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ABSTRACT: Dynamic light scattering time correlation functions from a solution of monodisperse, blunt-ended
2311 base pair (molecular weight 1.5 million daltons, contour length 7860 A) DNA restriction fragment were
measured at 20 °C, in 100 mM NaCl, 10 mM Tris-HCl, and 1 mM EDTA (pH 8) at DNA concentrations ranging
from 90 to 450 ug/mL. The correlation functions were analyzed by using CONTIN, a constrained inverse Laplace
transform program. At scattering angles of 16° and 22° the correlation functions are consistent with single
exponential decays, representing the translational motion of the DNA. At angles of 57° and above, the correlation
functions exhibit two or more relaxation modes, reflecting the internal dynamics in addition to the translational
diffusion of the DNA. The distribution of decay times is generally consistent with theoretical simulations
based on the Rouse-Zimm free-draining model for a flexible coil. The first moments of the distribution of
relaxation times were found both from second-order cumulant fits and from the first moments of the relaxation
time distribution function obtained from CONTIN analyses. Although the numerical values differed slightly,
the first moments appeared to vary as the cube of the scattering vector length at the higher scattering angles
studied. The mutual diffusion coefficient extracted from the low-angle data was found to increase with
concentration and the Ky obtained from the slope is consistent with predictions for the hard-sphere model
for particle interactions. It is also in accord with literature values on DNAs with molecular weights of the
same order of magnitude. At 73°, the internal motion decay times are still separate from the diffusion decay
time and the apparent diffusion coefficient obtained from the slowest decay time decreases with concentration.
The K, value of —1.2 obtained is comparable to the value of 1.8 calculated by Batchelor for the concentration
dependence of the self-diffusion constant for a hard sphere. At the highest concentration, the relaxation time
distributions given by cONTIN showed increased contributions from slower relaxation times showing the increased
effect of intermolecular interactions. The general results are consistent with transient electric birefringence
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experiments performed previously on the same fragment.

I. Introduction

The theory of the dynamics of a Gaussian coil in dilute
solution in the free-draining limit was developed by Rouse!
and later put in more convenient mathematical form by
Zimm.2 Zimm, in addition to the free-draining case, also
treated the case with hydrodynamic interactions.? The
mathematical simplicity of the free draining Rouse-Zimm
model enables it to be used to easily compute quantities
directly measurable by a number of experimental tech-
niques, including the time correlation function measured
in polarized dynamic light scattering (DLS). The appli-
cation of this model to polarized DLS was first given by
Pecora® and later by Saito and Ito* and DuBois-Violette
and de Gennes.® The polarized DLS time correlation
function, as predicted by these theories,*? contains con-
tributions from the macromolecular translational diffusion
and the long-range internal modes of motion of the poly-
mer. The relative contributions of the translational motion
and the various internal modes depend on the product of
the scattering vector length, g, and the radius of gyration
of the polymer, B,, When gR, « 1, translational diffusion
is the dominant contribution, and the time correlation
function is predicted to decay as a single exponential. As
gR, becomes larger, the various internal modes begin, in
adéition, to contribute significantly to the correlation
function, giving rise to multiexponential time correlation
functions. In the limit gR, >> 1, the contribution from the
translation is small and the resulting time correlation
function is best expressed by the functions given by Du-
Bois-Violette and de Gennes.’

Although this free-draining model is mathematically
convenient, it contains assumptions that appear to render
it inapplicable to dynamics of a linear DNA fragment of
the type considered in this article. The 2311 base pair
DNA is not infinitely flexible; it should exhibit a restoring
force to bending. It should also to some extent exhibit
hydrodynamic interactions® and excluded volume effects.®’
There may even be effects in the long time range due to
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chain torsional motions.? Theories which incorporate some
of these effects have been formulated, although none of
these theories incorporate all of them in a consistent
manner. Often within each theory a large number of pa-
rameters are floated or the equations obtained are math-
ematically complex. This makes it difficult to calculate
the form of the distribution of decay times for the internal
motions. Thus, for these presumably more realistic
models, a direct comparison with the distribution of decay
times obtained from DLS is very difficult.

The long-range internal motions of the polymer can also
be studied by techniques other than DLS, such as transient
electric birefringence (TEB).® TEB should be more sen-
sitive to the internal motions (including rotation) than
DLS since translational diffusion does not directly con-
tribute to the TEB decey. In addition, gR, must be >1
for internal/rotational motions to significantly contribute
to the polarized DLS time correlation function. A major
difficulty in the interpretation of TEB data from DNA
solutions arises because the basic mechanism for interac-
tion of the DNA with the orienting field is not known.
Theories which assume that the basic mechanism of the
orientation is a simple rotation of a statistical segment due
to the torque exerted by the external electric pulse on the
polarizability anisotropy of the segment (assumed to be
constant) are not in accord with experimental results.!°
Thus, the Baur-Stockmayer theory for electric birefrin-
gence which utilizes this assumption about the orientation
mechanism and the Rouse—Zimm dynamical model gives,
as these authors emphasize, unphysical results.!! Given
the absence of even a simplified model, which might be
expected to include the main features of the results, it is
very difficult to quantitatively interpret the results of TEB
experiments on DNA. A combination of DLS and TEB
techniques should help overcome some of these difficulties.
In this paper, we report the results of DLS experiments
on a 2311 base pair (contour length 7860 A, molecular
weight 1.5 million) fragment of DNA. TEB has previously
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been performed on this same fragment, at different ionic
strengths and concentrations.!?

We study DNA because it is an important macromole-
cule in itself and because, unlike most synthetic polymers,
it is relatively easy to prepare in monodisperse form. In
addition, a homologous series of different molecular
weights may be prepared. The ability to produce mono-
disperse samples is extremely important in testing theories
for long-range internal motions. For instance, Nash and
King have shown that even a small degree of polydispersity
can interfere with accurate internal mode decay time de-
terminations from DLS experiments.!®* Thus, although
there are complications from electrostatic effects, DNA
restriction fragments can serve as useful model systems
for semistiff polymer chains in solution, and experiments
on them may be used to test dynamical theories of semistiff
polymers and to obtain information on parameters ap-
pearing in such theories.

In DLS, TEB, and several other techniques, the mea-
sured quantity is a complex decay representing the re-
sultant decay of different superimposed modes of motion.
Inverting this measured decay to obtain the distribution
of decay times requires data of extremely high signal to
noise ratio because the mathematical process of inverting
the data are ill-conditioned. The usual procedure has been
to fit the measured correlation function to a “theoretical”
form (one exponential, sum of exponentials, etc.) or to
measure moments of it. The most popular technique is
to measure the average decay time by the method of cu-
mulants.!* Thus, the majority of information obtained has
been quantities derived from the first moment of the time
correlation function, quantities variously called the
“apparent diffusion coefficient” or “first cumulant” and
given as a function of scattering angle.!*” In some cases,
especially in studies of DNA, the “apparent diffusion
coefficient” appears to be derived from the time constant
of a single exponential fit to nonexponentially decaying
correlation functions.'®?! The numerical values of the
cumulants or apparent diffusion coefficients derived from
such studies are critically dependent on the details of the
fit procedure.!>® The development of a sophisticated data
analysis program, CONTIN,?> % has made it possible to re-
liably obtain more information about the distribution of
relaxation times in the measured decays than is possible
from an analysis of the moments.!»26-28

As described in section II below, CONTIN chooses the
distribution of decay times, which best represents the data,
using parsimony. This means that if there is not enough
information in the data to resolve two closely spaced decay
times, CONTIN will give a distribution function with only
one peak. To identify a distribution function with two
peaks, it is necessary to obtain better data. This may be
done by, for instance, increasing the accumulation time
for a correlation function or, more commonly, for DNA
solutions, attempting to reduce the already small levels of
dust in the solution. Small residual levels of dust are the
major obstacle to obtaining good data from DNA solutions.

In studying internal motions, we are often working at
CONTIN’s resolution limit. CONTIN usually cannot separate
decay times if they are less than about a factor of 2 apart
with the signal to noise levels commonly obtained.
Working with a distribution of peaks at or near this res-
olution limit creates a problem. When the distribution
function is very complex, CONTIN does not always accu-
rately represent the exact times or amplitudes of the peaks.
For example, if two relaxation times are very close together,
they will smooth even closer together. If they are too close,
they will smooth into one peak. If the times are a little
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farther apart than the resolution limit, they tend to smooth
even farther apart. Thus it is difficult to compare the
distribution function obtained from CONTIN with the decay
times obtained from a theory (for instance, the Rouse—
Zimm model). One way of overcoming this difficulty is to
simulate a correlation function from the theory by adding
a typical amount of noise to the theoretical function and
then analyzing it using CONTIN to obtain a theoretical
“simulated” distribution function. If the resulting dis-
tribution function is similar to that obtained from ex-
periment, then the theory is deemed to be consistent with
experiment. (Many other theories may of course also be
consistent with the results.)

In general, one can be confident that the distribution
of decay times obtained by using CONTIN represents the
decays in the data with a resolution not greater than what
would be expected given the uncertainty of the data. A
data analysis program that gives one broad distribution
when two narrow distributions are actually present in a
decay time distribution is preferable to a program that
obtains a solution with two peaks when there is not enough
information contained in the data to determine the ex-
istence of a second peak.

A distribution function for the decay times of the in-
ternal modes of a polymer is obtained from experimental
DLS data by using CONTIN. This function may be com-
pared with theoretical “simulated” distribution functions
obtained from time correlation functions predicted by a
particular model and analyzed by using CONTIN. These
distribution functions are usually easier to compare with
each other than the respective time correlation functions
as time correlation functions that appear to be almost
identical often show quite different distributions of re-
laxation times. In addition to facilitating comparison of
experiment and theory, it is usually easier to detect and
interpret changes in the distribution function when scat-
tering angle, concentration, or other quantities are varied
than to interpret changes in the original time correlation
functions.

Section II contains a description of the methods used
for preparing samples, a brief description of the DLS ap-
paratus, and a description of the data analysis methods
employed. In section III, the application of the Rouse—
Zimm free draining model to DLS is discussed. Also a brief
description of the method of cumulants is given. Section
IV gives first the relaxation time distributions obtained
from CONTIN for the 2311 bp fragment at several scattering
angles. A comparison of the experimental results with the
relaxation time distributions obtained from CONTIN
analyses of the free draining Rouse-Zimm model is made.
Next the first moments of the relaxation time distribution
functions obtained from both CONTIN analyses and cu-
mulant fits is given. The results are compared with those
obtained by other workers, and the difficulties and limi-
tations of both types of analysis are discussed. Then a
comparison of the DLS results with TEB results on the
same DNA fragment is given. Finally, concentration ef-
fects on the DLS relaxation time distributions and on the
apparent DNA diffusion coefficients are described.

II. Methods

Sample Preparation. The plasmid used here,
pLH2311, was constructed from pRI25 in our laboratory.?
The plasmid was used to transform E. coli strain HB101
from which it was purified by using a slightly modified
method? of Marko, Chipperfield, and Birnboim.?® The
plasmid was then digested with Pvull from New England
Biolabs in MSB (50 mM NaCl, 10 mM Tris-Cl (pH 7.5),
10 mM MgCl,? and 1 mM dithiothreitol) for approximately
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2 h. This was followed by a phenol/chloroform extraction
and three ether extractions. The plasmid solution was
ethanol precipitated twice and resuspended in 100 mM
NaCl and 10 mM Tris-HCI (pH 8.0) to a final concentra-
tion ranging from 90 to 450 ug/mL. The solution was
filtered twice, first using a Schleicher and Schuell SS009
centrifuge filtration unit with a OE66 0.2-um pore size
filter. In the second filtration the solution was filtered
through a Gelman ACRO LC13 0.2-um pore size filter into
a clean square cuvette. The solution was examined for dust
through a 10X microscope during illumination with 0.2-W
of laser light. When clean, the sample was allowed to
equilibrate for 20 min at 20 °C before making measure-
ments. All measurements were performed at 20 °C.

Experimental Apparatus. The light scattering ap-
paratus has been described elsewhere?®! and only a brief
discussion will be given here. The light source was a 4-W
Spectra Physics 165 argon ion laser operating at 488 nm.
The laser power utilized in the experiments was between
0.2 and 1.5 W. The homodyne autocorrelation function
was measured by using a Brookhaven BI2020 correlator
at scattering angles of 123, 106, 90, 73, 57, 22, and 16°. In
general, 64 data channels plus 8 delay channels were used
to determine the low-angle correlation functions and 128
data channels and the 8 delay channels were used at angles
of 90° or greater. Correlation functions were determined
with as many as 512 data points by using the multiplex
option on the Brookhaven correlator. However, difficulties
in splicing the data together and the long-time required
to obtain a sufficiently high signal to noise, usually negated
the advantage of the increased number of channels. The
first data point from each data set was not used. Typical
signal to RMS noise ratios were between 1000 and 2000.
The relative difference between the calculated base line
and the delay channels from the correlator was generally
between 0.005 and 0.05%. At the lowest two angles the
difference was generally higher, up to (but usually less
than) 0.2%. At these two angles small amounts of dust
or stray light were not as important as at the higher angles
where they could adversely affect the resolution of the
multiple relaxation modes. The data were electronically
transferred from the Brookhaven correlator to a Universe
68 microcomputer manufactured by Charles River Data
systems. The square root of the data minus the base line
(what is often called g'(t)) was then analyzed by using
versions of the Fortran programs CONTIN?®% and DIs-
CRETE.**3 These programs were modified from the original
versions written by Provencher in order to efficiently run
on the Universe 68 microcomputer. The second-order
cumulant fit was made by using the standard software
package with the Brookhaven BI2020 correlator.

Data Analysis. CONTIN, using a constrained regulari-
zation method, performs a nonlinear least-squares fit to
numerically solve the inverse Laplace transform (ILT) of
the correlation function. The determination of the ILT
of the correlation function is an ill-posed problem in that
there are an unbounded number of solutions all of which
fit the data to the precision of the data. Highly oscillatory
solution often fit the data better than smoother solutions
because they in fact fit the noise. To overcome this, Co-
NTIN incorporates parsimony and statistical prior knowl-
edge. This means that the smoothest solution, usually the
one with the fewest peaks, which is still consistent with
the data is used. CONTIN uses an F-test and confidence
region to determine the correct amount of smoothing.
Only solutions with nonnegative components are consid-
ered. This last constraint is not a physical necessity. It,
however, greatly reduces the number of possible solutions.
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Recently, Arag6n® was shown the depolarized DLS time
correlation function, from the Aragén-Pecora wormlike
chain model, exhibits exponentials with negative ampli-
tudes. No calculations have been performed as yet on the
polarized DLS time correlation function using this model
in its general form.

CONTIN does not require the number of exponentials (or
peaks in the distribution of decay times) to be input in
advance and, in general, does not overestimate the number
of relaxation processes occurring in the solution. For ex-
ample, if there is a small contribution from dust, after-
pulsing, or an impurity, allowing the data to be fit to an
arbitrary distribution of decay times is better than con-
straining the fit to a set number of exponentials. Also if
the solution is very polydisperse, programs that do not
penalize highly oscillatory solutions will often use two or
more peaks to fit one broad peak.

Occasionally a small peak at the fast end of the window
is observed. CONTIN seems to use this small peak to obtain
a better fit. However, unlike the unphysical peaks given
by some programs that do not incorporate parsimony, it
is usually less than one percent of the total scattering
intensity. In simulated correlation functions without
added Gaussian noise it has not been observed by us. It
tends to occur in solutions where noise has been added
with little or no smoothing and tends to go away as the
smoothing increases. Thus, observation of how the am-
plitude of this peak changes with smoothing aids in de-
termining whether or not it is real. In the few cases when
it has actually been observed in simulated correlation
functions, it did not seem to appreciably alter the position
of the other peaks.

DISCRETE, which was also written by Provencher, fits the
data to a discrete sum of exponentials. However, since
DISCRETE does not use parsimony to determine the best
fit to the data, it is possible to obtain significant (larger
than a few percent) peaks that do not correspond to decay
processes which occur in a solution of macromolecules.
Also DISCRETE fits a finite sum of exponentials (up to five).
If the data contain a wide distribution of relaxation pro-
cesses, one would expect CONTIN to better fit the data. In
our experience studying a wide variety of macromolecular
systems, when theoretical predictions indicate that only
a small number of relaxation processes will contribute to
the DLS time correlation function and the samples were
clean, CONTIN and DISCRETE give virtually indistinguishable
results. This was the case in our DNA experiments at all
angles less than 90 degrees. For higher angles a wide range
of relaxation times are predicted to be present (see sections
III and IV below).

For most of the CONTIN analyses the amount of
smoothing was within a 90% confidence region although
less smoothed than that recommended by Provencher. It
has been shown in our laboratory by Bott* that using
threshold statistics to determine the amount of smoothing
is comparable to Provencher’s analysis when the amount
of smoothing was closer to the undersmoothed end of the
confidence region. (A probability one to reject of 0.1-0.2.)
Bott also pointed out that threshold statistics are based
on more accurate assumptions than the F-test and thus
would be expected to be a better method for determining
the amount of smoothing necessary. Instead of using
threshold statistics, we have used the F-test with a smaller
amount of smoothing (probability one to reject of 0.1-0.2).

Other precautions were taken to ensure that each major
peak corresponded to actual motions in the polymer and
not to some artifact in the experiment or data analysis.
Each measurement at a particular angle was performed
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several times on a given sample and was repeated on at
least one other sample prepared at a different time. Sim-
ilar results were obtained for each sample. Also, mea-
surements performed at different scattering angles were
qualitatively consistent with each other and with theo-
retical expectations.

Sample Purity. To determine if the samples contained
impurities that would interfere with the observation of
internal motions, the dynamic light scattering correlation
function was measured at 16 or 22 degrees. It was then
analyzed by using both CONTIN and DISCRETE. If either
analysis gave more than one peak in a hydrodynamic ra-
dius, R, (which is related to the decay time by eq 9), range
between 20 and 1800 A, it was considered unsuitable. Only
two data sets had a small peak above 1800 A that was
presumed to be from dust. The “size” polydispersity is
reflected in the moments of the coNTIN distribution
function. It is equal to (Ry) (1/Ry). The value of the size
polydispersity was typically 1.008 at low angles. We found
that it was very important to painstakingly check the
purity of our fragments by observing the DLS at low an-
gles. We often found that samples which showed no de-
tectable traces of impurities on electrophoresis gels (aga-
rose and poly(acrylamide)), and whose relative absorbance
at 260 vs 280 nm was not unusually high, still sometimes
exhibited more than one peak of considerable amplitude
at low angles. We found this to be the case not only when
we used our usual method of preparation but also when
we used more traditional methods such as cesium chloride
density gradient ultracentrifugation.’” Unfortunately, the
DLS decay times observed for these impurities were close
enough to the decay times for internal motions observed
at higher angles that these impurities were not tolerable.
All data taken with these samples was discarded.

After data collection, the DNA concentration was
measured by UV absorption at 260-nm wavelength. The
ratio of the absorbances at 260 and 280 nm, used to check
for possible contamination with protein or phenol, was
usually approximately 0.54. The DNA fragment was
checked for degradation by agarose gel electrophoresis. At
20 °C, the DNA showed no detectable degradation over
a period of 1-2 days.

II1. Theory

Rouse-Zimm Simulated Correlation Functions.
The Rouse-Zimm? model in the free-draining limit de-
scribes the motion of a completely flexible Gaussian
polymer chain in a continuum solvent. The chain consists
of n beads connected by n — 1 bonds. The forces allowed
are an “entropic” restoring force on each bead, linear in
the separation distance between nearest-neighbor beads,
a frictional force on each bead proportional to its velocity,
and a stochastic Brownian force exerted on each bead by
the surrounding medium. Hydrodynamic interactions
between different beads are considered negligible in this
version of the model. Pecora?® has calculated the dynamic
form factor S(x,t) for this model in the limit of large n as
a function of the square of the normalized scattering
vector, x, where

x = ¢*R} (1
Here g is the scattering vector length and R, is the root-

R
mean-square radius of gyration of the coil. ’f‘he dynamic
form factor may be written in the form

S(x,t) = eI S, (x,6) @)
n=0

where D is the diffusion coefficient. The S, (x,t) exp[-¢2Dt]
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are called the “DLS relaxation modes” and the S,,(x,t) are

given by
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In eq 3, 7, is the normal mode decay time and I(k) is

related to the real part of the complex error function
I(k) =

1/2 2.2 1/2 :
:I:(I) exp I k—ﬂ. Re erf X + ifem
X 4 4x 2 2\/;
4)

Note that in eq 2, the translational diffusion coefficient
contributes directly in the first exponential factor and thus
appears in each term in the series that constitutes the
polarized DLS time correlation function. The first term
in the series (n = 0) contains no contribution from the 7,
and hence, the corresponding contribution to the time
correlation function decays solely by translational diffu-
sion. This contribution is called the “pure translational
mode” below.

The 7, in eq 3 are twice Zimm’s normal mode relaxation
times.? They are given by

Ty = 2Rg2/7r2Dk2 k=1, ., N 5)

It should be emphasized that these normal mode relaxation
times are different from what we call the DLS relaxation
times. The DLS relaxation times are the decay times of
the individual exponentially decaying contributions to the
DLS time correlation function

S,(x,t)e e (6)

According to the Rouse—Zimm theory these DLS relaxation
modes exhibit reciprocal relaxation times that are linear
combinations of the reciprocals of both the normal mode
relaxation times and the decay time from translational
motion.

For this reason the time constants of the DLS relaxation
modes are not as widely separated from each other as are
those of the normal modes. This makes the DLS relaxa-
tion modes more difficult to resolve than if the decay
constants of the DLS relaxation modes were simply those
of the normal modes. The first normal mode decay time,
given in eq 5, is a factor of 4 times larger than the second
and a factor of 9 times larger than the third. Because the
decay constants of the DLS relaxation modes are linear
combinations of those from the normal modes and that
from translational motion, the first internal mode decay
time is less than a factor of 2 larger than the second and
less than a factor of 3 larger than the third. The pure
translational decay time is less than a factor of 2 larger
than the first DLS decay time at low angle and is slightly
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greater than a factor of 2 larger at the highest angle where
measurements were performed.

Pecora calculated S(x,t) for n = 0-2 for values of x
ranging from 1 to 7 and included only some of the first few
normal modes.? Later Perico, Piaggio and Cuniberti®
calculated S(x,t) for n = 0-6 and x = 1-10 and for higher
orders in k. We here present an extension of this theo-
retical work to include higher terms in both n and & for
particular values of x relevant to our studies of the 2311
bp DNA fragment.

Cumulants. The logarithm of the normalized polarized
DLS time correlation function can be expanded in terms
of cumulants

t3 t

t2 N
In S(x,t) = _Klt + K2§ - ng + ... (—I)NKN 1 (7)

N
where Ky is the Nth cumulant. Koppel'* has shown that
the first three cumulants are equal to the first three mo-
ments of the decay time distribution function. Higher
order cumulants are related to the higher order moments,
although some are combinations of moments. When the
distribution function is composed of a single relaxation
time, only the first cumulant is nonzero. As the number
of relaxation times increase, the number of nonzero terms
in the expansion necessary to describe the distribution
function increases. The first cumulant from a multiex-
ponential decay can be obtained by reducing the number
of data points used (short times) and fitting the data to
a polynomial in ¢. In the g region where the correlation
function is multiexponential, the parameters obtained are,
however, very sensitive to the fitting function (number of
terms in the polynomial) and the number of experimental
points included.!5® For our DNA data, we have compared
the first cumulant obtained from a simple second-order
cumulant fit using all the experimental data points except
the first one with the first moment of the relaxation time
distribution function. The first moment of the time dis-
tribution function can be easily calculated from the first
negative moment from the size distribution function ob-
tained from CONTIN. In principle, the first cumulant and
the first moment from the second-order fit and the CONTIN
analysis, respectively, should be equal at all values of g,
but in practice, due to the limited expansion used for the
cumulant method, they are equal at low g and deviate from
one another as q is increased. We have observed experi-
mentally how these quantities change with ¢ and polymer
concentration.

IV. Results and Discussion

Distribution Functions. In order to apply the
Rouse-Zimm calculations to our 2311 base pair DNA re-
striction fragment, we need the diffusion coefficient, D,
the radius of gyration, R,, and I(k) in eq 4.

The diffusion coefficient is related to the decay constant,
v, or decay time, 7, obtained at low angle by

D=—=— ®)

The average of all the data taken at the two lowest angles
at concentrations ranging from 90 to 260 ug/mL is D, =
4.56 X 108 cm?/s & 2.8%. This is about 3% faster than
the value obtained by extrapolating to zero concentration
(see Figure 6). We used this average value in the calcu-
lations and not the extrapolated zero concentration value
for several reasons. First the internal mode data obtained
at the higher angles could not be easily extrapolated to zero
concentration and probably does include some effects from
neighboring molecules. Second, the difference between the
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two numbers was within the scatter in the data points (see
Figure 6 below). Finally the effect on the positions of the
DLS relaxation modes was minimal and the difference
would not appreciably affect the amplitudes of those
modes.

The radius of gyration for our DNA was obtained from
total intensity light scattering measurements performed
on the same DNA restriction fragment at the same salt
concentration by Lewis,? who obtained a value of R, =
1044 A,

The integral, I(k), in eq 4 was solved numerically by
using Simpson’s rule. The number of divisions was large
enough so that the solution was not altered appreciably
by increasing the number of divisions.

At the values of x corresponding to the scattering angles
where DLS measurements were performed, the decay
times for the DLS relaxation modes and their corre-
sponding amplitudes can be calculated as was shown in
the previous section. At low values of x most of the con-
tribution to the correlation function comes from the n =
0 term in eq 2 and corresponds to pure diffusion. As x is
increased, many other modes contribute small amounts to
the correlation function. Thus it becomes increasingly
more cumbersome to calculate all the modes which con-
tribute to the time correlation function. For our calcula-
tions, at x = 10, or an angle of 123°, 13.7% of the total
scattering amplitude was not included in the calculation.
At x = 6 or 57° this number drops to 0.4%. However, most
of the DLS internal relaxation modes that are not included
decay very rapidly, so that they would not be observed on
the time scale of the experiment. Those that are con-
tributing on the time scale of the experiment would be of
small enough amplitude that they are only a small per-
centage of the overall decay. Thus the overall decay
calculated closely represents the decay expected from the
theory with all the internal motions included.

The calculated decay times and their amplitudes were
used to simulate a correlation function for all scattering
angles where measurements were performed. The simu-
lated correlation function was then analyzed by using both
CONTIN and DISCRETE. Even with high-precision calculated
data, CONTIN was unable to resolve all of the decay times
predicted from theory. This was expected since many of
them were only a few microseconds apart and even
“high-precision” data are not precise enough to resolve
modes this close together. In addition, only a finite grid
of points was calculated in the ILT. DISCRETE, on the other
hand, could only resolve two or three relaxation times even
at high values of x where CONTIN could resolve up to six.
The simulated correlation function from CONTIN is the
light, solid line shown in Figures 1-4. The dashed line in
Figure 3 and 4 represents the same correlation function
except that Gaussian noise has been added to the corre-
lation function in order to show how CONTIN smoothes th
data. '

Shown in Figure 1 is a typical CONTIN analysis of DLS
data from a solution of 2311 base pair DNA at a scattering
angle of 22°. Similar data was obtained at 16.4°. The
CONTIN analysis gives the fraction of the scattered intensity
corresponding to an “apparent” hydrodynamic radius. The
“apparent” hydrodynamic radius is related to the decay
time through the relation

kTq*r .
Ry = P = 2.527 sin® (6/2) 9)

where & is Boltzmann’s constant, T the absolute temper-
ature, and 7 the solvent viscosity. The second equality in
eq 9 substitutes values of these parameters and the light
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Figure 1. CONTIN analysis of the experimental correlation
function at a scattering angle of 22°. The one peak seen here is
from translational motion. Its position in hydrodynamic radius
is 466 A which corresponds to a diffusion coefficient of 4.60 X
1078 cm?/s.
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Figure 2. CONTIN analysis of the correlation function at 57°. The
(®) represents the experimental distribution function. The (+)
represents the distribution function from a simulated correlation
function of the Rouse-Zimm model for the Gaussian coil in the
free draining limit. The peak positions and their percent con-
tribution to the correlation function are given in Table 1.

wavelength appropriate to our experimental conditions,
so that easy conversion between R,, () and 7 (us) may be
made. By using an “apparent” hydrodynamic radius for
each relaxation process observed, we are in effect scaling
these decay times by ¢? and thus removing the g depen-
dence of the diffusion contribution and making the DLS
internal relaxation times appear to be dependent on g2

Figure 1 shows only one peak at 22° indicating that only
translational motion contributes to the correlation function
at this angle. This is consistent with eq 3 which shows that
the DLS internal relaxation modes (n = 1) contribute
approximately 0.5% of the total scattering intensity. The
average of the values obtained from both CONTIN and
DISCRETE for the hydrodynamic radius is 470 & 14 A. This
is about 20% lower than that obtained from sedimenta-
tion.%40 A difference between DLS and sedimentation
results has also been observed by Thomas, Allison, and
Schurr®® for A and ¢ 29 DNA. The diffusion coefficient
reported by Lewis and Pecora®®*? for the same restriction
fragment as studied here is somewhat smaller than that
found in our more extensive studies.

Figure 2 gives the CONTIN analysis of data taken at 57°.
The dotted curve is the experimental distribution function,
while the curve with crosses represents the theoretical
distribution. At this scattering angle there are two peaks
in addition to translation. The first peak, at 474 A, is still
assumed to come only from translational motion. Now,
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Figure 3. CONTIN analysis of the correlation function at 73° and
90°. The (@) represents the experimental data. The (+) rep-
resents the distribution function for the simulated correlation
function from the Rouse-Zimm model for the Gaussian coil in
the free draining limit. The (O) represents the distribution
function from a simulated correlation function with approximately
0.1% Gaussian noise added to the function. The peak positions
and their amplitudes are given in Table I. It should be noted
that the abscissa is logarithmic; thus, the peaks at low hydro-
dynamic radius have less intensity than might be apparent at first
glance.

however, it contributes only 87.6% of the total scattering
amplitude. The next two peaks are at 113 and 15 A and
contribute 11% and 1.4%, respectively, to the total am-
plitude. The larger of these two peaks is presumed to be
from a combination of the internal motions of the coil and
translational diffusion. The smaller one could be from
internal motions (with the usual contribution from
translational diffusion), afterpulsing, some artifact of the
data analysis, or even a combination of these. Since it is
only a few percent of the total scattering amplitude, it is
not considered significant. The curve with crosses that
represents the theoretical distribution function is in good
agreement with the experimental curve, even without
adding noise to the theoretical correlation function. The
largest peak is at 462 A and has an amplitude of 87%. The
next peak is at 95 A and contributes 11.6%. Finally the
smallest peak is at 15 A and contributes 1.3% to the total
amplitude.

Figure 3a shows the CONTIN analysis of data measured
at 73°. The squares in this figure represent the theoretical
distribution with a small amount of Gaussian noise added
(less than 0.1%). This curve shows the effect of smoothing
on the analysis. The experimental analysis gives three
peaks, at 435, 116, and 14 A. Their amplitudes are 82%,
16%, and 2.2%, respectively. The theoretical analysis has
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four peaks, at 461 (75.6%), 137 (21%), 44 (3.2%), and 12
A (0.2%). When noise is added to the theoretical analysis,
it smoothes to two peaks at 410 (84%) and 92.3 A (16%).
It is interesting to note that the experimental solution
seems to lie in between the theoretical solution with and
without noise added. It is possible that slightly better
agreement with experiment could be obtained by de-
creasing the amount of noise added to the simulated
correlation function. Note also that according to the
theoretical prediction the position of the second peak for
the simulation with added Gaussian noise is not simply
related to the first normal mode decay time. This peak
represents the smoothing together of several closely spaced
exponentials ih eq 2.

Figure 3b gives the CONTIN analysis at 90°. In the ex-
perimental analysis the largest peak, at 318 A, has moved
to a position that is much smaller than what would be
expected for the pure translation term. The theory shows
that, as the scattering angle increases, the contribution to
the relative amplitude from the internal motions increases.
The analysis without added noise still gives a peak at 464
A (84.4%) and with other peaks at 92 (10.8%), 41 (4%),
and 12 & (0.4%). When this is smoothed by the addition
of noise, the first peak moves to a smaller hydrodynamic
radius, 343 A (84%). The position of this first peak is very
similar to the position of the first peak from the experi-
ment at 318 A (88%). The next peak of the theoretical
analysis with noise is at 79 A (16%). The experimental
analysis gives 69 (10%) and 18 A (2%).

Figure 4a shows the analysis of data taken at 106°. The
experimental analysis gives peaks at 296 (88.1%) and 58
A (9.6%) and a small dust peak at 2000 A (2.3%). The
theoretical analysis gives peaks at 451 (54.1%), 192 (33%),
84 (10.1%), 42 (2.5%), and 17.5 A (0.3%). Adding noise,
this smooths to two peaks at 267 (92%) and 54.4 A (8%).
The agreement between the experimental and the theo-
retical function is quite good. If the amplitudes of each
of the peaks in the noiseless data were changed only
slightly, one might expect that the way the data would be
smoothed to change, and thus it might not agree with the
experimental analysis as well. For example, if the second
largest peak were a bit smaller, one might expect that it
could be resolved from the largest peak even when the data
was smoothed. ‘

Finally Figure 4b shows the CONTIN analysis of the data
taken at 123 degrees. Theory tells us that there are many
DLS modes contributing to the correlation function at this
angle. The theoretical analysis without noise gives six
peaks at 442 (47.6%), 203 (34.8%), 95 (13%), 56 (3.5%),
29 (0.9%), and 16 A (0.2%). When noise is added, this
smooths to three peaks at 323 (74%), 97 (26%), and 26.9
A (1%). The experimental analysis gives peaks at 268
(91%), 69 (5.4%), and 16 A (3.6%). The agreement be-
tween the experimental and theoretical analysis is not as
good. This is probably because at very high angle the
sample times are very short and thus the number of
photons per sample time and the resulting signal-to-noise
ratio are relatively low. In order to obtain signal-to-noise
ratios in the correlation function comparable to those
obtained at lower angles, it is necessary to run for very long
periods of time, which is not always practical. It is in-
teresting to note that, although the CONTIN analysis of the
theoretical correlation function does not agree very well
with experiment at this angle, the DISCRETE analysis agrees
much better. The theoretical analysis using DISCRETE with
added noise gives three peaks at 345 (71%), 108 (26%),
and 32.5 A (3%). The experimental DISCRETE analysis also
gives three peaks at 338 (76%), 105 (20%), and 17 A (4%).
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Figure 4, CONTIN analysis of the ccrrelation function at 106° and
123°. The (@) represents the experimental data; the (Q0) and the
(+) represent the simulation from the model with and without
added Gaussian noise, respectively. At high angles the distribution
function is complex, and there is not enough information in the
data to resolve all the peaks. When Gaussian noise is added to
the simulated distribution function, one can see how CONTIN
smooths the data when there is not enough information present
to resolve everything. The simulated distribution function with
noise at 123° is not shown.

We conclude that, at this angle and concentration, there
is not enough information in the data to resolve anything
more than a broad single peak. However, since DISCRETE
does not use the principle of parsimony, it can find a so-
lution that seems to be correct even though there is not
enough information in the data to be certain that it is
correct.

It should be pointed out that at this high scattering angle
g 'is 332 A. This is less than a persistence length in the
polymer coil. The Rouse~Zimm theory in the form used
in our simulations assumes that the coil, composed of n
beads connected by n - 1 bonds with harmonic spring
constants, is infinitely flexible; i.e., the number of beads
goes to infinity and the distance between adjacent beads
remains Gaussian. Thus, it would seem highly improbable
that probing distances less than a persistence length in the
polymer would give results that could be described by this
model. For this reason, it would be very interesting to
compare these results with simulated correlation functions
that include stiffness. At present, however, no theories
exist which incorporate stiffness which are simple enough
to allow for easy comparison. It would also be interesting
to compare the DLS results with those of a Langevin dy-
namics simulation of the DLS time correlation function
for this fragment. Langevin dynamics simulations for
fluorescence depolarization, depolarized zero angle DLS,
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Table I
The Peak Positions and Their Amplitudes from the Distribution Function: Observed and Predicted for the Gaussian Coil
Mode! in the Free Draining Limit

predicted
obsd without added noise with added noise
angle, deg peak no. size, A % amp. size, A % amp. size, A % amp.
57 1 474 88 462 87
2 113 11 95 11
3 15 1.4 15 1.3
73 1 435 82 461 76 410 84
2 116 16 137 21 92 16
3 14 2.2 44 3.2
4 12 0.2
90 1 318 88 464 84 343 84
2 69 10 92 11 79 16
3 18 2 41 4
4 12 0.4
106 1 296 88 451 54 267 92
2 58 10 192 33 54 8
3 84 10
4 42 2.5
5 18 0.3
123 1 268 91 442 48 338 76
2 69 5.4 203 35 105 20
3 16 3.6 95 13 17 4
4 56 3.5
5 29 0.9
[ 16 0.2

and TEB have been performed for models of shorter DNA
fragments than that studied here.®34

The results from the CONTIN analysis for the experi-
mental data as well as for the simulated data with and
without Gaussian noise, as functions of scattering angle,
are summarized in Table I.

Cumulants. The first cumulant and the first moment
as a function of the product of the scattering vector and
the low-angle hydrodynamic radius, gRy, obtained from
the two types of data fits is shown in parts a and b of
Figure 5. Each fit is performed at a number of different
concentrations. Figure 5a shows the first cumulant ob-
tained from the second-order cumulant fit to all the data.
The open circles represent measurements performed at the
highest concentration (450 ug/mL) while the closed circles
represent measurements performed at lower concentra-
tions, (90-270 ug/mL). Figure 5b shows the first moment
of the decay time distribution function. This is propor-
tional to the average of the inverse of the size distribution
function obtained from CONTIN. The open and closed
circles are the same as given above. The reduced first
cumulant and first moment from the two fits should be
equivalent. At present consider only the open circles since
this represents work done at low concentrations (90-270
ug/mL). The closed circles are discussed under concen-
tration effects below. The ordinate is the log of the first
cumulant divided by ¢2D,, where D, is the diffusion
coefficient obtained at low angle. The abscissa is log (qR;,),
where R}, is the hydrodynamic radius obtained at low angle.

Initially the slope is approximately zero. Between angles
of 40° and 60°, or, on the abscissa scale, —0.1 and 0.2, the
slope deviates from zero and begins to increase. Assuming
that the data increases linearly, we can perform a linear
regression to obtain the slope. For the first cumulant, in
Figure 5a, all the data beyond log (gRy) = —0.15 were
included, except for the data at the highest concentration.
A slope of 0.85 was obtained. For the first moment, in
Figure 5b, all the data beyond log (gR;) = -0.3 was in-
cluded. Again the higher concentration data points were
ignored. A slope of 0.99 was obtained. Thus, the first
cumulant varies with the 2.85 and third power of ¢ for the
second-order and first moment cumulant fits, respectively.

The first camulant has been shown to scale as g* for the
Rouse-Zimm coil in the free draining limit and as ¢® in the
non-free draining limit.> In both cases, this assumes that
the chain is long enough that the contribution from dif-
fusion is negligible or that gR, is much greater than one
and furthermore that ga, where a is the Kuhn statistical
length, must be smaller than one. The statistical length
may be estimated for the DNA fragment by assuming that
the relation between R,, a, and the contour length, L, is
that of a Gaussian coil

a=6Rz2/L (10)

A value of 832 A is obtained. In our experiments, qR,
ranges from 0.68 to 3.1 and ga ranges from 0.55 to 2.5.
Thus it was unexpected that both the second-order cu-
mulant fit and the moments analysis would give a g de-
pendence in the range predicted by the models.

The g dependence obtained from both the cumulant and
first moment analyses suggest that the motions of the
polymer could be better described by the model in the
non-free-draining limit. The CONTIN distribution analysis
results from the previous section suggest that the first
cumulant at high ¢ should scale, as predicted in the free-
draining limit, with the fourth power of ¢.® Transient
electric birefringence measurements performed on this
fragment (although under slightly different conditions, see
below) also suggest that the first cumulant should be de-
scribed better by the model in the free-draining limit than
the non-free-draining limit. The hydrodynamic radius
predicted in the non-free-draining limit, calculated by
using the radius of gyration®%®

Ry, = 0.663R, (11)

is R, = 692 A. We obtained a value 470 A from the ex-
periments. From the radius of gyration and the contour
length (or the statistical segment length), we estimate the
number of statistical segments, n =~ 10. Finally, using the
theoretical relation between Ry, and n and the frictional
coefficient in the free-draining limit, we may estimate the
hydrodynamic interaction parameter,? h

h = 6R,/a\/127n (12)
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Figure 5. log of the reduced first cumulant as a function of the
log of the reduced scattering vector length. The (O) represents
work performed at low concentrations (90-270 ug/mL), while the
(@) represents work performed at the highest concentration (450
pg/mL). See text. The reduced first cumulant, in Figure 5a, was
obtained from a second-order cumulants fit. The reduced first
cumulant, in Figure 5b, was obtained from the first moment of
the distribution function from CONTIN. At high g, the slope is
2.99 for the CONTIN analysis and 2.85 for the second-order cu-
mulants analysis.

A value of 0.17 is obtained, suggesting that the free-
draining limit would be more appropriate for describing
the motions of a 2311 bp DNA fragment. Neither the
cumulant nor moment data analysis techniques appear to
be consistent with this.

There are a number of possible explanations for this
apparent discrepancy. First it is likely that the slopes from
both the first cumulant and the first moment analysis are
too low since gR, is not very large and we could be in a
transition region where the slope is changing from zero to
four. Second, it is possible that these two data analysis
techniques do not give accurate values for the slope. A
possible source of difficulty with the CONTIN moment
analysis is that small peaks at the fast end of the window
from afterpulsing, artifacts, etc., which do not have much
of an effect on the position of the other peaks, have a large
effect on the first moment. This is because the first cu-
mulant is related to the average of the inverse radius. Thus
a peak with a small radius will have a large effect on the
first moment.

Obtaining accurate first cumulants from the second-
order cumulant analysis also, as mentioned above, presents
major difficulties. This is because it is likely that too few
terms were included in the time expansion of the corre-
lation function (eq 7). A general discussion of the severe
problems in doing a higher order cumulant fit is given by
Akcasu et al.'®
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Han and Akcasu showed that for solutions of polystyrene
of very high molecular weight, the first cumulant from a
complicated higher order cumulant-shape function anal-
ysis scales with the third power of ¢.*! Soda and Wada
also found a g® power dependence for linear ColE1 DNA.?
This DNA is approximately three times the size of our
fragment. However, the transition region between the first
cumulant depending on g2 and ¢ occurs around gR;, = 0.7
for both DNA fragments. This corresponds to ~0.2 on the
abscissa in Figure 5 and a ¢? = 0.7 X 10 m~? in Figure
8 of Soda and Wada.®® Adam and Delsanti obtained a 2.85
power dependence on g for polystyrene, MW = 8.4 X 106
and 24 X 108, in benzene.*’” Other authors have also seen
this third-order power dependence on g.'* These results
are consistent with our results obtained for both the mo-
ment and first cumulant analysis. This suggests that the
g dependence we obtained would not change as ¢ is in-
creased; i.e., we are not in a transition region. However,
it is also possible that because these polymers have much
longer contour lengths or are more flexible than our 2311
bp DNA fragment, hydrodynamic interactions are more
important for them. In order to determine if the first
cumulant scales with the third or fourth power of ¢, it
would be necessary to use more esoteric data analysis
techniques such as higher order cumulant-shape function
fits and to increase the range of ¢ used.

Comparison with Transient Electric Birefringence.
Using a CONTIN analysis of the TEB decay curves, Lewis,
Pecora, and Eden!? measured the first few decay times for
the internal motions of several linear DNA restriction
fragments, including the 2311 bp fragment studied here.
For the 2311 base pair fragment the first two decay modes
measured were assumed to correspond to the first two
normal modes for a flexible coil. The ratio of the slowest
to the next slowest decay time was between three and four,
values consistent with the Rouse-Zimm model with
draining between the free-draining and non-free-draining
limits. For the shorter fragments studied, the ratio of the
first two times was larger than four as one would expect
for chains whose dynamics were influenced by stiffness.
The actual values of the decay times for the 2311 base pair
fragment were much closer to those predicted in the
free-draining limit than the non-free-draining limit.4? This
comparison of decay times, rather than ratios of decay
times, appears to be a more sensitive test because the
estimated values of the first normal mode decay times in
the free-draining and non-free-draining limits for this
fragment differ by a factor of 3.

There are several differences between DLS and TEB
measurements that make a direct comparison of the results
difficult. First, in TEB experiments, the molecules are
perturbed by using an electric field pulse. To avoid excess
heating of the solution, migration of the ions, etc., it is
necessary to perform the experiments in low-salt solutions.
For TEB, the experiment was performed at salt concen-
trations of less than 3 mM NACL. For DLS, the experi-
ments were performed at 100 mM NaCl. The persistence
length at high salt is possibly a factor of 2 smaller than
at low salt concentrations.”? Thus at high salt the plasmid
is more flexible. Second, as discussed in section III above,
DLS theory predicts that the reciprocal DLS relaxation
times are each represented by a sum of the reciprocal
relaxation times for the normal modes (as well as by
translational diffusion),? so that the directly measured
decay times are not the normal mode relaxation times of
the theoretical models. Thus, even given the assumption
that the TEB relaxation times are each one-half those
given by eq 5, it would not be possible to directly compare
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them with the DLS relaxation modes except in the sim-
plest cases. An advantage of DLS over TEB in studying
long-chain polymers is that it is a relatively noninvasive
technique. No external fieelds except the relatively weak
fields in the laser beam need be applied. As a consequence,
modeling the DLS experiment is mathematically a more
easily defined problem than for TEB, which requires the
treatment of the difficult problem of the decay of polymers
aligned by action of an external electric field.*%*® DLS can
also be performed, in principle, in both low- and high-salt
solutions. It must, however, be kept in mind that DLS
usually requires higher concentrations of macromolecules
than TEB to obtain good signals and that at low-salt
concentrations intermacromolecular electrostatic interac-
tions become important at lower macromolecular concen-
trations. Thus, if one wishes to study single-chain prop-
erties of polyelectrolytes by DLS, one often cannot do so
at very low-salt concentrations. Finally in TEB experi-
ments, the amplitudes of the decay times have been
shown!? to depend on the duration of the orienting field.
There is no quantitative model for the amplitudes, so they
cannot at present be compared with theoretical simula-
tions. It should also be noted that translational diffusion
does not directly contribute to the TEB decay curve. Thus
the decay curves contain information only about the in-
ternal motions (or perhaps overall rotation).?** In DLS
the translational diffusion of the entire coil contributes a
pure diffusion peak (see eq 2 and 3) and also contributes
a term to all of the other relaxation modes. Because the
pure translational diffusion peak is close in decay time to
the decay times of the internal motions, it affects the
measurement of their decay times and amplitudes. This
limits the resolution of the DLS experiment which would
be necessary to obtain the detailed information that is
obtainable from TEB. Because the two techniques com-
plement each other, it is important to show that the results
obtained from DLS are consistent with those obtained by
TEB.

For the 2311 bp restriction fragment, the decay times
from transient electric birefringence have been compared
to those predicted by the Rouse-Zimm Gaussian coil model
in both the free-draining and non-free-draining limits.*?
The first experimental decay time measured by TEB was
1376 us. This was assumed to contain contributions from
the first internal mode, r;. The first normal mode decay
time was predicted, using eq 5 and R, obtained at the lower
salt concentration, to be 1168 us in the free draining limit.
In the non-free draining limit

71 = (23.6)7R?/kT(4.04) (13)

It has a value of 3560 us. These values differ from those
reported by Lewis and Pecora*? by a factor of 2 since the
values reported by them were calculated on the basis of
Zimm’s normal mode? decay times while ours are calcu-
lated on the basis of Pecora’s normal mode® decay times
given by eq 5.

At an angle of 57°, the free draining Rouse—Zimm model
for the DLS correlation function for a polymer with the
radius of gyration of the 2311 bp fragment gives a simple
two exponential form

S(x,t) = Solx) exp(~¢2Dt) + S,y(x) exp{—(¢?Dt + 2t /7,)]
(14)

Higher order terms are negligible, since they contribute
at most 2% at this angle. The first normal mode decay
time, 7, can be calculated from the second DLS decay time
observed experimentally. A value of 532 us was obtained
from the DLS experiment. The model predicts values of
484 and 1644 us in the free-draining and non-free-draining
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Figure 6. Diffusion coefficient increases with concentration in
accordance with predictions based on the hard sphere interaction
potential. The diffusion coefficient is obtained from measure-
ments performed at low scattering angle (16° and 22°). Internal
motion contributions are assumed to be insignificant at these
scattering angles.

cases, respectively. These numbers suggest that the ex-
perimental results could best be described by a model with
a small value for the hydrodynamic interaction parameter.

CONTIN, as discussed in section I, often moves two peaks
that are hard to resolve farther apart than they really are.
Since the experimental value of 7; was obtained by using
CONTIN, it is necessary to show that it was not appreciably
altered by CONTIN to give misleading results. If we analyze
the simulated correlation function predicted in the free
draining case by CONTIN and use eq 14, we obtain a value
for the first normal mode decay time of 417 us. Similarly,
we would expect the apparent value in the non-free-
draining case to decrease slightly when analyzed by CONTIN.
However, the value for 7, obtained experimentally is still
much closer to the value obtained from the model in the
free-draining limit as was observed by TEB.

The results from TEB and DLS are in good agreement
with each other and with the Rouse-Zimm model, despite
the fact that the experiments were performed under dif-
ferent salt concentrations and thus the DNAs should ex-
hibit different flexibilities. It would be interesting to
compare DLS results for the 1010 bp DNA fragment to
the TEB results for the 2311 bp fragment because at the
different salt concentration ranges used in these two
techniques, they would most likely have a similar number
of Kuhn statistical segments. It should be pointed out,
however, that there is some controversy over how much
the DNA flexibility changes with salt concentration.?!

Concentration Effects. At the highest concentration
of 450 ug/mL, the ratio of the volume occupied by the
DNA molecule to the total volume available for each
molecule is 0.85. The volume occupied by the DNA was
estimated, assuming a spherical shape, from the volume
determined by the radius of gyration. We have assumed
that for this concentration range, intermolecular interac-
tions are weak and the diffusion coefficient depends lin-
early on concentration. Figure 6 gives a plot of the dif-
fusion coefficient as a function of concentration. The
diffusion coefficient was obtained from DLS experiments
performed at low angle where the internal motions did not
contribute significantly to the correlation function. The
autocorrelation functions were collected at concentrations
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Table II
Diffusion and Virial Coefficients
DNA sample mol wt X 107 108Dy, cm?/s K,=K,-K; K, K;

pLH2311

linear 1.53 4.42 1.30 £ 0.34
ColE1l°

linear 4.35 2.16 1.25 £ 0.20
ColE1®

linear 4.3 1.98 1.12 £ 0.08 6.23 2.57 £ 0.72

relaxed 415 2.45 1.42 % 0.05/ 9.75 6.45 = 0.87

supercoil 4.59 2.89 1.38 + 0.09f 2.86 6.63 = 1.8
Fd DNA°

single stranded 1.87 6.63 1.2 £04 7.6 £ 3.9 8.7 £ 0.8
hard sphere model® 1.45 8.0 6.55

aCalculated from the diffusion vs concentration plot reported by Soda and Wada.?® ®Calculated from the plots and data reported by
Voordouw, Kam, Borochov, and Eisenberg.? K, was calculated from the diffusion vs concentration plot, K; was calculated from sedimen-
tation vs concentration plot, and K, was calculated from the thermodynamic second virial coefficient. ¢Values reported by Newman,
Swinney, Berkowitz, and Day.®! ¢Theoretical values of Batchelor.® ¢Value reported by Berkowitz and Day.’? The reported error is the
error in the slope after data from each concentration has been averaged. Thus, they are smaller than they would be if the error was

calculated by using the raw data.

between 90 and 450 ug/mL. A linear least-squares fit to
the data in Figure 6 was performed. Both the slope and
the intercept of this line are important. The diffusion
coefficient at infinite dilution is obtained from an ex-
trapolation to zero concentration. The value obtained is
D, = 4.42 X 10°® cm?/s. This corresponds to a hydrody-
namic radius of R, = 484 A. The slope of the line in Figure
6 is proportional to the virial concentration coefficient, K,
given by

D(C) = Do(l + Kd¢v + ...) (15)

¢, is the volume fraction of the DNA fragment and is
related to the partial molar volume of the DNA, Vy

¢, = NCV, /MW (16)

Here N is Avogadro’s number, C is the concentration, and
MW is the molecular weight. We have assumed that V},
is equal to the volume determined by the hydrodynamic
radius. The value obtained for K, is 1.3. It is a combi-
nation of two terms. These terms arise from a power series
expansion of the friction coefficient and the partial de-
rivative of the chemical potential with concentration. K;
is the contribution from the friction coefficient expansion
in ¢,, and K, is the contribution from the thermodynamic
expansion.** The relationship between the three is

Kd = Kt_Kf (17)

Table II gives the values of Ky, K, and K, for our 2311
bp DNA fragment and values calculated or obtained from
the results of other workers.2%%2 The value of K was
calculated from the slope of the diffusion coefficient versus
concentration plots from low-angle measurements. The
K; value can be obtained from the initial slope of a plot
of the sedimentation coefficient versus volume fraction

s(c) = s(0)(1 - K, + ...) (18)

K, is calculated from the second osmotic virial coefficient,
B,
K, = 2(MW)B,C/ ¢, (19)

The second osmotic virial coefficient was obtained from
static light scattering measurements.

The value for K; remains relatively constant inde-
pendent of whether the DNA is single stranded, linear,
relaxed circle, or supercoiled. It also remains constant over
the molecular weight range of these studies. The values
of K; and K, vary much more. The K, values, which were
obtained from the slope of the ¢ = 0 line on a Zimm plot,
are difficult to obtain accurately. Thus, the apparent
variation in K, is probably due to measurement errors.

Most of the values obtained for K; seem to fall very close
to the value of 6.55 predicted by the hard-sphere model.
The value of K for the linear ColE1 DNA measured by
Voordouw et al.% is significantly lower than the others.

The value of 27/q at the angle where the diffusion
coefficients, shown in Figure 6, were measured is approx-
imately 12600 A. The radius of gyration for the DNA is
1044 A. Thus it is reasonable to assume that at this
scattering angle the DNA molecules “see” each other as
spheres and not as flexible coils with internal motions.
Batchelor® has calculated values for Ky, K, and K, based
on the hard-sphere model, obtaining values of K4 = 1.45,
K; = 6.55, and K, = 8. These values are in good agreement
with the experimental values given in Table II. Numerous
other calculations have been performed which incorporate
other potentials.®*5® Calculations have, for instance, been
performed for spheres with both long-range repulsive in-
teractions and short-ranged attractive interactions.** Our
diffusion data are consistent with both of these calculations
in the limit of small interaction parameters. More precise
data on DNA under different solution conditions must be
obtained before the applicability of these more refined
models to DNA can be determined.

The CONTIN analysis at concentrations between 150 and
270 ug/mL and angles below ninety degrees shows only
a very small concentration dependence. Above 90° there
is possibly a larger concentration dependence. At these
angles where the distribution function is very complex,
increasing the concentration can have a large effect on the
resolution since it increases the signal-to-noise ratio. Thus
the “concentration dependence” observed above 90° in
these lower concentration solutions is more likely to be a
difference in the signal-to-noise ratio. This seems par-
ticularly true in light of the fact that only a small con-
centration effect is observed at lower angles where one
might expect to observe a concentration effect first.

At all angles a concentration effect is evident when the
lower concentration (150-270 ug/mL) results are compared
to those at the highest concentration (450 ug/mL). This
effect is much larger than the spread between data sets
collected at different times which varied from less than
a percent at 57 and 73° to approximately 10% at the
higher angles up to 123°. At a scattering angle of 123° the
data were difficult to reproduce precisely, and thus by itself
there is not significant information to determine if there
is a concentration dependence at this angle.

Figure 7 shows the CONTIN analysis at 73, 90, and 123°.
The solid circles give the analysis at lower concentrations,
and the squares give the analysis at the higher concen-
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Figure 7. CONTIN analysis of the correlation function at 73°, 90°,
and 123°. The (®) represents experimental data at the lower
concentrations (150-250 ug/mL). The (O) represents experimental
data at the higher concentration (450 pg/mL).

tration. We can see that at all three angles the peak
positions move to larger R;. This corresponds to a slowing
down of the polymer motions. At an angle of 73° the
slowest peak moves from 435 A at 150 ug/mL to 537 A at
450 ug/mL. It also contributes less to the scattering in-
tensity at the higher concentration (70% vs 82%). The
middle peak seems to increase in contribution suggesting
that at a higher concentration the longest internal motions
of the coil become more significant. This is in direct
contrast to that observed at lower angles. Figure 6 shows
that at low angle the diffusion coefficient of the polymer
increases with concentration. At the highest concentration
and at low angle the value obtained for the hydrodynamic
radius was 435 A. At the same concentration but at higher
angles, the value for the hydrodynamic radius obtained
from the slowest peak in the CONTIN analysis is 537 A. This
value could also contain unresolved contributions from the
internal motions which would decrease the R, in com-
parison to that observed in the absence of internal motions.
Thus the hydrodynamic radius at high angle increases by
at least 156% over that observed at low angles and the lower
concentrations.

One possible explanation for the discrepancy is that at
high angles we are observing self diffusion, while at the
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low angle we observe mutual diffusion. Assuming that the
observed decrease in diffusion coefficient is linear in con-
centration, a value for Ky = -1.22 is calculated by using
eq 15. Batchelor® calculated a value for Ky = —1.83 for
the self-diffusion of particles in a hard-sphere potential.
The difference between these numbers could be explained
by unresolved contributions from the internal modes that
increase the apparent diffusion coefficient as well as by
deviations of DNA from the hard-sphere model used in the
calculations.

It is also likely that the apparent diffusion coefficient
obtained from the high-angle measurements is neither the
true self-diffusion coefficient nor the mutual diffusion
coefficient but a ¢g-dependent one measuring the decay of
a fluctuation with some collective character. At 450 pg/
mL, the average interparticle spacing is approximately
2400 A. Fluctuations on a scale of approximately 27 /q are
measured, which at 73° scattering angle corresponds to a
length of about 3000 A.

Finally it is also possible that the apparent decrease in
the diffusion coefficient is due to an artifact in the data
analysis method. The internal motions seem to be slowing
down and contributing more to the correlation function.
It is possible that this has affected the data analysis by
forcing the peak due to translational motion to higher
hydrodynamic radius than would really be observed in the
absence of the internal motions. Much more extensive
experiments are needed to sort out all these possibilities.

In the cumulant plots in parts a and b of Figure 5 the
higher concentration points seem to lie beneath the other
data points. This corresponds to a slowing down of the
motions of the plasmid as concentration is increased and
is consistent with what we have already observed from the
distribution function from CONTIN.

V. Conclusion

We have presented experimental relaxation time dis-
tribution functions that describe the transliational and
long-range internal motions of a linear DNA fragment in
dilute solution. These distribution functions have been
compared with simulated distribution functions predicted
by the Rouse—Zimm model in the absence of hydrodynamic
interactions. The agreement is surprisingly good, in spite
of the simplicity of the model. The first internal mode
relaxation time extracted from the lowest angle data
showing two peaks is consistent with that predicted from
the free draining model and is in agreement with that
extrapolated from TEB measurements on the same frag-
ment. In addition cumulants obtained from second-order
cumulant fits and first moments of the distribution
function obtained from CONTIN have at higher values of
g been shown to vary approximately as g%. Apparent
diffusion coefficients obtained from the CONTIN fits at both
low and high scattering angles have been studied as
functions of concentration.

These studies, in addition to the intrinsic importance
of the results, illustrate the power and some of the limi-
tations of using the CONTIN data analysis method to study
these systems as well as the deficiencies of the cumulant
method. DLS studies on smaller DNA fragments (with
laser wavelengths extending into the UV) combined with
more sophisticated computer simulations using the data
analysis and comparison methods given here should prove
to be very valuable in understanding the dynamics of DNA
in particular and semiflexible molecules in general.
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Introduction

Block copolymers at the homogeneous state have been
the subject of extensive theoretical studies,’!? but usually
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the authors have restricted their interest to copolymers
made only of a few blocks.
In this paper we would like to generalize these known
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