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Equation of State for DNA Liquid Crystals: Fluctuation Enhanced
Electrostatic Double Layer Repulsion
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We have measured the equation of state for DNA solutions at different ionic strengths covering
5 orders of magnitude in DNA osmotic pressure. At high osmotic pressures the equation of state is
independent of the ionic strength and is dominated by exponentially decaying hydration repulsion.
At lower pressures the equation of state is dominated by screened electrostatics. We also found
a fluctuation-enhanced repulsion with a decay length of 4 times the Debye screening length. We
present arguments that the form of the fluctuation part of the osmotic pressure is due to the coupling
between bending fluctuations and the compressibility of the nematic array normal to the average director.
[S0031-9007(96)02279-X]

PACS numbers: 61.30.—v, 64.30.+t, 87.15.Da

Liquid crystals of DNA are the simplest model sys- At high DNA densities, the contribution of the configu-
tems for DNA packing in certain cell nuclei such as inrational entropy of the polymer lattice to the osmotic pres-
dinoflagellates or in phase heads [1]. In these systemsure is negligible; the osmotic pressure is directly related
typically a few extremely long (from 1@:m up to 1 m) to the interaxial forces dominated by hydration repulsion.
DNA molecules form a macroscopic liquid crystal. Long There is an exponential decay with a characteristic length
DNA molecules can do this because their length exceedsf 3 A. In this regime of DNA densities, the equation
by far the DNA persistence length and can therefore foldf state is independent of the ionic strength of the buffer.
back on itself. Recently, DNA has attracted some attenAt lower DNA densities, in addition to direct electrostatic
tion as a model polymer for studying fundamental liquiddouble layer repulsion between charged rods, an expo-
crystalline physics. The advantages of DNA over manynential force with Debye screening lengi,, we also
synthetic polymers are various: By using modern molecufound fluctuation-enhanced repulsion with a decay length
lar biological methods monodisperse DNA solutions carof 4 timesAp. The osmotic pressure in this regime has
be prepared with a wide variety of lengths (from nm up tocontributions from both bare interaxial forces as well as
cm); DNA has a persistence length of about 50 nm, nicelyrom bending fluctuation forces, similar to Helfrich forces
placed in the accessible length range; DNA is soluble irin smectic arrays [5]. We suggest reasons why the form
water; DNA is charge2e ~ /3.4 A) making it a good can- of the fluctuation part of the osmotic pressure is due to the
didate to study polyelectrolyte behavior; in monovalent saltoupling between bending fluctuations and the compress-
solutions DNA-DNA interactions are dominated purely by ibility of the nematic array normal to the average director.
repulsive forces (attractive forces could lead to a collapse Long (M,, > 108) DNA was prepared from whole
of the DNA without any applied force). Additional interest adult chicken blood (Truslow Farms, Chestertown,
in the physics of DNA arrays comes from the close analiMD) following [6]. At high osmotic pressures
ogy to the physics of magnetic flux line arrays in type 11 (108-10%% dyn/cn?), DNA unoriented (powder) samples
superconductors [2]. Although lyotropic polymer liquid (0.4 mg DNA) were equilibrated in vast excess against
crystalline phases have been known for quite some timejarious solutions of polyethyleneglycol (PEG 8000
not very much is known either experimentally or theoreti-or PEG 20008/,,, from Fluka Chemicals) in either
cally about their equations of state (osmotic presddre 100 mM, 0.5 M, or 1 M NaCl; 10 mM Tris, 1 mM
VS Vpoiymer)- Most work has been focused on the locationEDTA, pH 7 as described in [4]. Under these conditions,
and order of phase boundaries [3]. Using osmotic stresBEG (20 0007,,) is completely excluded from the DNA
to set the chemical potential of DNA we have recently in-phase for concentrations greater than #peg/wwater)-
vestigated the energetics of compacting ldpgl0 um)  The equilibration time was usually from 4 days to a
DNA molecules into liquid crystals [4]. In this paper we week. The interaxial spacing between DNA molecules,
present measurements of the equation of state of long DNAnd consequently the density of these samples, was
molecules over 5 orders of magnitude in applied osmotidetermined by small angle x-ray scattering as described
stress. For the first time, it is possible to determine freen [4]. In the cholesteric regime(di, > 35 A) an
energy changes incurred in going from an isotropic phasélliot GX-13 Rotating Anode x-ray generator equipped
through various chiral phases, into a nonchiral line hexatievith two x-ray mirrors and a Franck-type camera was
phase, then all the way up to the hexagonal phase. used. Image plates were scanned and digitized by
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a phospor imager Sl (Molecular Dynamics, CA); the
radial scattering intensity(g) was determined by image
processing using NIHMAGE version 1.60 (W. Rasband, &
NIH, Bethesda, MD) modified by us. After subtracting ~— *7|-g-----------=-------=----------------

0.5 M NaCl, A = 4.36 A

A=3 A a) line hexatic

background scattering, the scattering intensity was fitted b) two peaks

to a powder-averaged Lorenzian times the solid-cylinder =

form factor F(g) for Na-DNA that has been determined > , ¢) chiral

by solution x-ray scattering [7]. Below osmotic pressures _:E B

of 10°>® dyn/cn?, the stressing polymer (PEG 20 0a() B eyl R O sharp x-ray peak

does not remain phase separated from the DNA array,Q A=17.6 A O diffuse x-ray peak

and an exclusion must be enforced externally. For % 4 density measurement
Y. S 4] — fit to theory (see eq. 3&4)

this reason DNA samples at lower osmotic pressures A —-— bare interactions
(10°°-10* dyn/cn?) were prepared in dialysis tubes |
(SpektraPor Cellulose Ester 10,000 MWCO, Spektrum) 4
bathed in Dextran T110 (Fluka) solutions of various con- 5 \
centrations[25%—1%(w/wywaier)] at salt concentrations SRR B, e
of 100 mM, 0.5 M, or 1 M NaCl; 10 mM Tris, 1 mM | , d)isotropic 2 _
EDTA, pH 7. For this regime we chose Dextran over 200
PEG as a stressing agent, because Dextran is a brancheu
polysaccharide whose shape prevents passage throuBle. 1. Equation of state for DNA at an ionic strength
semipermeable membranes of reasonably small molecul@f 0.5M NaCl. We plotted log(dG/ad) versus effective
weight cutoff (<10000). Also the osmotic pressure Mteraxial spacingd. Four structural regimesi—d could be

. istinguished. The solid curve represents a fit of the data points
of Dextran solutions has been measured down to MUCRom Tegimesa—c to a nematic liquid crystalline theory (see
lower osmotic pressures [8]. The dialysis tubes werext) assuming exponential repulsion (hydration and screened
filled with 2 ml of dilute DNA solutions (5—10 mnl  electrostatics). The broken line represents the bare interaction
DNA), so that the process of osmotic equilibrium a|Wayswithout fluctuation enhanced repulsion. Interaxial spacings

concentrated the DNA solution. In order to reduce the?Pove the— - — line are measured by x-ray scattering; below
his line the spacingd are derived from measured DNA

equilibration time, we matched the salt concentrationgjensities, where molecules are expected to be hexagonally
inside and outside. The samples were then equilibrategacked.

in 200 ml stressing solution for 2—4 weeks, during which
they were stirred once a day. After equilibrium, the sam-
ples were quickly transferred into plastic tubes and themength was found to depend on the ionic strength of the
weighed using a high precision balance (Mettler, NJ)solution. In 0.5 M NaCl solution$Ap = 4.36 A), there
The samples were then dried in vacuum and then weighedas no extended linear regime decaying with Instead,
again. The dry DNA, salt mixture was then dissolved intoafter a short intermediate regime, we saw a decay length
a known amount of buffer (10 mM Tris, 1 mM EDTA, of A = 17.6 A, 4 times A, (regimec). At even lower
pH 7) to measure the total amount of DNA by determin-pressuresd) the curve flattens again, when the DNA so-
ing the absorbance at 260 nipa = 50 uwg/ml Axg).  lution turns isotropic. In 100 mM NaCl\p = 9.74 A,
With this method we could independently determine thedata not shown), after the initial hydration regime, we
amount of water, salt, and DNA in these samples. found an extended exponential regime with a decay length
In Fig. 1 we plot logy 0G/dd versus effective inter- of 10 A, which flattens further at lower pressures down to
axial spacingd at an ionic strength of 500 mM NaCl, a decay length of approximately 40 A. In 1 M NaCl
where G is the free energy per unit length@/od =  (Ap = 3.08 A, data not shown) an extended exponential
4 ~/3 d, assuming hexagonal packing [9]). We choseregime with a decay length of 14 A was observed, after
to plot logy dG/dd versus intermolecular distance be- which the solutions turned isotropic.
cause we expected the dominant repulsive interactions to Before presenting our tentative interpretation of these
be exponential (hydration and screened electrostatics). Atata, to encourage more careful thinking about real sys-
high osmotic pressures th&5/dd curve could be well tems with real interactions, we have plotted the data
fitted with an exponentially decaying force of about 3 Ain two different ways; we will speak of two different
decay length, typical for structural forces in water (hy-forms—exponential or power-law—for the equation of
dration forces) [10]. The samples in regimeare in a state. Sometimes with different language, different inter-
long-range bond-ordered, but short-range positionally orpretations emerge.
dered phase [4] [line hexatic, Fig. 1(a)]. In regitmeve Since DNA is a semiflexible polyelectrolyte (the stiff-
found two x-ray diffraction maxima [11]: a sharper peakness of DNA originates mainly from its double helical
(continuing regimea) at smaller interaxial spacings and a conformation and not from the charge density along the
more diffuse one at wider spacings (continued by regimehain), one expects the equation of state to depend on
¢). Atlower osmotic pressures (regirog the fitted decay the ionic strength of the bathing solution. Often the
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polyelectrolyte character of molecules is incorporated irslowly deviates from a single exponentially decaying
liquid crystalline theory by adding a Debye screeningforce with a decay length of 3 A. In this intermediate
length to the hard core diameter of the molecule. Butregime the slope varies continuously from 3 A to about
this procedure is obviously dangerous, because it assumBsA.  In regime d, however, the curve turns into an
that the equation of state at different ionic strengths caextended linear regime with an exponential decay length
be described by the same power law, an unavoidable conf 17.6 A. Though a transitional regime with a decay
sequence of hard core interactions. Figure 2 shows kength betweenip and 4Ap is clearly visible (Fig. 1),
logio(IT) vs log;o(1/density) plot for three different ionic we were unable to identify an extended regime with a
strengths (100 mM, 500 mM, and 1 M NaCl). The solid decay length o2Ap as reported in some of our previous
lines represent linear fits over different regimes with theworks [14]. The x-ray diffraction analysis used in this
corresponding negative slopes indicated by arrows. Awork differs from previous procedures in the cholesteric
high pressures, where the equation of state seems nmgime. Instead of taking the maximum in the diffraction
to depend on ionic strength, all data can be fitted by gattern, we fitted the whole radial intensity profilé)
V3 power law. At lower pressures the fitted slopes varyusing a powder-averaged Lorenzian structure factor and
somewhat with the ionic strength of the bathing solutionan independently measured form factor for Na-DNA. The
(V=32 for 1 M NaCl, V30 for 0.5 M NaCl, andV ~%7 for  reason for the resulting difference in interaxial spacings
100 mM NacCl). In this regime all observed slopes differis that at lower osmotic pressures the diffraction maxima
qualitatively from the theoretically predicted power lawsbecome quite broad and fluidlike. Since the scattering
for hard core repulsion (Harbich-Helfrichil « V=43 intensity I(q) is the product of the structure fact&q)
for hexagonal crystals [12], and Selinger-Bruinstia>  and the form factotF (¢)|*> of DNA, the maximum ofl (g)
vV =3/3 for nematics [13]). A hard core picture does notdiffers from the maximum of the structure factg(a).
work here. The absence of a doubling of the screening length may
An alternative way to present the data has beemot be surprising, since we deal with a nematiclike sys-
already shown in Fig. 1 for 0.5 M NaCl. By plotting tem, where the cholesteric pitch makes only a small con-
logip 9G/dd versus intermolecular distance exponentialtribution to the free energy. All theoretical calculations
behavior is emphasized. After the line hexatic and thehat predicted regimes where the exponential decay length
coexistence regime (Fig. 1, regimasand b), the curve is doubled and then quadrupled assumed crystalline struc-
ture [13,14]. To first approximation, nematic polymeric
liquid crystals can be described by a Hamiltonian of the
form [2,15]:

1
H = Ho(d) + 5 Z(quzl +K3q?) In" (g))?
q 2
1
v 5 3| Kidk + K+ L kT oA | Int ),
! * (1)

Hy(d) is the direct energy (bare interactions) needed
to bring the molecules to their average interaxial distance
d; the second term represents conformational fluctuations
expressed in terms of” and »n%, the transverse and

log (I [dyn/em?])

N géxﬁag longitudinal components of deviations away from the
o o al i i I
o 10MNacl average nematic director along theaxis. K;, K>, K3

are the Frank constants for splay, twist, and bending, and
A(q) describes the free energy contribution due to the fluid
AO nature ozf the system. The limitdf(g;, — 0,9, = 0) =
B/kgT py, for example, results in the bulk modul@sfor
' ' T ' compressions and dilations normal to the chains.
25 -2.0 -1.5 - p . . . .

log(Vpa [mg/mi) Within this formalism we consider the following pos-
FIG. 2. Double-logarithmic plot of the equation of statd ( sibility. - Again to first approximation, the Frank con-
VS Vpxa) for DNA at ionic strengths of 100 mMA), 0.5 M StantsKi, K», K as well as the bulk modulud should
(0), and 1 M ©) NaCl. The solid lines represent linear fits vary with spacing as does the bare interaction between
over different regimes with the corresponding negative slopeghains. This is an exponential decay. However, since each
inplicated_ by arrows. At lower pressures the fitt%(éi slopes variehNA molecule has an intrinsic bending stiffness the
with the ionic strength of the bathing solutiol (°~* for 1 M, bulk bending modulug’; should at some spacing lose its

NacCl, V39 for 0.5 M NaCl, andv =27 for 100 mM NaCl) with d it i d ¢ ol bend
powers clearly inconsistent with that expected from universa€P€ndence on interaction and cross over to a simple bend-

scaling behavior. VolumeEpna at higherII are derived from 1N Qensity deU|USKPDNA, Where/{DNA is the cross-
interaxial spacings measured by x-ray scattering. sectional density of molecules. This is becausewill
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come to be dominated by the work of bending a bundle ofutions Ay and Ap are different enough that the bare
molecules with little extra work from exponentially weak- screened electrostatic repulsion could be observed.

ened molecular interactions. At the same tirkg, Ko, The ability to measure an equation of state and to map
andB continue to decrease exponentially with increasinghe phase diagram for free energies creates an opportunity,
distance between molecules. This has a powerful consend even an obligation, to test liquid crystalline theories
quence at low densities whekg comes to dominate the more carefully than has been possible before. A full
moduli. Looking at the fluctuation part of the free energy,analysis will combine all available information about

it can be shown that in the limit &; < K3 the fluctua- phase transitions and structure of the different phases

tion part is dominated by together with these measured changes in free energy.
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