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ABSTRACT: We have studied the counterion valence and salt and polyion concentration effects on the
static and dynamic light scattering behavior of NaDNA and CaDNA in both the moderate salt, semidilute
and the low salt (“extraordinary”) regimes. We have compared our results with theoretical predictions for
the effects of counterion valence and concentration on the second virial coefficient and diffusion properties
of DNA and with predictions for the onset of the ordinary—extraordinary transition in flexible polyelectrolytes.
Ours is the first study of the counterion valence dependence of the transition for a rodlike polyion, making
this comparison possible. A higher counterion valenceshould screen polyion charges more effectively, decreasing
electrostatic interactions between polyions. The “ordinary” diffusion coefficients are lower for CaDNA than
for NaDNA and reflect the ratio of counterion valences, but the apparent linear charge densities are much
lower than predicted by standard polyelectrolyte theories. The second virial coefficient, B, obtained from
static light scattering at higher salt concentrations is also lower for CaDNA than NaDNA, consistent with
more effective screening by Ca®*. For both NaDNA and CaDNA, the effective polyion charge needed to
explain the magnitude of B, is greater than predicted by polyelectrolyte theory (the opposite direction from
the diffusion results). We observe a slow diffusion mode for CaDNA as well as for NaDNA, with an equal
diffusion coefficient but smaller amplitude. The onset of the transition is not consistent with rules developed
for flexible polyelectrolytes. We show that the slow mode could arise from small degrees of inherent
polydispersity if the effective volume fraction is near unity due to an expanded DNA rod diameter at low
ionic strength. We also estimate the size of a putative cluster from our diffusion results and show that the
existence of a very small fraction of clustered (or aggregated) material is consistent with observations, though
it is unclear how such clusters might be stabilized.

Introduction

Understanding the equilibrium and dynamic behavior
of polyelectrolytes is one of the major problems in modern
polymer physical chemistry. The structural aspects
common to all polymers—large size and asymmetric and/
or flexible conformation—are combined with long-range
electrostatic interactions to pose a formidable challenge
totheoretical analysis. Since most biopolymers are highly
charged under physiological conditions, their polyelec-
trolyte properties are likely to have direct relevance to
their biological functions as well as to their physical
behavior in solution. Of all biological polyelectrolytes,
DNA is perhaps the most studied. Thisis not just because
it is of biological importance but also because its high
charge density and relatively rigid local structure make it
an excellent model system. Recentadvances in preparing
large quantities of relatively homogeneous, monodisperse
DNA have also aided physical studies.

In this paper, we report static and dynamic light
scattering studies on mononucleosomal DNA in both NaCl
and CaCl; solutions over a wide range of salt and polyion
concentrations. Our aim is to obtain experimental data
which will enable testing of theories that deal with two
regimes of solution behavior. The first is the regime of
moderate or semidilute polymer concentration, in which
polymer—polymer excluded-volume interactions become
important and, for polyelectrolytes, are augmented by
electrostatic effects. As the salt concentration decreases,
the polyion diffusion coefficient increases (the fast dif-
fusion mode). The second is the regime of very low ionic
strength, in which electrostatic effects become very long-
ranged and in which a very slow diffusional mode appears.
This regime has been termed the extraordinary phase,
and the transition leading to it is called the ordinary-
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extraordinary transition.!? Understanding the physical
mechanisms underlying the extraordinary phase has been
an elusive problem.

DNA in the size range of mononucleosomal fragments,
around 150-160 base pairs (bp), has been a popular
molecule for such studies, since it is has a contour length
near 500 A, or one persistence length, and can therefore
be modeled with some plausibility as a rigid rod for which
well-developed theories are available. In this paper, we
extend previous light scattering studies of mononucleo-
somal DNA.>® We vary the ion concentration from 0.06
mM (no added salt) to 1.0 M NaCl and from 0.25 mM to
0.1 M CaCl; and the DNA concentration from 0.5 to 20
mg/mL. This DNA concentration range extends into the
semidilute regime at low salt and represents a wider range
than previously reported. The semidilute regime is defined
to exist at concentrations above C* where the domains of
individual molecules begin to overlap; estimates’ of C* for
mononucleosomal DNA range from ~1.5 mg/mL at low
salt to ~20 mg/mL at high salt, since it depends on the
effective volume and diameter of the polyion. We use
Ca?* toallow testing of counterion valence effects proposed
or implied by various theories.

In the ordinary regime, we determine the second virial
coefficient, By, from total scattering intensity measure-
ments as a function of salt concentration and counterion
valence and show that it depends on counterion valence,
not simply on ionic strength. Our experimental results
are in good agreement with those obtained by other workers
for NaDNA but are in only moderate quantitative agree-
ment with theoretical predictions of B; for rodlike poly-
electrolytes. We also compare the observed diffusion
coefficient with the coupled mode theories originally
developed by Schurr and co-workers? and extended by
Tivant et al.? to include the effects of higher counterion
valence. The apparent diffusion coefficient, Dypp, mea-
sured by dynamic laser light scattering increases and the
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total scattered intensity declines as the monovalent salt
concentration is decreased from about 1 M. The resulting
fast diffusion mode can be attributed to increases in the
second virial coefficient caused by increased electrostatic
interactions between polyions as the salt concentration is
decreased or the polyion concentration is increased.212
These effects depend on the counterion valence, since
charges of higher valence will more effectively screen poly-
ion charges.

The ordinary-extraordinary transition was first ob-
served by Schurr and co-workers in polylysine solutions.!?
This transition since has been observed for many poly-
electrolytes, including DNA,3-%7 tRNA,!® bovine serum
albumin (BSA),* poly(styrene sulfonate) (PSS),15-19
poly(A),2 poly(2-vinylpyridine),?! and mononucleosomes.?
The extraordinary regime is characterized by the coex-
istence of fast and slow diffusion modes as the salt is fur-
ther decreased. The salt concentration, C,, at which the
slow mode appears is generally about 0.01 M NaCl,
although it has been observed in salt concentrations as
high as 1 M NaCl.” The ratio of the diffusion coefficients
for the two modes, Dsyi/ Deiow, can be as large as 100. In
gome cases, the amplitude of the fast mode is very small
and only the slow mode is observable at lower salt
concentrations.?%23 Slow modes have also been observed
in solutions of neutral rodlike molecules, although at
considerably higher concentrations than with polyelec-
trolytes.2*

Although the general features of the fast mode are
reasonably clear, the physical mechanism of the ordinary-
extraordinary transition and the nature of the slow mode
are still not understood despite years of study. Experi-
mentally, a puzzling feature of the transition is that it is
not manifested in other physical measurements. Con-
ductivity?® and intrinsic viscosity® measurements on
polylysine as a function of salt concentrationrevealed only
small, though significant, discontinuities and changes in
the slope in the region of C;. Electrophoretic mobilities
and diffusion coefficients (Dgrs) obtained from electro-
phoretic light scattering (ELS) measurements on poly-
lysine do not show the anomalous behavior observed in
Dapp. Drvs values decrease at low salt concentration but
are always greater than Dyow.2"2¢ Schmitz and Ramsay®
used QLS in the presence of a sinusoidal electric field
(SEF-QLS) to study the effect of electric field strength on
the diffusion behavior in the extraordinary phase. The
slow diffusion mode is observed at low field strength, while
the fast diffusion is observed at higher field strength,. These
results suggest that the species responsible for the slow
mode is rather unstable and easily disrupted by the
addition of salt or an applied electric field, or by filtration.3
It is also possible that the slow mode represents a type of
dynamic process not probed by these techniques.

There is good evidence that the slow mode does not
represent center-of-mass diffusion of asingle chain. Tracer
diffusion coefficients measured by fluorescence photo-
bleaching recovery on polylysine at low salt show a decrease
of only about 50% in decreasing the salt concentration
from 10 to 0 mM KC1.223? Wang et al.” used forced Ray-
leigh scattering to measure self-diffusion coefficients (D)
of mononucleosomal DNA. Values of Dy s were 2~10times
greater than those observed for Dy under the same
experimental conditions and showed arelatively large DNA
and salt concentration dependence not observed for Dijow.
The diffusion coefficient associated with the slow mode
has an unusual temperature dependence contrary to the
expected behavior of a diffusion process; Dgow decreases
with an increase in the temperature. Wang et al.” pointed
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out that this behavior was observed for the rotational
correlation time of DNA.32

Several theoretical explanations have been proposed
for the slow mode, but none has proved completely
satisfactory. These explanationsfall into four main groups,
which are not mutually exclusive. These are electrostatic
interactions, orientational or translational ordering, clus-
tering, and polydispersity.

Electrostatic explanations are the most obvious, since
the slow diffusion mode becomes more dominant as the
ionicstrength decreases. However, theories of electrostatic
effects on diffusion of polyelectrolytes, such as the coupled
ion theory discussed later in this paper, predict that the
diffusion coefficient of the polyion will increase with
decreasing salt. They therefore explain Dy but not Dgow.
Drifford and Dalbiez!%!® have proposed a relationship (eq
25) that correlates the polymer and salt concentration de-
pendence of the transition in the flexible polyelectrolytes,
polylysine and PSS. This expression proposes that the
transition will occur when the counterion concentration
contributed by the polyion exceeds the concentration of
the added salt. When this condition is met, the Debye-
Hiickel approximation for the polyion potential is no longer
valid. However, the Drifford-Dalbiez equation does not
hold for DNA, as we show below.

Stigters? suggested that the slow mode in polylysine
might result from an isotropic-anisotropic transition in
rodlike polyions due to repulsive polyion—polyion inter-
actions. This explanation was based on an extension of
Onsager’s theory® for the isotropic—anisotropic transition
to include an increased effective polyion diameter at low
salt. For1.5mg/mL of DNA, the coexistence of two phases
is predicted when [NaCl] < 0.001 M, which is 10-fold below
the NaCl concentration at which the slow mode is observed.
Better agreement is obtained if uncondensed counterions
from the DNA are included in the calculation of ionic
strength.3> However, there is no optical evidence of
orientation, such as birefringence, in solutions undergoing
the ordinary-extraordinary transition. Liquid crystalline
order has been observed only in much more concentrated
DNA solutions®:37 than those considered here. Doi and
co-workers® developed a random-phase approximation
theory which predicts that a slow mode should occur in
solutions of (uncharged) hard rods at concentrations well
below the actual transition to a mesophase. This is due
to concentration fluctuations coupled to orientational
fluctuations and has been observed with PBLG in DMF.2¢
However, numerical comparison of this theory with data
on DNA, even using the augmented polyion diameter
approach of Stigter, shows that the predicted effects are
too small at the low DNA concentrations used.

There is considerable evidence of short-range transia-
tional ordering of polyelectrolytes at low salt from small-
angle X-ray scattering (SAXS) and other scattering
techniques. Recent SAXS studies®® on mononucleoso-
mal DNA show that the intermolecular spacing decreases
with increased DNA concentration and decreases with
decreasing salt concentration. The ordering disappears
when salt is added; this is also observed for salt concen-
trations in the range of C, for PSS.17 The results on the
salt concentration dependence are consistent with the
formation of hexagonally closed-packed ordering of DNA.
Static light scattering measurements show a maximum in
the structure factor which coincides with a minimum in
D,pp in salt-free solutions of PSS!7 and low salt solutions
of charged fd-virus.3® SAXS measurements on poly-
lysine,*® polyacrylate,*! and tRNA*? in the presence of low
salt or in the absence of added salt also show that the
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position of the Bragg peak is affected by polymer size and
concentration and salt concentration. Ordering of NaPSS
is also indicated by NMR relaxation studies at salt
concentrations corresponding to C.. Theresultsshowthat
asignificant population of Na* ions experience long-lived,
slowly rotating field gradients, suggesting ordering of local
domains of 100 A or more.*2 However, all of these studies
were carried out at a rather high polyion concentration,
and there is no direct evidence that they are relevant to
the ordinary-extraordinary transition observed at con-
siderably lower concentrations.

A “temporal aggregate” model, in which polyion clusters
of fairly well-defined size coexist with the free polyions,
has been proposed by Schmitz and co-workers*3 to explain
the slow mode behavior. The attractive force stabilizing
the clusters is presumed to result from a fluctuating dipole
field generated by the sharing of small ions by several
polyions at low salt. The repulsive forces are unfavorable
electrostatic interactions between polyions and random
Brownian motion which favor disruption of the clusters.
The model is an attractive one, but it has not been
formulated theoretically in testable form, so it is not clear
that the proposed balance of forces actually leads to stable
clusters. A model in which purely repulsive electrostatic
interactions lead to clustering was proposed by Ise et al.4!
to explain the small-angle X-ray results obtained for poly-
acrylate and other polyelectrolytes but has been shown by
Overbeek* to be invalid.

If a clustering mechanism explains the slow mode, the
scattering intensity might be expected to increase because
of the large effective molecular weight of a cluster. In
fact, however, the total scattering intensity decreases, while
the scattering intensity from the slow mode remains
roughly constant through the extraordinary regime.?
Therefore, substantial reduction in the scattering power
of the clusters, due to form factor and/or thermodynamic
nonideality effects, must be invoked if a clustering mech-
anism is to be plausible.

Several theories which treat polydispersity as the cause
of the slow mode have been proposed.***7 For nearly mon-
odisperse DNA, a polydispersity explanation at first glance
seems unlikely. However, the sample has a small variation
around its mean size (160 £+ 10 base pairs) whose effect
might be amplified under suitable conditions. Also, cluster
formation might be viewed as a type of polydispersity. In
a quantitative treatment, the relaxation times and relative
amplitudes of the slow and fast modes will depend on the
relative sizes of the scattering species and the volume
fractions which they occupy.

Materials and Methods

Sample Preparation. We used a previously described
method* to obtain gram quantities of mononucleosomal (160
bp) DNA from calf thymus required to conveniently explore the
range of DNA concentrations used in our studies.

All buffers used for light scattering were prepared with water
treated by reverse osmosis and then by an in-lab five-bowl Mil-
lipore filtration system with a 0.22-um final filter, leading to a
final resistance of 18 MQ. Buffers contained 1 mM Tris [tris-
(hydroxymethyl)aminomethane] and the appropriate salt con-
centration at pH 8. Analytical-grade NaCl or CaCl; was used in
the preparation of these buffers.

DNA was extensively dialyzed against buffers containing NaCl
(1 mM to 1 M) or CaCl; (0.25 mM to 0.1 M). Dialysis (4 x 500
mL) was performed on 1.5-mL samples at 4 °C over a period of
48 h for samples containing NaCl. An additional dialysis step
for CaCly-containing solutions against 1 mM Tris, pH 8, was
included to eliminate phosphate present in the DNA storage
buffer. Mono- and divalent salt concentrations of the low-salt
dialysates were verified using inductively coupled plasma (ICP)
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spectroscopy at the Analytical Services Laboratory, Department
of Soil Science, University of Minnesota. Salt concentrations
from ICP analysis were within 5% of the desired values. The
lowest salinity buffer (0.06 mM NaCl) contains no added NaCl;
the concentration of NaCl is determined from ICP analysis.

DNA samples and buffer blanks were filtered through Anopore
0.2-um inorganic membranes directly into precleaned light
scattering tubes. DNA concentrations after filtration were always
determined spectrophotometrically by absorption at 260 nm (A )
using an extinction coefficient of 20 mg! mL cm™. Samples
were centrifuged prior to light scattering measurements as
previously described® to eliminate scattering from dust. The
scattering intensity remained constant (£5% ) over the course of
the measurements, and no detectable sample redistribution
occurred as determined from Ay on diluted aliquots taken from
the region of the scattering volume. Samples were periodically
monitored for degradation during the course of the light scattering
experiments by 6% polyacrylamide gel electrophoresis.

Light Scattering Apparatus and Measurements. Light
scattering measurements were performed on a Lexel Model 95
argon ion laser operating at a single line power of ~150 mW
using a wavelength of 488 nm. The apparatus used for these
measurements has been previously described* and includes a
Langley-Ford 1096 correlator with an IT'T FW130 phototube.
Measurements were made at scattering angles of 40-110°. The
data from the correlator were transferred to a microcomputer for
subsequent analysis. All measurements were made at 20 °C.

Dynamic Measurements and Data Analysis. The second-
order photocurrent intensity autocorrelation function

C(n) = BI1 + g (»f] (1

is the quantity measured in a homodyne dynamic light scattering
experiment. B is the base-line intensity. 8 is an instrument
constant which depends on the number of coherence areas
sampled by the photomultiplier and reflects the signal to noise
ratio. 7 is the product of the channel time At and the correlator
channel number. The general form of [g")(r)| can be expressed
as a distribution function in decay rates I'

lgV(r)| = fo " A(T) exp(-T'r) dT @

where A(T') dT is the contribution to the total scattering from
the decay process with a rate constant between I' and T + dT.

Values for the base line were determined from the average of
the readings in the last eight channels, which were delayed by
64Ar from the first 64 channels. Correlation functions were
collected with a one-channel predelay to eliminate shot noise. In
the cases where channel times of less than 4 us were used, the
predelay was chosen to eliminate an instrumental artifact with
a 3.6-us decay time.>

Each experiment was first analyzed by the cumulant proce-
dure®! to assess whether C(r) showed significant deviations from
single-exponential decay. Since no single criterion is diagnostic
for the presence of a bimodal distribution, deviations from single-
exponential decay were assessed by several criteria: (1) Visual
inspection of the correlation function revealed the presence of
more than one decay process. (2) Dypp calculated from cumulant
analysis showed a strong dependence on the autocorrelator
channel time. (3) Nonrandom residuals and increasing x? values
were obtained from cumulant analysis. (4) Random residuals
and low x? values were obtained from biexponential analysis.
Judging the quality of the fit solely from x? values will often be
misleading since systematic deviations are not apparent; these
arerevealed by residual plots of the difference between the fitted
and experimental values C(r) as a function of 7. When the
experimental function is well represented by the fitted function,
the residuals should be low and randomly distributed around
zero, reflecting the level of noise present.

To fit C(r) to a double exponential, peeling analysis was first
performed to obtain starting values for nonlinear fitting to the
equation

C(7) = B(1 + B[A, exp(-T,7) + A;exp(-I';1)1%) 3

using the Marquardt-Levenberg algorithm.5? The experimental
base line was used for B, and 8 was determined from cumulant
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Figure 1. Dependence of K¢/R(8) on [DNA]. (a)0.05-1 M NaCl;
(b) 5.0 mM to 0.1 M CaCl,. The intercepts and slopes give
apparent molecular weights M, and second virial coefficients
B;. As explained in the text, the M, values were all adjusted to
105 600 and used to compute corrected B, values, which gave the
points in Figure 2.

analysis. Testing of our data analysis routines using simulated
datashowed that biexponential fitting can produce reliable values
for the relaxation rates and amplitudes of the decay processes
expected in the ordinary—-extraordinary transition if each mode
can be fit with about 20 channels.

Two widely separated decays cannot be reliably fit in a single
run using a 64-channel correlator. For this reason, the channel
time was varied by at least a factor of 10 to better isolate the fast
and slow decays. If two decay processes are present, then Dy,
will depend on the time scale (1) chosen to measure the correlation
functions. The faster and slower modes can be isolated using
shorter and longer channel times, respectively. If only a single
decay rate predominates, then D,y should not show a large
channel time dependence.

The optimal range of channel time for each component was
determined by collecting correlation functions at 90° using a
range of channel times and then judging the quality of the fit
from residual plots and x? values for a double-exponential fit.
The channel times for other angles were determined by keeping
the product g2At constant, where g is the scattering vector, (4rng/
Ao) 8in (8/2). At was adjusted to optimize the quality of the fit.

Total Intensity Measurements and Data Analysis. Static
light scattering measurements yield the Rayleigh ratio Ry = is/ I,
the ratio of the scattered intensity per unit volume at scattering
angle 8 to the incident intensity.® For small molecules, R; is
independent of 8. In the case of noninteracting particles in the
limit of infinite dilution, the Rayleigh ratio can be written

R,=KcM, o

where K = {472ny%/ Naho*}(dn/dc)?for vertically polarized incident
light. dn/dc is the refractive index increment, My, is the weight-
average molecular weight, and ¢ is the DNA weight concentration.
At higher solute concentrations, the assumption of independent
scatterers is no longer valid and inter- and intramolecular
interactions affect the scattered intensity. Rearranging eq4and
including effects of intermolecular interactions gives®

Kc/R, = P(6) ' [M, + 2B,S@)c +...] (5)

where B; is the second virial coefficient in the osmotic pressure

Scattering and Diffusion of DNA 5269

expansion and S(8) and P(6) represent the inter- and intramo-
lecular form factors, respectively.

The total intensity of scattered light was measured in 1-s
increments with at least 2 sets of 10 measurements/set made for
each DNA sample, buffer blank, and standard benzene solution.
Deviations were typically less than 5% for each set of measure-
ments. The excess scattered intensity of the DNA at each
scattering angle for the DNA was calculated from

I'pna(0) = Upna(0) — Tpusrer(0)]/ Tper, (6) )

Values for Kc/R, were determined from

Ke/R, = c(dn/de)¥/ [al'py,(9)] )

where dn/de = 0.166 cm®/mg for NaDNA 35 The same dn/dc
value was used for CaDNA, since corrections for CaDNA were
estimated to be negligible. This assumption is reasonable, at
least at high salt concentrations where the main contribution to
the polarization is from the salt ions which are in excess
concentration over the polyion. « = 1.847 cm3/mol is a constant
determined from the scattering geometry and the scattering
properties of benzene.*

We used a two-variable regression analysis method to obtain
values for B;and M,,. The relationship between these quantities
is

Kc/Ry=1/M_, + 2Bc + (1/M,)[(16wR;%/3)\%)] sin® (8/2) (8)

where R is the radius of gyration. Regression analysis was
performed on Kc/R, as a function of ¢ and sin? (§/2). This is
equivalent to thestandard Zimm plot analysis where two separate
regression steps are performed. M, is obtained from the
intercept, and the slope of the second regression analysis is 2B,.

Results and Analysis

High Salt and the Ordinary Regime. Total Light
Scattering Intensity. We used light scattering to
determine the second virial coefficient B, in order to assess
the effective volume of DNA as a function of ionic strength
and ion type. The angular dependence was small, since
q®Rg2~0.1 for 500-A-long DNA molecules. Experimental
data are shown in Figure 1. My values as much as 30%
higher than the 105 600 expected for a 160 bp fragment
are found for CaDNA from the intercepts of these plots.
We do not think that this is due to aggregation, of which
the diffusion data show no evidence. We suspect that a
more likely source of the discrepancy is the refractive index
increment (0.166 cm?®/g) assumed. Therefore, we have
adjusted dn/dc to give the expected molecular weight;
plausible values of dn/dc between 0.17 and 0.19 were
obtained. These values were then used to compute B
from the slopes of the plots in Figure 1. These values are
plotted as a function of ionic strength ([NaCl] or 3[CaCl,])
in Figure 2. The Na values are in reasonable agreement
with those obtained by Nicolai and Mandel.f! The virial
coefficients for CaDNA lie markedly below those for
NaDNA at the same ionic strength, presumably because
of the greater charge neutralization by Ca which reduces
electrostatic repulsion.

These values of B; may be compared with the theoretical
prediction for a rodlike polyion®

By = (1/4) N M Pd oLy '{1 + [(3 + 7)/2](dyte/ L) +
(7/4)(doe/ Log)®} 9)

for which the structural diameter d and contour length L
are enlarged by electrostatic effects to effective values desr
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Figure 2. Second virial coefficient of 160 bp DNA as a function
of ionic strength. Open circles and light lines: NaDNA. Closed
circles and heavy lines: CaDNA. The circles are experimental
values, corrected as described in the text. The lines are
theoretical, calculated according to eqs 9-12. The dotted lines
use linear charge density predicted by counterion condensation
theory (eq 13). The solid lines use corrected charge density (eq
14).

and Ly The effective diameter is

dg=d+«'(nY+y-Y,+In2)=d+
«(In Y + 0.616) (10)
where

Y = 270,,°Qx ! exp(-«d) (11)

Q is the Bjerrum length, e?/ekpT) «! is the Debye length
[47QL:C/Z21"1/%; and vegr is the effective charge density
per unit length. e is the elementary charge, ¢ the solvent
dielectric constant, kg the Boltzmann constant, T the
Kelvin temperature, and C; the concentration in ions/
cm3. When the condition L >> d is not satisfied, end effects
are treated by expressing the effective length as

Leﬂ' = L + K“l (12)
According to counterion condensation theory®®
Veff,cc = (NQ)_l (13)

where N is the counterion valence. An alternative® uses
the linearized Poisson~Boltzmann equation to obtain a
correction reflecting the finite DNA radius, a = d/2, and
influence of ionic strength

Veff,corr = [NQKGKI(KG)]—I (14)

where K is a modified Bessel function.

We calculated B, using these equations with a rise per
base pair of 3.4 A and a structural diameter d = 25 A. The
results are shown as the curves in Figure 2, with the dotted
lines obtained from v ¢ for ves and the solid lines from
Veficorr- Lhe curves reflect the general trend of the
experimental data, but the calculated values for NaDNA
lie substantially below the experimental points as ionic
strength decreases. Except in the limit xa — 0, vegs corr >
vetf,ce. ' Lhus DNA-DNA repulsions, and Bs, are predicted
tobe greater for vesrcorr. Agreement with experiment using
veft,corr 18 better for NaDNA, but v o gives better agreement
for CaDNA.

The effective diameters extracted from the experimental
second virial coefficients and calculated from eq 10 are
shownin Figure 3. Because of lower charge neutralization,
Veff corr ZiVes larger degr. It should be noted, however, that
at high ionic strength use of v gives der < d. This
unphysical result arises because Y is less than 1 at high
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Figure 3. Effective diameter of 160 bp DNA as a function of
ionic strength. Open circles and light lines: NaDNA. Closed
circles and heavy lines: CaDNA. The circles indicate diameters
computed from the experimental second virial coefficient. The
lines are theoretical predictions from eqs 10 and 11. The dotted
lines use linear charge density predicted by counterion conden-
sation theory (eq 13). Thesolid lines use corrected charge density
(eq 14).

ionic strength (large «). In this sense, the use of simple
counterion condensation theory with eq 10 is inconsistent.

Diffusion Coefficients. We measured the diffusion
coefficients of NaDNA and CaDNA over a wide range of
salt and DNA concentrations. In this section we report
results for the ordinary diffusion coefficient, D4, obtained
at high and moderate salt concentrations. We searched
for evidence of aslow diffusional mode at high salt without
success. Residuals from a single-exponential fit were less
than 0.2% and randomly distributed around zero. Biex-
ponential fitting did not give reproducible results, and
the channel time dependence of the first cumulant was
less than 10%. Deviations from expected behavior were
mainly manifested in rather high values of the normalized
second cumulant, us/(T')% ca. 0.25 for NaDNA in 0.5 M
NaCl and 0.1 for CaDNA in 0.1 M CaCl;. These are
generally taken as indicating either large polydispersity
(which should not occur in these quite monodisperse
preparations) or otherwise noisy signals. The source of
this noise is not clear to us, since our solutions were clean
and gave adequate scattering intensity. It may be due to
contributions from neutral fluctuations in the NaCl
concentration at high salt, though these should appear
only in the first few channels under our conditions. We
feel that our results are generally consistent with a single
process dominating the scattering at high salt.

The diffusion coefficient of mononucleosomal DNA at
high NaCl and CaCl; concentrations is plotted as a function
of DNA concentration in Figure4. The z-average diffusion
coefficients measured by cumulant analysis were essen-
tially independent of angle between 40° and 110°, so the
values reported are averages over all angles. All the
NaDNA points, and the CaDNA points at lower concen-
trations, are described fairly well by the standard linear
equation

D, = D°(1 + kye) (15)

where D° is the infinite dilution diffusion coefficient and
kp is the diffusion virial coefficient. Values of D° and kp
are listed in Table I. The D° values are in generally good
agreement with the theoretical value of 2.7 X 1077 cm?/s
for a cylinder with 24-A diameter and 544-A length (160
bp X 3.4 A/bp)® and the high salt D° values obtained by
others with similar DNA preparations.?57 The values of
kp will be discussed below.
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Table I
Dy and ks Values Obtained from the Salt Concentration
Dependence of Dyrq

ka/(Lig™)
[NaCll/ Dy/ for coupled ion
M (107cm?s?)  exptl Zpx=32 Zpr=26 virial

0.5 291£0.07 0032001 0.03 0.01 0.04

0.1 2.75%£0.12 0.07£0.01 0.13 0.07 0.19

0.05 2.78+0.14 0.10%0.02 0.26 0.14 0.29

0.01 3.32+£099 043%016 1.26 0.71
ky/(Lgh

for coupled ion

[CaCl2)/ Do/ —_
Zps=18 Zpg=10

M 10 cm?s7Y)
0.01 2.66 £ 0.11

virial
0.06 £ 0.01 0.13 0.07 0.06

exptl

0.005 2.61+0.06 0.13+£0.01 0.25 0.13 0.12
0.0025 2.6820.12 0.20+0.02 0.49 0.26
0.001 241010 0.4320.03 1.14 0.62
0.0005 270010 04120.06 2.05 115

Values of Dyppin 0.1 M CaCly and 1 M NaCl do not show
asystematic dependence on the DNA concentration from
0.4t010mg/mL. Similarresultsfor NaDNA were obtained
by Wang et al.” By contrast, D,pp for NaDNA in 0.5 M
NaCl increases linearly with increasing DNA concentra-
tion, in agreement with the results of Nicolai and Man-
del.> Apparently, intermolecular interactions are manifest
even at this relatively high ionic strength.

Figures 5 and 6 show the dependence of D,q on NaCl
and CaCl; concentrations, respectively, at [DNA] = 8.5
mg/mL. Below 0.01 M, the experimental values of D4
are obtained from the D, computed from biexponential
analysis on short channel data. The trend and magnitude
of these values for NaDNA is consistent with results
obtained by us and others.357 These results are com-
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Figure 5. Comparison of the salt dependence of Dyqn. With
theoretical predictions of coupled-ion theory at [DNA] = 8.5
mg/mL and various DNA charges Z. The pointsare experimental
data. The lines correspond to: (—) Z = 77 (counterion
condensation prediction); (---) Z = 32; (--+) Z = 16.
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Figure 6. Comparison of the salt dependence of D4, With
theoretical predictions of coupled-ion theory at [DNA] = 8.5
mg/mL and various DNA charges Z. The points are experimental
data. The lines correspond to: (—) Z = 38 (counterion
condensation prediction); (---) Z = 18; (-++) Z = 10,

prehensible in terms of standard theories of diffusion of
polyelectrolytes, as discussed below.

To understand these results, we consider two theories
of the concentration and ionic strength dependence of D
for polymers and polyelectrolytes. The firstisthe coupled
mode theory developed by Schurr and co-workers!? and
asimilar treatment developed by Tivant et al.® The latter
is a generalization to include higher valence and differing
mobilities of the added salt ions, enabling us to compare
Dyrd,ca and Dy Na. For uni-univalent salts in which the
counterion and co-ion have identical diffusion coefficients
D,, these theories give identical results:

Doy = '/,[Dy(1 - 0) + D(1 + 2] (16)
where D, is the high salt infinite dilution value of Dy for
the polyion, and

Q=[D,- XVD, + X]

X=D,[1+ (2C,/C)Zs"1Z 4" an

Cp and C, are the molar concentrations of polyion and
added salt, respectively, and Z. is the effective number
of elementary charges on the polyion.
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The generalized theory® which takes into account
differences in ion valence and mobility gives

D,,, = '/,[D,(1~t,) + Dy(1 = t,) + Dy(1 = t;) = V/A]
(18)
where
A=Df1-t)"+ D1+ t)* + D1 -ty +
2(D Dyt ty = ty) + DyDyltyts ~ t;) +
D\Dy(t t, - t)] (19)

where 1-3 refer to macroion, counterion, and co-ion,
respectively. Thet;are the transport coefficients of species
l

ti = Ki2Di/ZKi2Di (20)
where the «’s are partial Debye-Hiickel factors
2 41re 172
K = € kBTC' Z (21)

These expressions predict an increase in D4 from its high
salt value to a plateau with decreasing salt concentration,
resulting from the electrostatic coupling between polyions
and counterions. The low salt plateau value of Dyq
depends on the polyion and small ion mobilities and on
Zeff-

The curves in Figure 5 use eqs 18-21 to calculate Dy
for NaDNA at 8.5 mg/mL (8.0 X 107> M) as a function of
[NaCl] for various choices of the effective polyion charge.
In all cases we used D, = 2.7 X 1077 cm?%/8, Dy = Dyg+ =
1.33 X 1075 em?/s, and D3 = D¢y- = 2.0 X 1075 cm?/s. With
160 bp and 2 phosphate charges/bp, our DNA has a
structural charge of Z = 320. According to counterion
condensation theory (eq 13), the effective charge should
be

ot = Z/ (NQ/b) = Z/(NE) (22)

where the charge density parameter £ is the ratio of the
Bjerrum length (7.1 A in water at 25 °C) to the charge
spacing b (1.7 A for double-stranded DNA). Thus £ = 4.2,
and with a counterion valence N = Z; of 1 for Na*, Zx =
76. The upper, solid curve in Figure 5 is calculated with
this value of Z.g; it is clearly too high. The middle curve,
with Zegs = 32 (90% charge neutralization), fits the data
fairly well, except at the lowest salt concentration. An
even lower Z.g, 16, falls significantly below the data.

Similar results are shown in Figure 6 for CaDNA, with
D¢, = Dy = 7.7 X 1078 cm?/s. Here N = Z, = 2, so the
counterion condensation prediction for Z. is 38. This
gives calculated D4’s well above experimental results.
Zer = 18 (94.5% charge neutralization) gives the best fit
to the data, except at the lowest salt concentrations.

Thus the results for NaDNA and CaDNA are consistent,
in that the effective DNA charge needed tofit the coupled-
ion diffusion theory to the experimental results is more
than 2-fold lower than the counterion condensation theory
prediction. Thislower-than-expected effective charge for
NaDNA was also noted in earlier work from our group.?
It has also been observed in electrophoretic studies of
CaDNA.5" We observe, however, that the apparent
effective charge for CaDNA is about half that for NaDNA,
in accord with expectations based on eq 13. The simplest
reason for the deviation from coupled-ion theory is that
this theory is valid only when the polyion contributes a
relatively low proportion of the total mobile charge in
solution. It may also be that the values of D4 extracted
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from the experimental autocorrelation functions are
somewhat less accurate than those obtained at high salt,
in that they may reflect some component of slow mode
behavior.

We also note that deviations between counterion con-
densation theory predictions of DNA charge density, and
the effective charge densities needed to fit the data, are
in opposite directions for the diffusion coefficients dis-
cussed in this section and the virial coefficients discussed
previously. For Dy, Zegr < Z,, while for By, Zys > Z,,.

We use two approaches to compare our results for the
DNA concentration dependence of the ordinary diffusion
behavior to theoretical predictions. The first is the
coupled-ion theory discussed above. The fourth column
of Table I shows k4 calculated (by varying the DNA
concentration in eqs 18-21 while keeping added salt and
other parameters constant) with the effective charges
employed in Figures 5 and 6 that gave the best fit to the
salt dependence of D,4. In general, the calculated kq’s
are too high and increase too rapidly with decreasing salt.
The results obtained by reducing Z.g (to 26 for NaDNA
and 10 for CaDNA) to give a good fit at the higher NaCl
and CaCl; concentrations are shown in column five of Table
I. Again, the calculated k4’s seem to increase too rapidly
at low ionic strength.

Our results for NaDNA may be compared with those of
Wang et al.,” who found Z. = 9 for mononucleosomal
DNA in the concentration range 0.1-9 mg/mL in 1 mM
salt, using eqs 16 and 17. One explanation for this
discrepancy is the method used to obtain D,q. Wangand
co-workers measured D,.q from the fast decay of biexpo-
nential fits to long channel data, while we obtained it from
the fast relaxation of biexponential fits to short channel
data. Accurate estimation of the fast decay from our long
channel data was difficult because it typically decayed
within the first 10 channels. Similar difficulties were
reported by Nicolai and Mandel® at lower salt and high
DNA concentrations.

The second approach to the concentration dependence
of Dyq utilizes thermodynamic and hydrodynamic ap-
proaches directly, according to the now-standard equation
(e.g., refs 5 and 8)

ky=2MB, - v, - k; (23)
This equation includes thermodynamics in the 2MB; term
(diffusion is a flow in response to a chemical potential
gradient), volume conservation in the partial specific
volume vq term (the flow of other molecules creates a back-
current which retards diffusion), and hydrodynamic
interaction in the k; term. The theory of hydrodynamic
interaction in solutions of rodlike molecules is not very
well developed, but according to the theory of Peterson®

___RTL? 2/3
ke = 300011D°M'(8p) 24)

where 7 is the solvent viscosity and p = L/d is the axial
ratio of the rod. For 160 bp DNA with an assumed
diameter of 26 A, p = 22, k; = 0.056 cm3/g, and v; = 0.556
cmd/g. Substitution of these values along with the
experimental thermodynamic second virial coefficients
(the points in Figure 2) leads to the values in the last
columnof TableI. Agreement with measured kq’sis fairly
good in the few cases where the experimental conditions
overlap.

At still lower NaCl or CaCl; concentrations, plots of
Dga vs [DNA] become noticeably curved, presumably
indicating the increasing importance of third and higher
virial coefficients as the range of effective intermolecular
interaction increases.
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Figure 7. D,y calculated from cumulant analysis as a function
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(A), and short (@) channel time. [DNA] = 8.5 mg/mL.

Low Salt and the Extraordinary Regime. Total
Light Scattering Intensity. As the salt concentration
is decreased, the scattered intensity also decreases, con-
sistent with the general behavior observed for polyelec-
trolytes. Reliable estimates of My, and B; were difficult
in these cases due to the large deviations from linearity
observed in the dependence of Kc/Rs on sin? (6/2).

Diffusion Coefficients. Sincethere isalarge amount
of evidence that two diffusion modes are present in low
salt polyelectrolyte solutions, we measured Dgy, as a
function of autocorrelator channel time at the lower salt
concentrations. Typical channel times are Atghort = 0.5~4
8, Atmed = 2-15 us, and Atjong = 6-60 us, with Ationg/ Alshort
210. When asingle decay rate predominates, Doy, should
notshow a large channel time dependence, and correlation
functions collected at long channel times should decay to
the base line in a time less than 64A¢. Similar channel
times were used for CaDNA and NaDNA to facilitate
comparison.

Asthesalt concentration is decreased, a marked channel
time dependence of Dy, is observed, clearly indicating
the presence of more than one diffusion mode. Anexample
is seen in Figure 7 at [CaCly] < 1.0 mM with [CaDNA]
~ 8.5 mg/mL. Data collected at long channel times show
a gradual decrease in Dy, to & value of about (1-2) X 1077
cm?/s as [CaCl;] goes below 1.0 mM. For NaDNA at a
comparable concentration, similar behavior is observed
at [NaCl] < 10 mM (data not shown) in agreement with
our previously published results.® However, the decrease
in Dgpp is more abrupt and to a smaller value of ~0.4 X
1077 em?%/s. Nicolai and Mandel® also noted the existence
of a slow mode in autocorrelation functions obtained with
[NaCl] < 0.01 M.

When Dy, shows a channel time dependence, the
residuals from cumulant analysis on long channel data
show large, nonrandom deviations. The autocorrelation
functions are better represented as two-exponential decays,
as shown in Figure 8. Biexponential fitting resulted in
values for Dyjow,ca = 0.26 (£0.02) X 1077 cm?/s and Dijow Na
= 0.27 (£0.01) X 1077 ¢cm?s, independent of scattering
angle and in good agreement with other measurements on
mononucleosomal NaDNA.37 Although slow mode dif-
fusion coefficients are not significantly different for
CaDNA and NaDNA, relative amplitudes of the slow mode
contribution to the scattering, A.ow, differ noticeably.
Figure 9 shows that Agow,ca is considerably less than Aqow, Na
and that it decreases moderately but monotonically with
increasing g2, behavior consistent with scattering from a
large particle or structured aggregate. This difference in
the amplitudes of the slow components accounts for the
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Figure 9. Amplitude of the slow component as a function of ¢°
for (@) [NaDNA] = 8.2 mg/mL and (0) [CaDNA] = 7.9 mg/mL.

higher value of Dypp,co at long channel time discussed above,
since Dgpp calculated from cumulant analysis is an average
weighted by the amplitudes of the modes present.

Atshort channel times, correlation functions for NaDNA

are hetter represented by a biexponential decay, while a
single exponential obtained by cumulant analysis suffices
for CaDNA. Two relaxation times probably are present
but are too closely separated to be reliably fit using biex-
ponential analysis. Halving At did not significantly change
Dapp,Ca-
The salt and DNA concentration dependences of Dy
and Dy, are summarized in Figures 10 and 11. Figure 10
shows that Dy, increases to a plateau value with decreasing
salt and Dyast,Na > Deast,ca 8t lowsalt. Nosalt concentration
or counterion valence dependence is observed for Dyow.
The same general trends are observed in the DNA
concentration dependence (Figure 11) of Dsgq and Dyow,
with the main difference being the slight dependence of
Dyqjow,Na on DNA concentration.

These results are comparable, though different in some
respects, with others on mononucleosomal DNA. Nicolai
and Mandel® were unable toisolate a reproducible diffusion
coefficient for D,y but observed the presence of a slow
mode for [NaCl] < 0.01. Wang et al.” found a slow mode
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obtained from biexponential (circles) and cumulant (triangles)
analysis.

at salt concentrations as high as 1 M NaCl for DNA
concentrations greater than ~0.4 mg/mL. We were unable
to detect a slow mode under these conditions.

The lack of dependence of Dy on DNA or salt
concentration contrasts with observations on flexible poly-
ions. For PSS (M, = 1 X 10% at C > 10C*, Dy is
independent of added salt. However, a decrease in Diow
with decreasing salt is noted for higher molecular weight
PSS, (My, = 7.5 X 10%1819 and polylysine of M, = 2 X
10512 This may reflect swelling of the flexible polyion
coil at very low salt. A large dependence on the polymer
concentration is observed for PSS with M,, > 10518 Dy,
decreases by 2 orders when the polyion concentration is
varied in the range below C* to greater than 10C*.
However, no large dependence of Dyew on the polyion
concentration is observed for salt-free PSS of M, = 1 X
10° when C > C*,18.20.21

Use of the term “transition” to describe the emergence
of the slow diffusion mode has led to the question: what
are the critical conditions for the transition? Drifford
and Dalbiez8!? obtained the expression

(C'ny/2D(1/8) =N (25)

relating the monomolar concentration C’'mp of polyion, ionic
strength I, and counterion valence N at the onset of the
slow mode. Equation 25 embodies the idea that the slow
mode appears when the counterions contributed by the
polyion exceed those contributed by the added salt. Note
that the size of the polyion does not appear in this equation.
It gives a good fit to data on polylysine and PSS.

We have applied eq 25 to DNA, as shown in Figure 12.
For DNA, C'np = [DNA]/M,, where [DNA] has units of
g/L and M, = 330 g/mol of bases (the molar mass of the
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Figure 12. Comparison of the predicted (solid lines) and
observed DNA and salt concentrations required for the appear-
ance of the slow mode. The lines represent predictions from the
Drifford relationship.

monomer carrying one structural charge). Though several
studies with NaDNA have been done, this is the first with
CaDNA, enabling a test of the counterion valence depend-
ence of eq 25. Generally speaking, agreement between
theory and experiment is poor, certainly not as good as
obtained with flexible polyions. The slow mode appears
at a lower [CaCl;] relative to [NaCl], in agreement with
the theory. However, the predicted linear relation between
I and [DNA] does not hold, and the slow mode appears
at lower [DNA] (or higher salt concentrations) than
predicted.

The appearance of the slow decay for NaDNA is also
more cooperative than that for CaDNA, showing less de-
pendence on the salt or DNA concentration., To a certain
extent, this is the result of our analysis procedure. The
plotted concentrations are those at which we were able to
obtain reproducible fits to extract the slow mode param-
eters. For NaDNA, this had not yet occurred at 50 mM
NaCl (except at the highest [DNA1]) and had occurred by
10 mM NaCl; we made no measurements at intermediate
ionic strengths. Therefore, all but one of the NaDNA
points are at I = 0.01 M. However, these results are also
consistent with our general observations that the inter-
actions in NaDNA are greater than those in CaDNA, as
would be expected from the less well-shielded electrostatic
interactions.

Another theory worth examining is that of van Veluwen
et al.,*¢ who proposed that two diffusion modes may arise
insolutions of interacting colloidal particles if the solution
has small amounts of polydispersity. The fast mode
represents collective diffusion, and the slow mode rep-

.resents exchangediffusion (i.e., diffusion of the local degree

of polydispersity). The amplitude of the fast mode (4+),
relative to the total scattering amplitude Ayt = A+ + A,
is

A /A, = [(1+ (Bo%6(4 - )/ (1 - $)DH(1 + (35%(T4% +
8¢ + 3))/(1 + 20517 (26)

¢ is the effective volume fraction of polymer, and o is the
polydispersity. As ¢ and o increase, the fractional
amplitude of the fast component decreases.

Werelate the predictions made by eq 26 to the conditions
required for observation of the slow mode in our exper-
iments in the following way. We set ¢ = 0.031, the
approximate breadth of the size distribution of our mono-
nucleosomal preparation (160 £ 5 bp). The molar polymer
concentration can be expressed in terms of ¢:

Cp = M¢/ VeffNA (27)
Veir is the effective polymer molecular volume in dm3,



Macromolecules, Vol. 25, No. 20, 1992

1000
a
E
®
E
g
4
=
[ ]
0.1 n "
000 001 002 003 004 005 0.06
[NaCl] /M
100 =
z 10}
>
£
T
g
g 4
0.1 . .
0.000 0001 0002 0003 0004 0.005

(CaCl2] / M
Figure 13. Predicted and observed DNA concentrations cor-

responding to (a) ®n, = 0.97 and (b) $¢, = 0.85. The solid curve
is based on exchange diffusion theory of van Veluwen et al. (1987).

TRt Letr, where Resr and L are the effective radius and
length of the polyion. Res and L. are dependent on the
salt concentration and are calculated using eqs 10 and 12.
A+/ Aot is calculated from eq 26 for values of ¢ in the range
0.50-0.98. We then choose the value of ¢ corresponding
to the experimentally observed A, where A_ = Ayt — A+
For CaDNA, A ow =~ 0.3 in the region of the salt
concentration where the slow mode appears, and for
NaDNA, A;iow =~ 0.8. These correspond to ¢ne ~ 0.97 and
¢ca = 0.85. Ve is then determined for the range of salt
concentrations investigated. Figure 13 compares the
values of C, calculated using eq 27 with the DNA
concentrations necessary to observe the slow mode in
CaDNA and NaDNA. The predicted DNA concentrations
giving ¢c. = 0.85 are not far from those where the slow
mode is observed. However, for NaDNA the slow mode
appears at considerably lower values of [DNA] than
predicted, indicating some inadequacy in the theory.
Another possibility is that the slow mode arises not from
inherent small sample polydispersity but instead from a
mixture of a large aggregate and single DNA rods. The
aggregate could arise from an ordered structure of poly-
ions stabilized in some manner by low salt (the temporal
aggregate model*3). Alternatively,it might be animpurity
present in very low amounts, whose contribution to the
scattering becomes perceptible only when the scattering
from the DNA is sufficiently reduced by virial coefficient
effects at very low salt®® (Peitzsch et al., 1992). In either
case, the hydrodynamic radius of the putative aggregate
calculated from Doy is 750 A. (This seems to render the
impurity hypothesis unlikely, since all solutions were
passed through 0.22-nm filters before scattering.) If the
aggregate is an ordered DNA array, the number of
molecules/aggregate, nqgg, can be estimated from the in-
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terparticle spacing, din;, obtained by small-angle X-ray
scattering.®* From the scattering vector of the intensity
maximum at low salt, we find diny ~ 76 A. Assuming
parallel orientation of the DNA molecules, nagg = (2R g5/
dint)? ~ 400. To estimate the scattering behavior of such
amonomer—aggregate mixture would require knowing the
scattering amplitude of the aggregate as a function of ionic
strength. Unfortunately, such knowledge (either exper-
imental or theoretical) is lacking. However, even allowing
for substantial diminution in the scattering power per
monomer in the aggregate, relative to free monomer, the
M2 dependence of the scattering intensity would mean
that a small fraction of material in aggregated form could
dominate the scattering in the way observed.

Summary

Our comparisons of NaDNA with CaDNA showed that,
in all types of experiments, there was a dependence on
counterion valence that did not simply reflect ionic
strength. In the ordinary regime, there was generally
qualitative agreement with standard theories, but quan-
titative agreement was not good. Effective linear charge
densities needed to reproduce experimental results de-
viated in opposite directions from theoretical predictions
for static and dynamic light scattering experiments.

In the extraordinary regime, electrostatic interactions
for CaDNA are weaker than for NaDNA, as expected; but
the ordinary—extraordinary transition is also less abrupt
with Ca, which was not necessarily expected. We find
that the interactions driving the transition are stronger
than those predicted from the relationship proposed by
Drifford and Dalbiez;!81° this may reflect the difference
between flexible and rodlike polyelectrolytes. The poly-
dispersity theory proposed by van Veluwen et al.¢ can
account at least semiquantitatively for the existence of a
slow mode, but only by allowing the effective polyion
volume fraction to approach unity. While this is not
inconsistent with the concept of a greatly expanded ion
atmosphere around a polyion at low ionic strength, it may
be pushing the concept beyond its range of validity. The
presence of an aggregate is perhaps the most intuitively
plausible explanation for the extraordinary phase, since
an aggregate with the size needed to give Dy and with
the local concentration given by SAXS measurements
would have relatively great scattering power even if such
aggregates were rare. The major problem with this
explanation is that the forces stabilizing the aggregate are
obscure.
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