Macromolecules 1995, 28, 2315—2328

Multimolecular Aggregation of Mononucleosomal DNA in
Concentrated Isotropic Solutions

Petra Wissenburg' and Theo Odijk*

2315

Department of Polymer Technology, Faculty of Chemical Engineering and Materials Science,

Delft University of Technology, P.O. Box 5045, 2600 GA Delft, The Netherlands
Peter Cirkel and Michel Mandel

Department of Physical and Macromolecular Chemistry, Gorlaeus Laboratories, University

of Leiden, P.O. Box 9502, 2300 RA Leiden, The Netherlands
Received August 19, 1994; Revised Manuscript Received December 29, 1994®

ABSTRACT: We study semidilute and concentrated solutions of mononucleosomal DNA at three different
NaCl concentrations by static and dynamic light scattering, viscosity, and electron cryomicroscopy. At
low enough DNA concentrations the second virial coefficient behaves in the usual manner and can be
interpreted by a charged rod mode!l. It is possible to understand the concentration and scattering vector
dependence of the scattering with the help of recent theoretical analyses of semidilute solutions of charged
rods. Moreover, the mutual friction coefficient is in accord with the theory of hydrodynamic screening.
At a certain critical concentration which increases with added salt, the intensity of the equilibrium static
scattering increases several 100-fold, indicating the DNA aggregates. The dynamic scattering is in line
with the static scattering; a very long decay time seems to be associated with the DNA aggregates. Freeze
electron micrographs definitely bear out the existence of DNA globules which appear to form loose
aggregates. Precautions have been taken to ensure there are no spurious contaminants to the best of
our knowledge. Long-range attractive forces between polyions have been postulated recently within the
framework of a semiquantitative theory; these ideas are tested by analyzing the ionic-strength dependence

of the third virial coefficient and the onset of aggregation.

Introduction

For some time, double-stranded DNA has been sus-
pected of aggregating under conditions where this is
unlikely to occur from a balance between electrostatic
and dispersion forces. Mandelkern et al.! concluded
from their rotational relaxation times in solutions of
sonicated DNA at low salt that DNA may aggregate into
bundles containing seven DNA rods although they
neglected to account for ionic friction. In the same year
Fulmer et al.2 measured strong slow decays in the
dynamic light scattering by DNA suspensions below
1072 M simple salt. Sonicated calf-thymus DNA actu-
ally gels without liquid-crystalline order at nondilute
concentrations, as has been established rheometri-
cally.34 By monitoring the steady-state fluorescence
polarization, Hidrd and Kearns® deduced that monodis-
perse DNA must start to aggregate at a DNA concen-
tration of 5 g/ in 1 M NaCl. Nicolai and Mandel®
thought DNA might be aggregating at low salt and
nondilute DNA concentrations because the static scat-
tering started to increase once the DNA solution was
allowed to remain quiescent after filtration. Contrast-
ingly, the scattering intensity of a flowing suspension
was constant: presumably, the aggregates break up
under shear. An analogous effect” was witnessed (and
corroborated®®) in later dynamic scattering experiments.
After filtration of a DNA suspension, a slow mode
gradually built up if the solution was left undisturbed.
Other anomalies have been seen in semidilute DNA
solutions which may be related to aggregation: the
“precholesteric” DNA phase,1? peculiarities in the NMR
relaxation rates,!! and the existence of an unexplained
“region II” during DNA sedimentation.!? Recently, we
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presented a short preview on concentrated DNA solu-
tions at 1 M NaCl in which we displayed DNA ag-
gregates explicitly in an electron micrograph.l®* The
solutions appeared to be free from contaminants.!® The
current paper elaborates on this work.

Recent theoretical work by one of us!4 postulates a
long-range attractive force between polyelectrolyte mol-
ecules in order to explain the strongly anomalous ionic-
strength dependence of the third virial coefficient of
xanthan!® and the existence of a hexagonal phase of
tobacco mosaic virus.'® Though the origin of the attrac-
tive interaction is a mystery, we here show that we are
able to rationalize the onset of DNA aggregation with
the help of a stability criterion based on this theory. In
particular, its ionic-strength dependence is consistent
with that needed to explain the peculiar behavior of
other polyelectrolytes.!4 16 We study the complex ag-
gregational behavior of semidilute and concentrated
mononucleosomal DNA by static and dynamic light
scattering, viscosity, and electron cryomicroscopy.

Experimental

Mononucleosomal DNA was isolated in gram amounts from
nucleosome core particles by digestion of calf-thymus chroma-
tin with micrococcal nuclease according to the method de-
scribed by Wang et al.'” Characterization by a combination
of gel permeation chromatography and low-angle laser light
scattering showed that the DNA had a molar mass of about
1.07 x 10% g mol~1. The UV absorbance ratio Aze/Azso of the
sample was 1.91, indicating that the sample was free from
protein. The final pellet was resuspended in a buffer contain-
ing 50 mM NaCl, 24 mM EDTA. Salt-free DNA was obtained
by prolonged dialysis at 4 °C of the resulting suspension
against water of millipore quality until the conductance of the
outer solution equaled that of pure water. In order to avoid
possible denaturation of the DNA during the dialysis, the DNA
concentration was never below 22 g/I.. Melting experiments
showed a hypochromic effect of 30.2%, indicating that the DNA
was double-stranded. The concentration of Ca2?* ions was in
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general too low to be detectable by atomic absorption spec-
troscopy. In a few cases we detected the presence of one Ca?*
ion per ten DNA molecules, i.e. less than 0.04% of the Na*
counterion concentration. The solution was further concen-
trated and freeze-dried.

The DNA concentrations in this study extend to just below
the isotropic—cholesteric transition. These high DNA concen-
trations made dialysis of the samples virtually impossible,
resulting in either the dilution of the solutions or the penetra-
tion of the DNA through the dialysis membranes. We there-
fore decided to refrain from dialysis altogether and to add the
desired NaCl solution to the salt-free DNA. Another related
problem arising from these high DNA concentrations is the
contribution of the “uncondensed” counterions of the DNA to
the overall ionic strength of the solution. For instance, in the
case of the 0.01 M NaCl series this contribution already
reaches an ion concentration equimolar to the salt solution at
about 30 g/L. DNA. At higher DNA concentrations the ionic
strength is mainly determined by the counterions and thus
depends on the DNA concentration, more or less as in a
solution without added salt. In the 0.1 M NaCl series the
crossover is at roughly 300 g/l DNA. Only for the 1 M NaCl
serles may we assume excess salt conditions at all DNA
concentrations.

Static light scattering experiments at zero scattering angle
were performed at three salt concentrations: 1, 0.1, and 0.01
M NaCl. In each case we prepared the most concentrated
solution first by dissolving salt-free DNA in the respective
aqueous NaCl solution. We started to carry out our scattering
experiments only after an equilibration time of 24 h. Just after
these measurements the concentration of the solution was
determined more precisely from the UV absorbance at 260 nm
using an extinction coefficient of 20 mg mL~! em~!. Errorsin
the DNA concentration are estimated to be less then 2%.
Subsequently, we diluted the solution and performed a new
scattering experiment. By repeating these actions three series
of solutions of concentrations descending from 150 to 0.80 g/L
in 1 M, from 118 to 0.56 g/L in 0.1 M, and from 109 to 0.23
g/Lin 0.01 M NaCl were investigated. All solutions remained
isotropic: none was birefringent between two crossed polar-
izers.

The static light scattering experiments were performed at
zero scattering angle with a Chromatix KMX-6 low-angle laser
light scattering photometer whose light source is a He—Ne
laser at a wavelength of 633 nm. The sample cell consisted of
two thick silica windows separated by a Teflon spacer. The
samples were brought into the measuring cell of the KMX-6
by continuous pumping through 0.22 yum Millipore (Millex-GV)
filters. We started our measurements after the flow had
stopped. At all ionic strengths, the scattering intensity of the
concentrated solutions at first started to increase with time
after filtration; ultimately, we measured the final intensity
after it had shown no significant change for several hours. The
intensity of the solutions which were more dilute remained
constant from the start and was measured within 1 h. The
quantity determined was the ratio of the scattered to the
transmitted radiant power from which the Rayleigh factor R,
was computed with the help of the geometric parameters of
the instrument. No reference to external standards or arbi-
trary calibration factors was required. We expressed the
scattered intensity in terms of the usual quantity Kc/R,, in
which ¢ is the polymer concentration (in g/mL) but where K is
considered to be a concentration dependent factor. The
refractive index was determined as a function of the DNA
concentration at the three salt concentrations used earlier,
with a Pulfrich refractometer modified for use with a 633 nm
He—Ne laser source. The refractive index has the same
dependence on the DNA concentration at all ionic strengths,
as is shown in Figure 1. At high DNA concentrations the
increase in the refractive index n of the solution compared with
no of the respective NaCl solution was found to deviate slightly
but significantly from a linear dependence with DNA concen-
tration. Accordingly, we determined the refractive index
increment dn/dec as a function of the DNA concentration from
the slope of n versus ¢ (see Figure 1). Next, a concentration
dependent K was calculated from the experimentally deter-
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Figure 1. (Upper diagram) Increase (n — no) of the refractive
index of the DNA solutions with respect to that of the
respective NaCl solutions as a function of DNA concentration
at 25 °C. The dashed line is a second-order polynomial fit. In
the lower diagram the calculated refractive index increment
dn/de depends linearly on the DNA concentration.

mined n and dr/dc, in accordance with a recent scattering
theory of nondilute solutions.!®

Dynamic light scattering experiments were performed at
NaCl concentrations 1 and 0.01 M. We prepared stock
solutions of high DNA concentration by dissolving salt-free
DNA in the two salt solutions. After an equilibration time of
24 h, the stock solution was filtered through a 0.22 um
Millipore (Millex-GV) filter into carefully cleaned cuvettes and
diluted with filtered salt solution, resulting in two series with
DNA concentrations ranging from 1.73 to 117 g/ at 1 M and
from 7.55 to 101 g/L at 0.01 M NaCl. The solutions were
allowed to remain undisturbed for 1 or 2 days before the
measurements were performed, taking due care of an equili-
bration of the temporal phenomena encountered after filtration
in the static light scattering experiments. The dynamic light
scattering experiments were performed with a spectrometer
consisting of an ALV goniometer and an ALV 5000 correlator.
The light source was an Ar-ion laser (Spectra Physics, 2000
series) at the 514.5 nm line, linearly polarized perpendicular
to the scattering plane. Typically, laser power was about 150
mW. Scattering was done at angles between 30 and 150°. The
reduced intensity—time correlation functions gs(#) were re-
corded with the time axis logarithmically spaced. In this so-
called “multi-r” mode the sample time in the first 16 channels
was 12.5 ns. The sample time was doubled every further set
of eight channels, reaching a total time of several seconds. If
the scattered light satisfies Gaussian statistics, we can relate
the reduced intensity—time correlation function ga(t) to the
reduced field—time correlation function g1(¢) via the so-called
Siegert relation:

) = {I(0)Mg()) © = (E*5(0)E4()
& @ & )
&) =1+ ajg,@®) (1)

where o is a factor summarizing data related to the apparatus.
The dynamics of the solution are expressed via the correlation
function g,(t). At high DNA concentrations the correlation
functions clearly exhibited more than one decay rate:

g = Y A @)
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At first we examined the correlation functions provisionally
in a qualitative way. To analyze the apparent diffusion
coefficient Ti/g? more quantitatively, we applied CONTIN-
analyses?® to the correlation function g:(#). Decay rates were
determined from the positions of the peaks.

Static light scattering experiments as a function of scattering
angle were performed on the same solutions (but not on a
similar series at 0.1 M NaCl) and using the same spectrometer
as in the dynamic light scattering experiments, although with
larger scattering volumes. The angular dependence is ex-
pressed via the scattering vector of magnitude g = (4nn/iy)
sin(6/2). The Rayleigh ratio R(q) of the solute is calculated
from the ratio r(g) of the scattered intensity I, to the intensity
of the reference beam I, the corresponding ratios of the
solvent r(sol) and the toluene standard r(st), and the Rayleigh
ratio R(st) of toluene:

(r(g) — r(sol))

Rlg) = ———==R(st) (3)

Accordingly, we determined absolute values of the structure
factor S(g):

S(g) = Alll% 4)

Note that the factor K used here is corrected for the scattering
volume of the cylindrical cuvettes. The value for M employed
in this calculation is 1.07 x 105 g mol™}, the molar mass of
mononucleosomal DNA determined earlier. All scattering
experiments were performed at 25 °C.

Viscosity measurements were performed at 1 M NaCl. The
DNA concentrations span the entire concentration regime
addressed in the light scattering experiments. In one experi-
ment, the solutions were allowed to reach equilibrium before
measurement; in another, the measurements were carried out
just after filtration. The experimental setup was a Haake CV
100 rotation viscosimeter. Shear rates between 0 and 300 s!
were probed. The viscosity is independent of the shear rate
for all solutions, i.e. all solutions display Newtonian behavior.
The results are repeatable.

Electron cryomicroscopy was performed on DNA solutions
of 144 and 37.3 g/L at 1 M and 74.5 g/L at 0.01 M Na(Cl, in
order to investigate possible aggregation phenomena. The
solutions were prepared by dissolving salt-free DNA in the
particular salt solution and then filtered through 0.22 ym
Millipore filters (Millex-GV) so as to mimic the same conditions
as in the scattering experiments. They were allowed to reach
equilibrium before freezing. The DNA suspensions were
applied to copper platelets and cryo-fixed by rapid freezing (105
K/s) in liquid propane, using the plunging method. Next, we
put the frozen samples in a Baltzers BAF400D freeze etching
device (Baltzers, Liechtenstein) at a sample temperature of
—150 °C and a pressure of 2.5 x 1075 Pa. In some experiments
the surface of the frozen sample was shadowed by platinum/
carbon evaporation (2.5 nm Pt) at an angle of 45°, either
directly or after etching for 30 s. In others the samples were
broken and the fresh surfaces were shadowed in the same
manner. In order to strengthen the replicas, a 30 nm carbon
layer was evaporated onto the surface. After thawing, the
replicas were cleaned overnight in water or a 30% sodium
hypochlorite solution. The replicas were examined by means
of a transmission electron microscope (Philips EM410, Eind-
hoven, The Netherlands), the images being recorded at a
magnification of 31000x and photographically enlarged.

Results

A, Static Light Scattering at Zero Scattering
Angle. The inverse scattering intensity Kc/R) is plotted
against the DNA concentration in Figures 2a—c at three
salt concentrations (1, 0.1, and 0.01 M NaCl). The
values of Kc/R, are listed in Table 1. At all three ionic
strengths and at low DNA concentrations, the curves
behave as one would expect. Extrapolation of Kc¢/Ry to
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Figure 2, (a, top) Inverse specific intensity Kc/Ro at zero
scattering angle as a function of the DNA concentration at 1
M NaCl at 25 °C. The filled symbols represent equilibrium
values; the open symbols, values just after filtration. The
dashed line is a second-order polynomial fit for concentrations
up to 68 g/L.. (b, middle) Same as (a) but at 0.1 M NaCl. The
second-order polynomial is fitted up to a concentration of 12
g/L (indicated by thick arrow). (c, bottom) Same as (a) but at
0.01 M NaCl. The second-order polynomial is fitted up to a
concentration of 5 g/Li (indicated by thick arrow).

zero DNA concentration yields the correct molar mass
of M = 1.07 x 10° g/mol for a 160 base pair fragment!”
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Table 1. Inverse Scattering Intensity Kc/R, at Zero Scattering Angle as a Function of DNA Concentration at Three Salt
Concentrations and at 25 °C

1 M NaCl 0.1 M NacCl 0.01 M NaCl
Kc/R (1073 mol/g) Kc/Ro (1075 mol/g) Kc/Ry (1075 mol/g)
just after just after just after
¢ (g/L) equil filtration c (g/L) equil filtration ¢ (g/L) equil filtration
0.80 1.09 0.56 0.89 0.23 1.11
1.09 1.13 0.97 1.04 0.43 1.14
1.55 1.06 2.05 1.23 0.69 1.21
3.14 1.29 4.01 1.54 1.31 1.48
4,71 1.23 8.11 2.24 1.83 3.34
5.12 1.19 11.8 3.03 2.21 2.69
6.43 1.37 21.7 5.22 2.56 2.02
9.94 1.68 30.3 7.18 2.77 2.81
11.8 1.69 38.0 8.72 4.11 3.80
13.2 1.91 44.2 8.22 9.63 4.95 3.86
17.3 2.18 56.2 4.80 11.80 6.46 5.17
24.7 2.95 65.3 1.67 14.66 9.34 6.24
25.4 2.99 73.0 0.37 8.16 10.5 6.83
29.0 3.30 88.9 0.10 8.66 13.4 7.72
34.5 3.94 118 0.022 4.73 16.0 8.13
35.4 4.03 23.1 9.88
44.2 5.03 27.7 10.18
45.2 5.14 32.4 9.75
50.1 5.56 44.2 0.53 10.35
61.0 7.34 52.5 0.023 10.51
68.1 8.05 59.1 0.059
75.0 1.81 8.78 64.8 0.044 8.70
85.0 1.73 10.18 80.0 0.16 8.77
91.1 0.025 92.0 0.28
108 0.036 109 0.99
111 0.006
124 0.010
150 0.006

Table 2. Results from Static Light Scattering at Zero
Scattering Angle and at 25 °C

M Az Aj
(10°gmol™)) (10 8L molg=? (107°LZmol g%

Second-Order Polynomial Fits

1 M NaCl 1.05(+0.03) 0.30(+£0.02) 2.3(£0.2)

0.1 M NaCl  1.09(£0.03) 0.69(+0.05) 11.5(£2.0)

0.01 M NaCl 1.07(%0.05) 2.9(£0.3) 170(£70)
Third-Order Polynomial Fit

1 M NaCl 1.00(+0.05) 0.26(+0.06) 4.0(£0.5)

with Ay = —1.5(£0.5) x 107! L3 mol g3

within the margin of error and irrespective of the NaCl
concentration. The data points at low DNA concentra-
tions fall on straight lines whose slopes yield the second
virial coefficients As. The slope increases with decreas-
ing ionic strength, which reflects the increasing effective
diameter of the rodlike DNA molecules as the electro-
static screening diminishes. At moderate DNA concen-
trations all three scattering curves deviate from linear
which may be attributed to the influence of the third
virial coefficient Az. Note that at 0.1, but especially at
0.01 M NaCl, the curvature of the plots may be
misleading. The counterions then often contribute
substantially to the total ionic strength of the solution,
causing in effect a lowering of the slope in the scattering
curve. We determined the second and third virial
coefficients by applying second-order polynomial fits to
the experimental data applicable to DNA concentrations
where the ionic strength is given in the main by the
concentration of added salt (see Table 2). The second
virial coefficients Ag, are in agreement with the values
found by Ferrari and Bloomfield?® and Nicolai and
Mandel.?® Recall that these studies cover merely low
DNA concentrations. Both the second and third virial
coefficients increase with decreasing ionic strength.
In Figure 2a—c we see that in contrast to the

scattering at low DNA concentrations, strong anomalies
occur at certain critical concentrations and beyond: the
intensity of the scattered light is enhanced immediately
after filtration. Initially, the increase is rapid but the
intensity reaches a plateau slowly after 1 or 2 days, the
ultimate equilibrium values exceeding the initial value
by more than 2 orders of magnitude. It is possible to
measure both the initial and the equilibrium values at
the two lowest ionic strengths. At 1 M this is feasible
only in the transition region (75—85 g/L), for at higher
concentrations the intensity simply increases too fast.
At all ionic strengths the equilibrium intensity fluctu-
ates strongly. The time needed to reach equilibrium
increases with the DNA concentration but is not very
sensitive to the salt concentration. The inverse scat-
tering immediately after filtration is definitely lower
than expected on the basis of a smooth extrapolation of
the equilibrium data at low DNA concentrations (Figure
2). At 1 M NaCl, when the interpretation is not
hampered by uncondensed counterions arising from the
DNA, we tentatively account for this deviation by
allowing for a fourth virial coefficient and applying a
third-order polynomial fit to the data up to 85 g/L.. The
results are given in Table 2. In this provisional fit the
values for the molar mass and the second virial coef-
ficient are hardly modified and the value of the third
virial coefficient increases slightly, whereas the fourth
virial coefficient is negative.

The critical concentration at which the anomalies
start to occur increases with the ionic strength (Figure
2) but the equilibrium values of Kc/Ry beyond the
transition are of comparable magnitude (<107% mol g™1)
for all three salt concentrations. In the concentration
regimes investigated in this study, none of the DNA
solutions shows any signs of phase separation, all of
them remaining clear and isotropic at all times. At 1
M NaCl the isotropic-to-cholesteric transition is first
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Figure 3. (a, top) Structure factor S(g) as a function of gL,
with L = 54 nm the length of a single DNA molecule, for
several DNA concentrations at 1 M NaCl: (+) 1.73 g/L, (a)
22.0 g/L, (O) 48.7 g/L, (v) 71.5 g/L, (<) 90.4 g/L, and (O) 117
g/L. (b, bottom) Same as (a) but at 0.01 M NaCl: (+) 7.55
g/L, () 21.3 g/L, (O) 42.8 g/L, (V) 73.3 g/L, and () 101 g/L.

encountered at about 170 g/L.%5 Since the intensity
scales with the number of scattering particles times
their molar mass squared, the enormous increase in
scattering intensities at high concentrations may be
rationalized by postulating a considerable increase in
the molar mass of the scattering particles. Note that
in our scattering experiments all concentration series
are obtained by repeatedly diluting a highly concen-
trated sample. We thus start at a high concentration
where presumably particles of very high molar mass are
present and reach, merely by dilution, the regime in
which DNA solutions behave in the usual thermo-
dynamic fashion. This demonstrates that the large
particles must be formed by the DNA itself. The fact
that above the critical concentrations the final values
of Kc/Ry are about the same for all salt concentrations,
suggests that the particles of high molar mass seem to
be weakly perturbed by electrostatic interactions.

At 1 M NaCl, measurements were duplicated with
freshly isolated DNA: the anomalous scattering disap-
pears at exactly the same concentration as before, and
the complete curve is repeatable. This suggests that
the particles of high molar mass are apparently stable
at high DNA concentrations.

B. Structure Factor S(q). The structure factors
S(q) at 1 and 0.01 M NaCl are plotted in Figure 3a,b.
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Figure 4. Structure factors at low DNA concentrations from
Figure 3 are scaled on one single curve by taking into account
the second and third virial coefficients. See text. (a, top) At
1 M and (b, bottom) at 0.01 M NaCl

Although the experimental gL range is rather small, we
can deliberate on several features of the structure factor.
Extrapolating the curves at lower concentrations to zero
scattering angle, we find good agreement with the
experiments performed with the KMX-6. At low DNA
concentrations S(q) decreases but flattens slightly with
increasing DNA concentration. The structure factor at
low ionic strength is lower than that at high ionic
strength, because of interference of the scattered light
caused by the stronger interactions in the former case.
Here, we attempt to scale the structure factors at low
DNA concentrations to one “master curve” in order to
account for these interactions.

S(g) = %Z—;(l + 2MAcF(g) + 3MA,*FX(q)) (5)

Equation 5 is semi-empirical and based on theoretical
work2!~23 on slender charged rods in the second virial
approximation. If we, however, perform the scaling up
to the second virial coefficient, it is not very successful.
The third virial term which is an educated guess, is
included since its influence is substantial.3¢ The scaled
data are plotted in Figure 4a,b. At 1 M NaCl, we use
the values of Ay and Az from the second-order poly-
nomial fits to the scattering data at zero scattering
angle, summarized in Table 2. However, at 0.01 M
NaCl, we decided to perform the scaling with an
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Figure 5. Reduced field—time correlation functions gi(z) for several DNA concentrations at 1 M NaCl: (—) 1.73 g/L, (- - -) 22.0
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apparent negative “third virial coefficient” of —3.0 x
1078 L2 mol g3, which describes the reverse curvature
of the Kc/Ry curve caused by the increase of the total
ionic strength with the DNA concentration. The data
fall on one single curve for both ionic strengths within
experimental error. Moreover, both curves are almost
identical. Ideally, S(q) should be identical to unity.
However, the scaled curves display a residual ¢ depen-
dence.

At low scattering angles the structure factor increases
sharply beyond a concentration identical with the criti-
cal concentration in the experiments at zero scattering
angle. This enhancement is greater with increasing
DNA concentration, but it is almost independent of the
ionic strength. At large scattering angles and at 1 M
NaCl the structure factor decreases slightly with the
concentration, though not as fast as when the concen-
tration is below critical, but remains more or less
constant at 0.01 M NaCl. In line with our assessment
of the experiments at zero scattering angle, we interpret

the considerable increase in forward scattering at high
DNA concentrations as a substantial enhancement in
the dimensions and molar mass of the scattering
particles. The amplitude of the structure factor at high
DNA concentrations exceeds unity, as the calculation
of S(q) is based on a constant molar mass equal to that
of mononucleosomal DNA.

C. Dynamic Light Scattering. The correlation
function gi(¢) is plotted in Figures 5 and 6 versus
logarithmic time in order to display the various relax-
ation regimes which are far apart. For clearness, the
correlation functions are represented by way of so-called
spline fits through the experimental points. All cor-
relation functions decay to a zero baseline. Note that
the amplitudes of the correlation functions depend on
the DNA concentration, since the measurements were
performed at different scattering volumes depending on
the scattered intensity. In order to compare the relax-
ation modes, all amplitudes are scaled to one value at
g = 0. In Figure 5 (1 M Na(l) there are two distinct



Macromolecules, Vol. 28, No. 7, 1995

1.0

0.01 M NacCl
scattering angle 30°

WO

104 105 10% 107 10% 10* 10/ 10'' 10

q%t (cm2%)

Aggregation of Mononucleosomal DNA 2321

0.01 M NaCl
scattering angle 80°

_0‘1 asd, . ud. aad i sisaiid oy il i

104 105 10% 107 10® 10° 10' (o 100

q%t (cm-2%s)

1.0

0.01 M NacCl
scattering angle 130°

_0.1 W i aad. debbidad.

104 10% 10% 107

108 10° 10' 10" 10"

g%t (cm?s)
Figure 6. Reduced field—time correlation functions gi(¢) for several DNA concentrations at 0.01 M NaCl: (—)7.55 g/L, (- - -) 21.3

gL, (— — —) 428 g/L, (+++) 73.3 g/L, (- — -) 101 g/L.

DNA concentration regimes discernible. The three
lowest concentrations show predominantly one relax-
ation mode at all scattering angles, which becomes
faster with increasing DNA concentration. At the three
highest DNA concentrations, which lie beyond the
critical concentration determined by static light scat-
tering, the correlation function displays an additional
slow mode. The latter has a correlation time about 3
orders of magnitude greater than that of the “fast
mode”. Its contribution fo g1(t) is particularly large at
low scattering angles. With increasing DNA concentra-
tion, the slow mode slows down even more and its
contribution to gi(¢2) becomes larger. At 0.01 M NaCl
(Figure 6), the trend is the same, although at the high
end of the dilute regime there seems to be a “pretran-
sitional regime”, in which the additional slow mode is
already present, but which is much faster and has a
smaller contribution to gi(¥) than in the concentrated
regime beyond the critical concentration. In the latter
the slow mode is slower and its contribution to gi(#) is

larger than at 1 M NaCl.

In order to gain qualitative insight into the slow mode,
we plot the relative amplitude Agow/(Afast + Asiow)
determined by CONTIN (see below) as a function of the
scattering angle and the DNA concentration in Figure
7a,b. We clearly see the jump in the relative amplitude
at a concentration that corresponds to critical in the
static case (at both ionic strengths). At 0.01 M NaCl
we distinguish the intermediate regime, which is less
clear or even absent in 1 M, and a more pronounced
signature of the slow mode at large scattering angles.

In Figures 5 and 6, we see that, at low DNA concen-
trations, the fast mode becomes faster with increasing
concentration, i.e. the apparent diffusion coefficient I'Y
g2 increases. At higher DNA concentrations the slow
and fast modes overlap, which makes it difficult to
assess the fast apparent diffusion coefficient. Therefore
we apply CONTIN analyses to the g(¢) data as shown
in Figure 8 (supplementary material) at low as well as
high DNA concentrations. The distribution of relax-
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Figure 7. (a, top) Relative amplitude Agow/Asast + Asiow) Of
the slow mode within g1(%) as a function of DNA concentration
at 1 M NaCl. Scattering angles: (O) 30°, (a) 80°, and (O) 130°.
The broken curves are guides to the eye. (b, bottom) Same as
(a) but at 0.01 M NaCl.

ation modes displays one or two well-separated modes
for solutions of low DNA concentration. By contrast,
in the concentrated solutions, particularly the highest
at 0.01 M NaCl, the distribution of the fast modes is
broader. CONTIN displays the fast mode in the guise
of several small peaks, which correspond to the broader
peaks found in less concentrated solutions. The decay
rates were determined from the peaks of the envelopes.
The relative amplitudes of the fast and slow modes in
the CONTIN analyses agree within the margin of error
with the values estimated directly from the correlation
functions gi(¢) without any fitting procedure. In most
cases a very fast decay is also detected, which is unlikely
to be an artifact due to fast sampling times, for
polystyrene in toluene does not display a similar fast
decay under identical circumstances. The fast and slow
apparent diffusion coefficients (I'¥g? and I'y/q2) extrapo-
lated to zero scattering angle are plotted against the
DNA concentration in Figures 9 and 10 and summarized
in Table 3. In the low-concentration regime (up to 20
g/L) our curves are similar to those of previous stud-
ies.”?° The coefficients extrapolated to zero DNA con-
centration are in agreement with those found by Nicolai
and Mandel,” although the extrapolation at 0.01 M NaCl
is somewhat approximate because there are only few
data. The diffusion expressed by I'fq? is faster at low
ionic strength. At moderate DNA concentrations the
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Figure 9. Apparent diffusion coefficients I'/g? at zero scat-
tering angle as a function of DNA concentration at 1 M NaCl:
(a, top) fast mode, (b, bottom) slow mode. Note that the slow
mode is plotted logarithmically.

slopes at both ionic strengths are altered: the slope
increases at 1 M but decreases at 0.01 M NaCl. In this
regime the first signs of the slow mode are observed,
again at both ionic strengths; the slow apparent diffu-
sion coefficients are still rather fast and the amplitudes
are low, especially at 1 M NaCl. At the critical
concentration the slow mode is retarded, as we saw in
the qualitative analysis of the correlation functions, and
the slow apparent diffusion coefficient decreases further
with increasing DNA concentration. In the highly
concentrated regime, the fast apparent diffusion coef-
ficient keeps increasing although with a different slope.
The fast and slow apparent diffusion coefficients deviate
slightly but significantly from “purely diffusive” behav-
ior; i.e. the plot of both I'/g? and T'y/q? against g2 is not
a constant. In both salt solutions there is a positive
slope associated with the slow mode although its
magnitude is difficult to ascertain. The fast mode has
a slope close to zero at low DNA concentrations and at
1 M NaCl, but which becomes slightly positive at 0.01
M NaCl. Upon increasing the DNA concentration the
slope turns negative at both ionic strengths.

The three scattering experiments are compatible with
the assumption that slowly diffusing particles of high
molar mass and large dimension are present in the
solutions beyond a critical concentration. The latter
increases with the salt concentration. The dynamic
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Table 3. Apparent Diffusion Coefficients I'/g2 at Zero
Scattering Angle as a Function of DNA Concentration at
1 and 0.01 M NaCl and at 25 °C

¢ (g/L) T'/q?, fast (cm?/s) T/q2, slow (cm?s)
1 M NaCl
1.73 3.1 x 1077
9.50 3.3
22.0 4.0
35.3 4.6 1.8 x 1078
48.7 6.0 7.0 x 1079
55.8 6.6 6.0 x 107°
71.5 7.1 2.4 x 10710
90.4 8.8 8.0 x 10711
117 9.8 3.7 x 10711
0.01 M NaCl
7.55 1.4 x 1078 2.4 x 1078
21.3 2.9 1.2 x 1078
42.8 3.7 9.9 x 10-°
73.3 44 1.6 x 10710
101 5.7 6.0 x 10711

light scattering experiments suggest that an intermedi-
ate regime exists, particularly at low salt.

D. Viscosity. In Figure 11 we plot the relative
viscosity increment 7

n—ns
Ns

(6)

Nrel =

where 7 is the viscosity of the DNA solution and #; the
viscosity of the solvent (1 M NaCl). In contrast with
the light scattering experiments we do not see a transi-
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Figure 11. Relative viscosity increment as a function of DNA
concentration at 1 M NaCl. The curves display third-order
polynomial fits: the full line fitted up to 47 g/L, the broken
line up to 77 g/L; (O) equilibrium, (®) just after filtration.

tion in the viscosity. Nevertheless, the data at high
DNA concentrations appear to deviate upward a bit
from a naive extrapolation of 7. at lower concentrations
to the concentrated regime. Moreover, the data beyond
80 g/L do show distinct temporal effects: the viscosity
measured initially (open symbols) is higher than the
constant value reached after several days (closed sym-
bols). Below the transition (at 75 g/L) found earlier, we
fitted the data to a third-order polynomial, bearing in
mind the predicted®* dependence of # on ¢3 for rods.

E. Electron Microscopy. The large particles in-
ferred from the scattering experiments do in fact show
up in the electron micrographs. In Figures 12 and 13
we show regions typical of those we find in carbon
replicas of the surfaces of frozen samples. At 0.01 M
NaCl, the micrographs of samples which were etched
directly after freezing are similar to those of samples
which were first broken and subsequently etched. At
both ionic strengths, the samples abound with spherical
globules whose surfaces have a flakelike texture. The
distributions of the diameters of the globules are shown
in Figure 14. Though we count fewer spheres at 0.01
M NaCl, the distributions are about the same at both
ionic strengths if we take due care of statistical fluctua-
tions. Note that our estimates of the sizes have to be
taken with some reservation: the particles may have
been situated deeper within the surface and larger than
they seemed. At 1 M NaCl and at DNA concentrations
below 75 g/L only a small fraction—less than a few
percent—of the carbon replicas shows similar particles
though of a smaller size.

Discussion

Low-Concentration Regime: Rodlike Behavior.
We have seen that the static light scattering data at
zero scattering angle are described well by a virial
expansion incorporating at least the second and third
virial coefficients. Conversely, this expansion when
extended to the scattering at nonzero angles is able to
scale the experimental structure factors S(g) to one
master curve. The experimental values of the virial
coefficients (Table 2) can be compared with the molec-
ular virials B, and C, describing the electrostatic
interactions between two and three polyions, respec-
tively. In the derivation of the virial coefficients the
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Figure 12. Electron cryographs for a 144 g/L solution at 1 M
NaCl. The bar corresponds to 300 nm; the arrow represents
the direction of Pt evaporation. In one micrograph (b) some
globules appear to be toroids.

effective diameter, d.g, of stiff polyelectrolytes23-28 turns
out to be a relevant length scale:

dg=d+x ' (InA+y+In2-"1,) (7
where d is the bare diameter, y is Euler’s constant, !
is the Debye length, and A’ is a certain dimensionless
parameter.2 How to compute this effective diameter

is described in ref 28. The molecular virial coefficients
may be written as

Bel,O ~ ngdeﬁ (8)

or including end effects??

Macromolecules, Vol. 28, No. 7, 1995

Figure 13. Electron cryographs for a 73 g/L solution at 0.01
M NaCl. The bar corresponds to 300 nm; the arrow represents
the direction of Pt evaporation. The micrographs of samples
which were etched directly after freezing (a) are similar to
those of samples which were first broken and subsequently

etched (b).

4d
Bel ~ Bel.O 1+ L 9)
and!4
4d B%,
cu~ a0

Equation 10 is based on the asymptotic relation
between Bejo and Ce 0% which is valid for small deg/L.
Nevertheless, to account for end effects (though ap-
proximately) we use B, which does include end effects.
Following ref 14 we evaluate the ratios of the experi-
mental Ag and Aj to the respective molecular coefficients
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Figure 14. Distribution of diameters as observed in the
electron cryographs: (a, top) at 1 M NaCl and (b, bottom) at
0.01 M NaCl.

Table 4. Ratios R; and R3 for Mononucleosomal DNA at

25 °C
ns(M) «7!(nm) deg(nm) Ry R; H h1
1 0.30 2.73 0.76 0.68 0.49
0.1 0.96 5.49 0.74 0.30 0.90 ~30
0.01 3.04 13.7 0.85 0.13 2.57
B and Cei:
R A, (11)
o=
]Vglgd
R MA, (12)
3= 2
pJA (jﬂ

where N, is Avogadro’s number (see Table 4). It must
be pointed out that the values for A; at the two lower
ionic strengths are upper bounds, since fits with more
data at the higher concentrations would lead to lower
values. The ratio R is more or less the same for all
ionic strengths, implying that the experimental second
virial coefficient is consistent with electrostatic
theories.25-2° However, the ratio R; decreases system-
atically with decreasing ionic strength: the experimen-
tal third virial coefficient is lower than predicted with
the help of purely electrostatic interactions, the effect
being more marked at low salt. One is inclined to
attribute this third virial anomaly to attractive forces.
Van der Schoot and Odijk3! showed that weak attractive
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forces may induce significant lowering of the third virial
coefficient, while only slightly perturbing the second
virial coefficient. Since attractive interactions sample
in the main parallel configurations of test rods, higher
body interactions are influenced to a greater extent. This
is also reflected in the scattering by 1 M NaCl solutions
where Kc/R; in the intermediate regime, measured
directly after filtration, is lower than when extrapolated
beyond the dilute regime. Furthermore, a third-order
polynomial fit to the former yields a fourth virial
coefficient which is even negative.

In recent work, Odijk!* incorporated long-range at-
tractive forces into polyelectrolyte theory. The ampli-
tude H of the attractive forces turns out to depend on
the ionic strength. In ref 14 arguments for this depend-
ence are advanced within two scenarios describing the
interactions in different ways. The first is based on the
“area of interaction”, yielding an expression for Hi:

H, ~ ki ™a + E)E, ™ e (13)

Here a = l/od is the radius of the polyion, £4 is a decay
length of the attractive forces of about 14 nm, which is
unperturbed by the 1—1 electrolyte,4 x~! is the Debye
screening length (¥ = 872@Qn. with @ = 0.714 nm the
Bjerrum length in water at room temperature and n,
the concentration of the 1—1 electrolyte), and h; is a
dimensionless coupling constant. In the second scenario
the screening nature of the attractive interaction is
viewed analogously to that of the electrostatic inter-
action. For ¢ < &5 we have

(14)

where %9 is a coupling constant differing from 4;. The
amplitude H can be estimated experimentally by means
of the ratio R3 (for details see the original paper!). For
hexagonal gels of tobacco mosaic virus it appears that
h = hy = hy = 10. The second and third wvirial
coefficients of rodlike xanthan!® were measured in detail
in aqueous solution as a function of the ionic strength.
As is the case for our mononucleosomal DNA, the ratio
Ry is constant more or less while R3 decreases strongly
with a lowering of the salt concentration. The values
of H evaluated from Rj increase with decreasing ionic
strength for both xanthan!* and DNA solutions (see
Table 4). The data for xanthan can be fitted ap-
proximately to eq 13 with an exponent m = 1.5 and
coupling constnat A1 = 19 if the first scenario were valid;
in the case of the second scenario we obtain a value of
about 108 for ks.1* We have too few data on DNA to
ascertain m. However, since DNA and xanthan are
similar polyelectrolytes we conclude that A; = 30,
judging from the respective H values. The consistency
of both values of A, for xanthan and DNA with the value
of A for the tobacco mosaic virus points to the consis-
tency of scenario 1. For both DNA and xanthan the first
scenario is in good agreement with certain macroscopic
experiments on hydrophobic surfaces, where 4 is about
20.14 Thus, in semidilute solutions of mononucleosomal
DNA we tentatively discern signs of long-range attrac-
tive forces, which are stronger at low ionic strength.
In the semidilute regime the apparent diffusion
coefficient at zero scattering angle I'/q® seems to display
a concentration dependence similar to that of the
inverse scattering intensity Kc/R, (see Figures 9a and
10a). This is not unexpected since the apparent diffu-
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Figure 15. Friction coefficient = for mononucleosomal DNA
at 1 M NaCl and 25 °C: (a) experimentally determined Z; ()
= calculated with a bare radius of 1 nm; (v) E calculated with
an effective radius of 1.3 nm.

sion coefficient T'yg?, which may be assumed to be the
cooperative diffusion coefficient Dcqop, depends in part
on the concentration via a virial expansion:

I
b
q

Here, = is the mutual friction coefficient of a DNA
macromolecule. It is often thought™® that Z is an
analytic function of the concentration which may be
written as a power series in ¢c. However, the velocity
field of a diffusing rod is of long range which leads to
nonanalytic behavior of the friction. Odijk3®2 has given
a simple Brinkman-type analysis of the theories of
hydrodynamic screening by Freed and Edwards® and
Muthukumar and Edwards.3* The translational friction
coefficient for a test rod moving in a semidilute solution
of other rods is given by32

= = 3 LK, ‘a/éy)

Here, L is the length and a the radius of the rod, 7o is
the solvent viscosity, &y is the hydrodynamic screening
length, and K is the zero-order modified Bessel function
of the second kind. The screening length at DNA
concentration ¢’ = (Na/M)c, where ¢’ is the number
density, is evaluated with the help of the implicit
relation3234

kyT \
= T(l + 2MA2C' + 3MA30 + ..-) (15)

coop

L>§, (16)

Ko(a/ EH)
__2_.._ — 3
3%

In Figure 15 we plot the experimentally determined
friction coefficient from eq 15 at 1 M NaCl together with
the theoretical coefficient from eq 16 calculated with a
DNA radius of 1 or 1.3 nm: the precise hydrodynamic
radius is not known a priori. At low DNA concentra-
tions both curves virtually coincide irrespective of the
choice for a. Note that it so happens that at very low
concentrations the curves are nearly linear in ¢ for this
particular polyelectrolyte. At moderate DNA concentra-
tions the experimental curve is in between the two
calculated plots, indicating that the hydrodynamic
radius is of the order of 1 nm, which seems reasonable.
In view of this agreement between experiment and

nc’L 17

Macromolecules, Vol. 28, No. 7, 1995

Table 5. Results from the Aggregation Criterion for
Mononucleosomal DNA at Several Ionic Strengths and at

25 °C
nsM) I*¢M) «1(nm) dep(nm) c*(gl) oz H M
1 1.038 0.30 2.71 75 2,29 0.66
0.1 0.114 0.90 5.21 42 1.52 1.00 ~30
0.01 0.02 2.15 10.4 30 1.13 1.89

@ Effective ionic strength I* at concentration ¢*: I* ~ ng +
L/2M@) x c*.

theory, the influence of attractive interactions on the
friction coefficient does not show up apparently. Again,
this is what we expect at the pair level of interaction.

Intermediate-Concentration Regime: Transition
Behavior. In Figure 2 we see that the critical concen-
tration c¢* at which anomalies start to occur becomes
lower as we decrease the ionic strength. This effect is
counterintuitive since it would appear that at low ionic
strength the effective diameter of the DNA rods is
larger, making it more difficult to bring the charged
particles close together. Nevertheless, in view of argu-
ments put forward in the preceding section, long-range
attraction may have a large impact on the structure of
polyelectrolyte solutions. Since attractive interactions
influence higher order virial coefficients more strongly
than the second, the virial expansion may break down
if the polyelectrolyte concentration exceeds a critical
concentration.'43! Thermodynamic instability (which
may signal the onset of aggregation) is predicted by a
provisional criterion:!4

1+ 2B ¢ ~ —3C(c™)? (18)

in which ¢* = (Na/M)c* is the critical number density
and C = MPA4/N,? is the total molecular third virial
coefficient consisting of a purely electrostatic contribu-
tion C,, a purely attractive contribution Cy, and a cross
term Co a:

C= Cel + Cel,A + CA (19)

A relative contribution of the long-range attraction to
C can be described by!*

ICy + Cy 4l
0y = —o A& G LA (20)

el

Applying the criterion given by eq 18 to the transition
observed in the scattering behavior of DNA yields o3
and consequently H, which are summarized in Table 5
(for details see ref 14). Again, there are too few data to
determine m. A comparison with xanthan!® yields A,
= 30, which is more or less the same as the value found
in the analysis of the ratio R3 for mononucleosomal DNA
in the previous section.

Concentrated Regime: Particles of High Molar
Mass. A quantitative explanation of our measurements
in this regime evidently must employ a complicated
aggregational model involving DNA rods and DNA
globules. In addition, the interactions appear to cancel
at the onset of aggregation so that some sort of critical
slowing down may be involved in the slow diffusive
mode. We do not enter into these delicate theoretical
problems here but instead give a qualitative picture
which appears to be reasonably consistent with most of
our data.

(a) Let us assume the aggregates in the concentrated
regime are in the main typically a loose bunch of DNA
globules each of diameter D = O(100 nm) in equilibrium
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with a suspension of nonaggregating DNA rods. We
suppose the fraction of DNA rods enclosed within the
aggregates is f = 0(0.1) and the size A of an aggregate
is about 500 nm (i.e. A > L, the length of a DNA rod).

(b) Although we believe the DNA rods within the
globules are held together by long-range attractive
forces (the usual dispersion forces are simply too weak),
the globules themselves may well stick to each other
within a secondary minimum arising from the balance
of double layer repulsion and van der Waals attraction.
The electrostatic repulsion would have to be analyzed
carefully, but we do know that the secondary minimum
is situated at several times the Debye length away from
the surface of a globule. The van der Waals attraction
between two globules is roughly given by a Hamaker
expression:

~_gWD
Uy = 24b

where W is the Hamaker constant (=0(kgT) for DNA),
g is the volume fraction of DNA within a globule (g =
0(0.1)), and b is the separation between the globular
surfaces. With D = O(100 nm) and 4 = O(1 nm) we
have Uw = —0O(kgT).

(¢) The electrostatic self-volume (=/s1Ldes?) of a DNA
rod at 1 M NaCl is about 300 nm?; so a globule of 100
nm diameter consists of about 102 DNA rods since the
rods are not likely to be close-packed (g = O(0.1)). An
aggregate thus contains about 102 rods (there are about
10 globules within one aggregate; see Figures 12 and
13). Hence, the reciprocal intensity Kc/R, should be of
order f~1 x 1073 x 1075 = 10~ 7 mol/g, in agreement with
Table 1.

(d) The interference factor pertaining to a single
aggregate is some unknown complicated function
¢lgA,gD) with ¢ — 1 as g — 0 and ¢ < 1 for gA > 1.
Accordingly, for gL > 1 tke interference within an
aggregate is destructive enough for the scattering by it
to become negligible. In Figure 3a and b the scattering
curves indeed converge toward the curves one expects
for concentrated suspensions of unaggregated DNA rods
(noting that f = 0.1).

(e) For similar reasons we see low amplitudes of the
slow decay in the correlation function gi(¢) at a scatter-
ing angle of 130° (qL = 1.5; gA > 1; see Figures 5 and
6). By contrast, at 30° (i.e. gL = 0.46 or gA = 2) it is
not unreasonable to see large contributions from the
slow mode. We have also plotted the scattering vector
dependence of the relative intensity of the slow mode
in Figure 16.

(D) Even if only about 10% of the rods aggregate, the
viscosity of the entangled suspension of remaining DNA
rods decreases by a substantial amount (down the curve
represented by the white circles in Figure 11). The
much more compact aggregates of size A which diffuse
through the surrounding suspension of entangled un-
aggregated rods, enhance the viscosity by only a very
small amount approximately proportional to the ag-
gregate volume fraction. On the whole, the viscosity
should decrease upon aggregation, and this is what is
seen in Figure 11.

(g) In Table 3, the ratio (Fa/g?)/(T'¥q?) is very low,
1073-10"* However, this is misleading: we should
actually regard the diffusion of the aggregates in the
effective medium of nonaggregating DNA rods. Hence,
we also plot #T'w/q? in Figure 17 which is a much more
slowly varying function than I'y/q? itself. The ratio (yT's/
g%/ (nsT¥g?) = 1072, which is comprehensible to some

(21)
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Figure 16. Relative contribution of the slow mode plotted
against the scattering vector g: (0) 1 M and (») 0.01 M NaCl.
The larger the relative contribution, the higher the DNA
concentration.

107 ¢ :
3 3 1.0 M NaCi |
s slow mode |
10 ¢ _— ‘
~ =0
NG ° i
g 3 3 !
< 107k !
. 2
sy NI A
— e |
. |
1010 E a ‘
t -0 i
\
10-1t L ! L ! L L ;
0 20 40 60 80 100 120 140

c (gl

Figure 17. Apparent slow diffusion coefficient at 1 M,
together with the coefficient multiplied by the viscosity at the
relevant DNA concentration.

extent in terms of the increase in the effective Stokes
radius from L to A and the effect of thermodynamic
slowing down.

(h) One piece of evidence appears to disagree with our
qualitative picture. Because A is given by the balarce
of eq 21 and the electrostatic repulsion between two
globules, A cught to be sensitive to the ionic strength.
However, the slow mode does not appear to depend cn
the salt concentration (Figure 18).

Concluding Remarks

Although we have made obvious precautions to elimi-
nate heavy metallic ions, it is conceivable that very
minute (undetectable?) quantities of contaminants might
be causing the DNA to aggregate. If that were the case,
it is very difficult to understand the remarkable salt
dependence of the onset of aggregation as monitored by
static light scattering. We have shown that the ag-
gregation does seem to fit within the theoretical frame-
work of long-range attraction hypothesized in ref 14. In
particular, the coupling constant A; for DNA is in
reasonable agreement with those for xanthan and
tobacco mosaic virus.!* Clearly, more experiments
related to these issues are warranted.
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Figure 18. Apparent slow diffusion coefficients at 1 M and
0.01 M NaCl forming one single curve.

Note Added in Proof: In eq 5 the term proportional
to A; is only a qualitative estimate. A detailed compu-
tation3® shows that the interference factor is not F2(g)
but rather more like F(g). If we had taken this into
account, the scaling in Figure 4 would have been altered
only slightly since gL < 2.

J. van Dijk (Gorlaeus Laboratories, Leiden) has
characterized approximately the distributions of the
molar mass for various DNA samples prepared accord-
ing to the procedure of ref 17 by GPC methods outlined
previously.38 The sample used in measurements pre-
sented here is slightly more polydisperse than what one
would expect from the data given by Wang et al.l7 A
second sample turns out to be more polydisperse with
a substantially larger number of smaller fragments.
However, we find that Figure 2a is repeatable within
the margin of error. The degree of polydispersity of
other samples prepared at the Gorlaeus Laboratories
varies (see for instance ref 39). This conforms with the
observation of Sikorav et al.,*” who found that DNA
prepared by the method of Strzelecka and Rill*° may
also be fairly polydisperse.
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