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ABSTRACT: Semidilute solutions of persistence length, mononucleosomal DNA (160 f 5 base pairs, M, = 
1.06 X lo6) with and without added salt have been studied by small-angle X-ray scattering (SAXS). The DNA 
concentration ranged from 30 to 182 mg/mL. The scattering intensity of salt-free solutions displays a broad 
maximum at scattering vector qm, indicative of solution structure caused by the electrostatic and excluded- 
volume interactions between charged DNA fragments. The peak vanishes when enough salt is added that 
the screened coulomb potential becomes shorter range than the interparticle distance. qm scales with the 
DNA concentrations as C1/2. This accords with scaling theory and similar predictions and agrees with SAXS 
and small-angle neutron scattering results obtained by others on semidilute solutions of semiflexible synthetic 
polyelectrolytes. When account is taken of the expanded effective DNA diameter in no-salt or low-salt 
solutions, these solutions have number densities p above the limit (~d,f&~/4)p > 4.48 predicted by Onsager 
to lead to a transition to an anisotropic, liquid crystalline phase. The peak spacing under these conditions 
is consistent with hexagonally aligned arrays. However, we observe no evidence of anisotropy. This may be 
confirmation of the suggestion by Stroobants et al. (1986) that twisting forces between charged rods (for which 
the crossed orientation has a lower energy than the parallel) raise the concentration required for the transition. 

Introduction 

Extensive experimental and theoretical studies have 
been carried out on the structure of semiflexible synthetic 
and biological polyelectrolyte solutions using neutron, 
X-ray, and light scattering techniques. This solution 
structure depends on several factors, such as the polymer 
concentration C, the concentration C, of added salt, and 
the charge density of the polymer chain. A result of the 
scattering experiments, common to all ionized solutions, 
is a broad peak, which is sometimes called the Coulomb 
peak. This peak, with a maximum a t  scattering vector 
qm, disappears when enough salt is added. In semidilute 
solutions, q m  somewhat surprisingly varies with C1/2, rather 
than C1/3 as expected from the average intermolecular 
distance and observed in dilute solutions. These results 
are summarized in two review articles.lp2 Similar phe- 
nomena have been observed very recently for stiff or rodlike 
macromolecule solutions.3 

No definite interpretation of the scattering peak has 
yet been given in terms of intermolecular solution struc- 
ture.' The proposal of long-range attractive forces ad- 
vanced by Sogami and Ise4 has been shown by Overbeek5 
to be invalid. The scaling theory, as introduced by de 
Gennes et a1.6 and further developed by Odijk,7 has been 
useful for understanding some aspects of semidilute poly- 
electrolyte solutions. The observed dependence of qm on 
C1/2 is in good agreement with the  scaling predic- 
tion.1*6~6J1-13 Various theoretical calculations of scattering 
profiles of polyelectrolyte solutions have been carried out 
re~ent ly .~J~- l8  Monte Carlo simulations of charged rods 
in aqueous solutions show a liquidlike structure although 
the maximum of the structure factor is not very pro- 
nounced.14 

A persistence-length double-helical DNA fragment is a 
highly charged, fairly rigid macromolecule and therefore 
is suitable for studying the electrostatic interaction 
between highly charged cylindrical particles in aqueous 
solutions. Several dynamic and total intensity light 
scattering studies of mononucleosomal DNA fragments 
(150-160 base pairs) in dilute solution have been performed 
as a function of polymer and salt concentration.lS21 Those 
studies identified some intriguing dynamic behavior, such 
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as a transition to a state with an extraordinarily low 
translational diffusion ceofficient. However, they were 
not able to detect any unusual solution structure associated 
with such behavior. In the present article we have used 
small-angle X-ray scattering to probe intermolecular 
interactions of persistence-length DNA fragments at a scale 
shorter than accessible to visible light scattering. This 
length scale, a few hundred angstroms or less, is charac- 
teristic of the average intermolecular distance in semi- 
dilute solutions and also of the thickness of the Debye- 
Huckel ion atmosphere in low-salt solutions. It is therefore 
the appropriate scale to look for solution structure 
underlying the peculiar dynamics of strongly interacting 
polyelectrolyte solutions. 

Since DNA scatters X-rays rather weakly, fairly high 
concentrations are needed. The solutions with which we 
work definitely fall in the semidilute range, for which the 
number concentration p (molecules/cm3) exceeds the 
inverse of the molecular second virial coefficient for a rod, 
Bz = (7r/4)L2d, where L and d are the DNA length and 
diameter. In fact, when increase of the effective diameter 
in low salt is taken into account,22 the solution concen- 
trationsgenerally fall above the limit& = 4.48, for which 
Onsager theory23 predicts formation of an anisotropic 
phase. Liquid crystals have been observed at somewhat 
higher DNA concentrations by SAXS and other tech- 
niq~es.2~125 That we do not see evidence of liquid 
crystalline diffraction under our conditions may provide 
evidence for the theory of Stroobants et  a1.26 that twisting 
forces between polyelectrolytes impede the ordering of 
charged, rodlike polymers. 

Experimental Methods 
DNA Preparation. Mononucleosomal DNA was isolated 

from calf thymus glands as described by Wang et aL2' Gel elec- 
trophoresis and light scattering showed that the molecules 
contained 160 f 5 base pairs (bp). This corresponds to a mo- 
lecular weight of 106 000 and a length of 544 A. Salt-free DNA 
was prepared by dialyzing a concentrated preparation against 
distilled water at 5 "C. Determination of DNA in concentrated 
solution was made gravimetrically, assuming a density of 1.7 
g/mL. Concentrations of more dilute solutions were determined 
by UV absorbance. 
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Figure 1. DNA concentration dependence of SAXS intensity 
curves for 160 bp DNA solutions without added salt. DNA 
concentrations are 182 (o), 72 (@), 30 mg/mL (A). 
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Figure 2. DNA concentration dependence of the ratio of the 
normalized peak intensity. 

SAXS Measurements. The X-ray source was a rotating- 
anode generator (RU-ZOOB, Rigaku) operated at 40 kV and 80 
mA, producing Cu Ka, 1.54-A radiation. Small-angle X-ray 
scattering patterns were obtained by using a Kratky camera with 
a position-sensitive detector (MBRAUN PSD system).2B Ap- 
proximately 0.2 mL of the DNA solution was slowly drawn into 
a syringe through a needle and then injected into a 0.1-mm- 
diameter glass capillary tube. The sample was maintained at 20 
"C, and the camera was evacuated to 20-25 mTorr to  reduce the 
background scattering. The X-ray patterns were usually obtained 
in 3 h with less than a 1% counting error for the smallest angles. 
The scattering from a solvent capillary was subtracted from the 
data after correction for absorption and detector sensitivity. Only 
relative scattering intensities were obtained; these are reported 
as a function of the magnitude of the scattering vector q = 4~ 
sin e/ X, where 28 is the angle between the incident and scattered 
radiation and X is the X-ray wavelength. Scattering data were 
analyzed with computer programs developed by BohlenB at the 
University of Minnesota. Vonk's methodm was used to desmear 
the scattering profiles. 

Results and Discussion 
DNA Concentration Dependence. Typical scattering 

curves for rodlike DNA at  various concentrations are shown 
as a function of the scattering vector in Figure 1. Over the 
concentration range from 30 to 182 mg/mL there is asingle 
broad peak. The peak maximum shifts toward higher 
angle and greater intensity with increasing DNA concen- 
tration, as observed for other polyelectrolyte systems, for 
e~ample.~?" '~ This means that the correlation length 
decreases with increasing DNA concentration, as expected. 

The concentration dependence of the normalized peak 
intensity, Z ( q m ) / C ,  is shown for solutions without added 
salt in Figure 2. It follows that relationship Z(qm) /C - 
C472 rather than C*5 as observed in most other systems' 
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Figure 3. Comparison of calculated and experimental values of 
q m  for DNA solutions without added salt. The solid curve is 
calculated from Koyama's equation, qm = 7.24n11a (n is the number 
monomer concentration) for semidilute polyelectrolyte solutions 
without added salt. Two separate series of experiments are 
identified by (0) and (x). 

and predicted by KoyamaS8 We have no ready explanation 
for this, except to note that intensity measurements involve 
rather large uncertainties, especially after desmearing. If 
I(q,)/C is divided by the particle scattering factor for 
rods, the dependence becomes in equally poor 
agreement but in the other direction. 

Koyama8 calculated that the maximum scattering vector 
for semidilute, salt-free polyelectrolyte solutions should 
be qm = 7.24n1I2, where n is the number concentration of 
monomer. For dilute solutions without added salt, Qm = 
3.97(n/N)ll3 where N is the degree of polymerization. 
Figure 3 shows the excellent agreement between our 
experimental results and the theoretical prediction. Sim- 
ilar agreement has been observed for several synthetic 
polyelectrolyte systems without added salt.8~~3 These 
general relations, q m  - C0.5 for semidilute solutions and 
qm - C1I3 for dilute solutions, have been established 
experimentally and theoretically for several synthetic poly- 
electrolyte ~ystems. 'J+~~ For rodlike DNA with a length 
L = 3.4 A/bp X 160 bp = 544 A, the critical overlap 
concentration C* - l/L3 - 2 mg/mL. The concentration 
range of 10-180 mg/mL examined here is certainly above 
the critical concentration and is in the semidilute region. 

The q m  - C1I3 behavior has been observed in SAXS 
studies of several biopolymer systems, including bovine 
serum albumin, lysozyme, and tRNA.31*32 The intermo- 
lecular distance obtained by applying Bragg's law to the 
single broad peak was nearly equal to the intermolecular 
distance calculated from the polymer concentration by 
assuming a uniform distribution throughout the solutions. 
These biopolymers are compact and globular, so the 
overlap concentrations needed to enter the semidilute 
regime were not reached. 

The full range of behavior for rodlike or stiff polymers 
is observed by plotting the dimensionless quantity qmL vs 
C/ C* in Figure 4. The light scattering data for the tobacco 
mosaic virus (L = 3000 A, diameter d = 180 A) and the 
fd virus (L = 8800 A, d = 60 A) are taken from Schulz et 
al. and Maier et aL3 The SAXS data for chondroitin sulfate 
(1 = 62 X 6.7 A = 415 A) are taken from Matsuoka et al.92 
The DNA data are from the present work. qm - C1IS is 
observed at  C/C* < 1, and qm - C112 at  C/C* > 1. The 
transition occurs close to C/C* - 1. In the case of linear 
flexible  polyelectrolyte^,^^ the transition occurred a t  C/ C* - 10. The difference is presumably due to chain stiffness. 

Other theoretical treatments also obtain results in 
qualitative agreement with experiment. Schneider et al.14 
performed Monte Carlo and perturbation theory calcu- 
lations for two- and three-bead models of charged, rodlike 
macromolecules in dilute solution. The position of the 
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Figure 4. Double-logarithmic plot of the position of the SAXS 
peak maximum in terms of q& vs C/C* for several rodlike or 
stiff polymers. The light scattering data for the tobacco mosaic 
virus with L = 3000 A (+, A) and fd viruses with L = 8800 A (0) 
are taken from Schulz et 81.1' and Maier et al." Data for chon- 
droitin sulfate (L = 62 X 6.7 A = 415 A) (.) are from Matsuoka 
et Our DNA data (A) from Figure 3 are also plotted. qm - 

is observed at C/C* < 1 and qm - C1/2 at C/C* > 1. In the 
overlap regime, C/C* = 1, the trends appear to merge. 
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Figure 5. NaCl concentration dependence of SAXS intensity 
curves for 160 bp DNA solutions. DNA concentrations are 70 
mg/mL. The NaCl concentrations are 0.001 (a), 0.3 (O) ,  and 0.5 
M (A). 

peak of the angle-averaged radial distribution function 
was shown to be independent of rod length and thus to 
depend on concentration as C1/3. However, the position 
of q m  for the full solution structure factor, which is a non- 
factorizable function of particle and solution contributions, 
depends on L. This will cause the concentration depen- 
dence of qm to approach C1I2 beha~i0r . l~  Benmouna, Genz, 
and their c o - w o r k e r ~ ~ ~ ~ ~  have used single-component and 
multicomponent generalizations of the single-contact 
approximation to calculate scattering from polyelectro- 
lyte solutions. These models are able to reproduce the 
scattering data qualitatively under many circumstances, 
though only by large renormalization of the polyelectro- 
lyte charge, q m  is predicted to vary nearly as PI3. 

Salt Concentration Dependence. SAXS scattering 
curves of 7 2  mg/mL solutions of mononucleosomal DNA 
with various concentrations of added salt are shown in 
Figure 5. q m  shifts toward lower scattering vectors with 
increasing salt concentration (Figure 6 ) ,  as also observed 
for several flexible polyelectrolyte ~ystems.~3-~5 Initially 
this shift is slight: q m  is relatively insensitive to salt 
concentration until about 0.1 M NaCl, a t  which value it 
decreases dramatically. The peak disappears when salt 
concentration reaches 0.5 M NaC1. 

A possible clue to understanding this behavior is to 
consider the expected peak spacings if the DNA molecules 
are distributed on average uniformly throughout the 
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Figure 6. Salt concentration dependence of q m  (peak position 
at maximum intensity) at a fixed DNA concentration of 72 mg/ 
mL. 

solution or are aligned in hexagonal array. Assuming 
Bragg's law, the calculated peak position is q m  = 2 7 ~ / d .  d ,  
the average intermolecular distance, is dui = (hf/CN,4)'/3 
for a uniform distribution and dhex = (Mo/NAC sin 60°)'/ ,  
for a hexagonal array.32 In our solutions, C = 0.072 g/mL, 
1 (the length per base pair) is 3.4 X cm, MO (the base- 
pair molecular weight) is 660, and there are 160 bp/DNA 
molecule SO M = 105 600. These values lead to qm,mi = 
0.047 A-' and qm,hex = 0.087 A-1. The limiting qm's a t  high 
and low salt in Figure 6 are reasonably close to these 
calculated values. 

These considerations suggest that there may be a 
transition from random to parallel arrangement as the 
salt concentration decreases. This would be in keeping 
with the suggestion by On~ager ,~  that the isotropic-an- 
isotropic transition in a solution of rigid polyelectrolyte 
rods could be influenced by the increasing diameter of the 
rod from its hard-cylinder value d as the ionic strength 
decreases. Onsager predicted that the solution would be 
isotropic if the product of second virial coefficient B2 and 
number density p is less than 3.34 and anisotropic if B2p 
is greater than 4.46. According to Stigter,22 B2 is given by 

B, = rdBL2/4  (1) 
where L is the rod length and dg the effective rod diameter 

(2) 
where K is the Debye-Huckel inverse length. Stigter36 
defines the contact potential w as 

d, = d + (In w + 0.7704)/K 

(3)  

In this equation, Z is the charge per unit length along the 
cylinder axis, D the dielectric constant, x g  the rod radius 
in units of K - ~  (Le., x g  = K F O ,  where FO is the rod radius), the 
K l ( x 0 )  the modified Bessel function. P and y are correc- 
tions to the Debye-Huckel charge-potential and potential- 
distance relations, tabulated% in terms of x g  and [ / x o  where 
[ = Ze2/DkT, the ratio of the Bjerrum length e2/DkT to 
the charge spacing 112. 

Figure 7 shows plots of B2p as a function of ionic strength 
I ,  calculated in two different ways. In the first, the ionic 
strength is just that of the added salt. In the second, which 
seems more reasonable, the additional contribution from 
uncondensed Na+ derived from the DNA is added. 
According to Manning,37 if [ > 1 a fraction 1 - l/[ of the 
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may reflect less extensive and more localized ordering than 
is observable by microscopy or NMR. 

Strzelecka and R i l P  have also considered the appli- 
cability of the theory of Stroobants et al.,26 finding that, 
even when the twist associated with electrostatic repulsion 
between parallel charged cylinders is taken into account, 
the predicted transition concentrations are significantly 
lower than those observed. They note that this theory, 
and that of O n ~ a g e r ~ ~  on which it is based, assumes very 
asymmetric rods, while nucleosomal DNA has a more 
modest axial ratio. Stroobanta et al. also observe that 
polyion flexibility will raise the transition threshold. One 
hundred sixty base-pair DNA is about one persistence 
length long, so it is moderately flexible even though 
commonly described as "rodlike". 

Conclusions 
In summary, we have performed small-angle X-ray 

scattering measurements on highly charged, monodisperse, 
persistence-length DNA solutions with and without added 
salt. As with other synthetic polyelectrolytes, a single, 
broad peak is observed; the peak disappears a t  high salt. 
The scattering vector a t  the peak position is shifted toward 
larger values with increasing DNA concentration and 
toward lower values with increasing salt concentration. 
The C1I2 dependence agrees well with scaling theory 
predictions, showing that in the semidilute regime short, 
stiff DNA molecules behave similarly to longer, more 
flexible polyions. The peculiar decrease of qm with 
increasing salt concentration has also been observed in a 
variety of flexible and stiff polyion s~stems.3~-35 With 
DNA, as with the stiff-chain chondroitin ~ulfate,3~ there 
are indications that there may be some local hexagonal 
alignment of rodlike molecules. This would not be 
expected for flexible chains and suggests that all occur- 
rences of apparent attraction between polyelectrolytes in 
low salt may not have a common origin. However, it  is 
equally clear that overtly liquid crystalline phases are not 
formed at  the relatively low concentrations employed here. 
This is a confirmation of the insight by Stroobants et 
that electrostatic twisting forces will tend to resist the 
parallel alignment of charged rods, displacing the On- 
sager transition to higher concentrations. On balance, it 
appears as though small, localized domains of partial 
ordering are most likely responsible for the dependence 
of apparent particle spacing on salt concentration in sem- 
idilute solutions of rodlike polyelectrolytes. I t  is plausible, 
though not demonstrated, that such local ordering may 
be related to the unusualdynamic light scattering behavior 
in these systems.'"*l 
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