shown asadotted ~ We acknowledge useful discussions with R. Bruinsma,
line in Fig. 4(c), using the analytical expression derived inP. Pincus, B. Gelbart, T. Lubensky, and F. MacKintosh.
[16]. The measured values are found to be significanthSupported by NSF-DMR-9624091, PRF-31352-AC7,
higher at larga/ > 35 A. Thus, the ordering cannot just and a Los Alamos-STB/UC:96-108. T.S. and J.O.R.
be an effect of close packing although at short distanceacknowledge support from NATO, distributed by the
d < 35 A we expect hydration repulsion forces to con-DAAD, and a DFG (Ra 655/1-1). The Materials Re-
tribute toB [17]. Exponentially decaying electrostatic in- search Laboratory at Santa Barbara is supported by
teractions similar to those observed in hexagonal DNANSF-DMR-9632716. The experiments were carried out
liquid crystalline phases which resultih« exd —d/Ap]  at SSRL supported by the U.S. DOE.
[17] can be ruled out foid > 35 A, since a fit to this form
is only consistent for a Debye lengtt, = 25 A which
corresponds to salt concentrations more than an order of

*Present address: Sektion Physik LMU, Geschwister-
Scholl-P1, Minchen, Germany.

magnitude larger than in the mixtures prepared in milli-  fpresent  address: Physikdepartment,  Technische
pore water with free ion concentratienl mM. _ Universitat Miinchen, Institut fiir Biophysik (E22), 85747
At larger d > 35 A, outside of the hydration regime, Garching, Germany.
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