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ABSTRACT: Dynamic light scattering has been used to study the dynamics of a 2311bp (base pair) circular
DNA at twodifferent ionicstrengths. The measured intensity autocorrelation functions at different scattering
vector lengths were analyzed by the inverse Laplace transform program, coNTIN, to separate translational and
internal motions. The translational diffusion coefficient of the chain is in good agreement with the predictions
of the circular wormlike cylinder model developed by Fujii and Yamakawa with a persistence length of 45
nm for DNA at 0.2 M salt. The longest internal relaxation time slows down when decreasing the ionic strength
t00.01 M. It was concluded from this result that the relaxation time is not dominated by the local stiffness
of the chain. The overall picture of the difference between the dynamics of linear and circular wormlike
chains is well represented by the free-draining Rouse~Zimm model with included stiffness. A quantitative
comparison, however, between dynamic form factors obtained experimentally with the predictions of different
circular wormlike chain theories and the free-draining Rouse~Zimm model reveals substantial discrepancies
between the experimental dynamic form factors and the models. Possible reasons are discussed.

I. Introduction

The static properties of semiflexible polymers like DNA
are best described by the wormlike chain model originally
introduced by Kratky and Porod.! The success of this
model in predicting static properties of single chains? has
led to its extension to the dynamics. Harris and Hearst?
and later Saito* and finally Soda® have derived equations
of motion for such chains. Soda® pointed out the incon-
sistency of the Harris—Hearst equation, which is actually
the equation of motion for a chain with zero length. The
equation of motion derived by Soda for wormlike chains
is a nonlinear partial differential equation which cannot
be solved by the type of normal-mode analysis which is
typically carried out when measurable dynamic properties
such as dynamic light scattering (DLS) time autocorre-
lation functions are derived from it. A normal-mode
analysis can be performed, however, for somewhat sim-
plified wormlike chain models. Aragon and Pecora,’ for
instance, have used an equation of motion which includes
chain bending but is constrained to be of constant contour
length (“pure bending equation”). This theory does not
include hydrodynamic interactions, and while it is simpler
than Soda’s nonlinear equation, it is still mathematically
complicated. Berg” and later Soda® calculated autocor-
relation functions for a circular wormlike chain model,
where, in the Soda version, hydrodynamic interactions
between chain segments are included. In this case the
circular boundary conditions and a simplified stretching
force constant allow a normal-mode analysis. Inthe Berg-
Soda circular wormlike chain model, however, the stretch-
ing force constant is treated in the same inconsistent way
as in the case of the Harris—Hearst model, which might
possibly explain the observed discrepancies between model
correlation functions and those measured for a linear
2760bp (base pair) DNA.? The circular nature of the Berg—
Soda model] chain might also have a large impact on the
expected dynamics and is another uncertainty in utilizing
this model to analyze data on linear chains.

Lacking a consistent and tractable wormlike chain model
todescribe the dynamics of DNA, Sorlie and Pecora!® used
the well-established bead and spring model developed by
Rouse!! (free-draining) and later by Zimm!? (non-free-
draining) to calculate DLS frequency distributions and
compared them to those obtained from an analysis of
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experimental distributions for four linear DNA restriction
fragments, including one 2311bp long.l® They indirectly
included chain stiffness and hydrodynamic interactions
by using the experimental translational diffusion coeffi-
cient and radius of gyration to calculate the internal
relaxation times for the model chain. The best agreement
between theoretical and experimental frequency distri-
butions was achieved with the free-draining Rouse-Zimm
model, which might suggest that restoring forces due to
bending and long-ranged hydrodynamic interactions or
excluded-volume effects (which are neglected in almost
all models) cancel each other to a certain extent.

To understand why the free-draining bead and spring
model is so successful in predicting the dynamics of DNA
in solution, and how wormlike chain models could be
improved, it is desirable to investigate the important
factors involved in the dynamics separately. One sim-
plification, which can be of help in this program and which
can be implemented by DLS, is the use of circular DNAs.
The circular boundary condition is often a simplification
needed to solve the equation of motion for non-free
draining models, especially in cases where perturbation
methods!3!4 are not used. Circular DNA molecules are,
moreover, of importance in biology. DNA has been found
to exist in superhelical, circular, and linear forms, which
raises the question of whether these different forms are
of significance in the control of gene expression or other
cellular functions.

In spite of the importance these molecules might have,
very little experimental work has been done on the
dynamics of rings compared to linear molecules. Sedi-
mentation measurements have been performed,!%16 fol-
lowed by a dynamic light scattering study by Voordouw
et al.,!” who determined diffusion coefficients from the
first cumulant for all three DNA conformations. A recent
study!® focused on diffusion coefficients obtained by
dynamic light scattering and static structure factors of
rings measured by small-angle neutron scattering.

On the other hand, there has been a significant amount
of theoretical work on flexible and wormlike rings. Static
and hydrodynamic properties of flexible circular polymers
have been calculated by Casassa.l® Excluded-volume
effects were included by Kurata® and Gray and Bloom-
field.?! Zimm and Bloomfield?2 compared sedimentation
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and diffusion coefficients, viscosity, and Rouse-Zimm
normal modes for circular and linear polymers as afunction
of the stiffness of the chain. Zimm and Bloomfield include
stiffness in the same way as the excluded-volume effect.
Finally for real wormlike rings, diffusion and sedimentation
coefficients have been derived by Fujii and Yamakawa,2?
whereas Berg and Soda, as mentioned above, have de-
veloped a model for which one can calculate DLS intensity
autocorrelation functions.

The purpose of this work is to provide some experimental
data on the dynamics of wormlike rings in solution to test
dynamical theories of semistiff polymers and to obtain
information about parameters appearing in such theories.
We have measured DLS intensity autocorrelation func-
tions in dilute solution as a function of scattering angle
for a circular, monodisperse 2311bp DNA and obtained
frequency distribution functions from them using the
inverse Laplace transform program, coNTinN.2#2® This
2311bp DNA was prepared in monodisperse form, an
essential requirement for testing theories of long-range
internal motions.2?é Linear and superhelical forms of this
DNA have also been studied previously in this labora-
tory.1°v27

II. Methods

SamplePreparation. The plasmid used here, pLH2311, was
constructed from pRI25 in our laboratory. The purification
procedure has been given elsewhere.?® The plasmid was converted
to the open circular form by nicking it with DNase I. Several
batches of 250 uL. of DNA (350 ug/mL) in DNW buffer were
incubated with 3 uL. (0.06 ug/mL) DNase I in the same buffer
at 0 °C. After 5 min the reaction was stopped by adding 250 uL,
of 0.2 N EDTA. The DNase was then immediately removed by
extraction with phenol, chloroform, and ether. SDS gel elec-
trophoresis on 1% agarose in TPE buffer showed two bands, one
of which could be assigned to the open circular DNA. This
fraction was 30% of the total DNA as estimated from the intensity
of the bands. The open circular DNA was separated from the
superhelical by double-density dye ultracentrifugation. Gelelec-
trophoresis showed that monodisperse samples of both DNA
forms were obtained. From aninitial 6-L culture, approximately
150 ug of open circular DNA was obtained. The DNA was
precipitated with ethanol and dissolved in TE buffer. Different
ionic strengths of the buffer were prepared by adding NaCl

Procedures. (a) For the double-density dye ultracentrifu-
gation, an ethanol-precipitated nitrogen-dried pellet (from 1 L
of culture) was dissolved in 4.8 mL of TE buffer and 9.8 g of CsCl
and 0.8 mL of ethidium bromide solution (10 mg/mL in H,0)
were added. The solution was centrifuged at 10 000 rpm for 10
min. The supernatant was then underlaid with an 8-mL solution
of 63.6 g of CsCl in 100 mL of TE buffer in two Quick-seal
centrifuge tubes (volume of 12 mL). Aftersealing the centrifuge
tubes the samples were centrifuged for 24 h at 50 000 rpm and
20 °C. Superhelical and nicked DNA were well separated after
centrifugation and were collected separately using two syringes.
The ethidium bromide was removed by n-butanol extraction.

(b) Gel electrophoresis was performed in 1% agarose TPE
buffer with added ethidium bromide at 0.2 mAs.

Buffers. DNW buffer contains 0.05 M NaCl, 0.006 M MgCl,,
and 0.1 M Tris (pH 7.5). TPE buffer was prepared by adding
10.8 g of T'ris base, 1.55 mL of 85% H3PO,, and 0.93 g of Nay-
EDTA and filling it up to 100 mL with triply distilled water. TE
buffer is 10 mM Tris-HCI (pH 8.0) and 1 mM EDTA.

Dynamic Light Scattering. All samples for dynamic light
scattering were filtered through small-volume acrodisc filters with
specified pore sizes of 0.45 um directly into rectangular, carefully
cleaned and dust-free rinsed scattering cells. These cells were
then centrifuged for 24 h at 5000 rpm to remove air bubbles
introduced by the filtering process. All samples were checked
for dust by visual inspection of a laser beam running through the
sample with a microscope magnifying the beam 5-fold. Corre-
lation functions were measured on a Brookhaven BI2030 corr-
elator in linear sample time mode at different scattering angles.
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The functions were accumulated up to a precision of at least 3
X 10~ in the measured base line and analyzed by conTIN using
the calculated base line. The difference between measured and
calculated base lines was always below 0.1%. The sample time
for the experiment was set to a value such that the product of
the mean relaxation frequency and the time of the last channel
of the correlator was between 2.7 and 2.9. The mean relaxation
time was determined by fitting a second-order cumulant to a
correlation function that was accumulated for a short time.

After a sample was measured at different angles and concen-
trations, which took approximately 2 weeks, the DNA was checked
for integrity by gel electrophoresis. No indication of the presence
of linear molecules was found on these gels after the scattering
experiments had been finished.

Data Analysis. The DLS autocorrelation function data were
transferred from the Brookhaven correlator to a VAXStation
3200 computer, where the inverse Laplace transform was
performed interactively using conTiN.24%5 Thelowest and highest
frequency limits were first set according to the times of the last
and first points of the correlation function. After afirstinversion,
the frequency window was then narrowed in such a way that at
both ends only the first and the last grid points of the initially
obtained frequency distributions would have decayed to zero, or
at least to a negligible amplitude. Eventually, additional
adjustments were made after a second run. Normally, however,
the moments of the distributions were not sensitive to the changes
of the frequency window. The inversion program was run with
an extra linear term accounting for an uncertainty in the base
line. Since this extra base line is normally caused by dust, only
solutions with a zero linear term were accepted. As solutions,
the chosen solutions according to the original criterion of Prov-
encher (probability to reject closest to 0.5) were taken after other
solutions with probability to reject between 0.05 and 0.95 were
checked and found to be very similar to the chosen solution.

III. Theory

Rouse-Zimm Model for Rings. The Rouse-Zimm
model in the free-draining limit describes the motion of
a completely flexible Gaussian chain consisting of N beads
and, in the case of the circular chain, of N springs with
root-mean-square length b. The forces driving the motion
are an entropic force linear in the distance between next
neighboring beads, a frictional force on each bead which
is proportional to the velocity of the bead, and a random
force exerted on each bead by the surrounding solvent.
Expanding the dynamic form factor for such a model, we
were able to derive simple analytical expressions for the
mode spectrum of circular Rouse-Zimm chains.2!6 The
various terms can be expressed as

M
Pypry.omr = exp(— %)—xZMF L exp(-t/(G,7)) (D)
9T

Here G, is the relaxation time of this particular term,
where 7, is the longest Rouse~Zimm relaxation time and
G is asum of numbers which depend on the mode numbers
k' k2, ..., Ry involved in this term. The 7; can be expressed
in terms of measurable quantities by

__B
7l_2Dok/2
where Rg and Dy are the radius of gyration and the

translational diffusion coefficient, respectively.

The contributions of these terms to the scattered light
intensity depend on the expansion parameter, x, in eq 1
which is defined in terms of the scattering vector length
q

(2)

Ty

x = g°Ry’
and on F}, a factor which depends on the mode numbers.
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Circular Wormlike Chain Model. The wormlike
chain model unlike the Rouse-Zimm model describes the
dynamics of semiflexible chains. In the discrete version
of this model the circular polymer is represented by N
touching or nontouching beads which are joined by N
segments. It is assumed that no preferred axis of bending
exists and that there is a bending restoring force which is
linear in the angular displacement. This last requirement
leads to a probability distribution function for the bend
angle?? with a standard deviation which depends on the
stiffness of the chain.

The condition of constant bond length leads to the
appearance of a stretching force constant which depends
in general on the position of the segment in the chain and
on the time. The frictional and random forces are the
same as for the Rouse~Zimm model. The generalization
to a continuous wormlike chain is straightforward and is
obtained by setting the length of the chain L = Nb and
taking the limit of N — = and b — 0. Fizing the bond
length of the chain and replacing the stretching force
constant by its average value leads to the Harris~Hearst
equation of motion, which is, however, essentially an
equation of motion for a flexible polymer with an additional
bending force. The Harris—Hearst equation is known to
give incorrect results in the rigid rod limit. Berg? and
Soda® derived the corresponding equations of motion for
the circular chain. Soda, who included hydrodynamic
interactions in the model, calculated the DLS form factor
as a function of the scattering vector length g. It is given
by

S(q,t) = 2La’ exp(—DOth)LL/rzds c(g,s,t) 3

and

(@,5,8) [ 3 4kBTq2{1 (27'Sk) x
c(g,s,t) = expl| - - cos
¢ P ; 3L\, L

exp(-t/7,) }] 4

where « is the polarizability per unit length, kg the Boltz-
mann constant, T the temperature, and A, the kth eigen-
value of the product of the force constant and the
hydrodynamic interaction matrices. The eigenvalues
depend on the persistence length a, the contour length L
of the chain, and the temperature. The internal relaxation
times 7, are given by {»/Ar where {1 is the friction coefficient
of the kthmode. With hydrodynamicinteractionincluded
the 7; also depend on the diameter d of the chain.

From egs 3 and 4, DLS intensity autocorrelation
functions C(g,t) can be calculated for different L, d, and
a by numerical integration using the relation

S(a.t) )2
’t = _
c@n (3(0,0) ©

The summation over the & modes in eq 4 is truncated at
1-20 terms depending on the scattering vector. The
translational diffusion coefficient of the chain which can
be calculated by setting & = 0 in eq 4 is the same in this
model as that for a circular wormlike cylinder derived by
Fujii and Yamakawa.?

Very recently Huber, Stockmayer, and Soda3 modified
the original Soda-Berg model, arguing that the reduction
of the degrees of freedom to 2N in the original Berg model
is unacceptable because the model then fails to reproduce
the known?! relations for Gaussian chains. If the number
of degrees of freedom is taken as 3N, the correct flexible
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Figure 1. Frequency distributions for the circular 2311bp DNA
at various scattering vector lengths in TE buffer with added 0.2
M NaCl. The frequency distributions are divided by the
scattering vector length squared, resulting in an apparent
diffusion coefficient distribution. The observed slow component
of the distribution is constant as required for a translational
diffusion coefficient. The scattering vector lengths from top to
bottom are 2.42, 1.92, 1.64, and 0.97 X 105 cm™! corresponding
to scattering angles of 90, 68, 57, and 33°, respectively.

limits are obtained. Such a modification leads to a factor
of 3/5 in the thermal energy wherever it occurs in the
equations, for instance, in eq 4 among others. We
distinguish in our further discussion, therefore, this
modified Soda-Berg from the Soda-Berg model.

IV. Results and Discussion

Translational Diffusion of Rings. Figure 1 shows
typical experimental frequency distributions at different
scattering vector lengths from our circular 2311bp DNA.
The DNA concentration is 62 mg/L and that of salt is 0.2
M. Toemphasize the g2 dependence of the slow relaxation
peak, the frequencies have been divided by g2 The
position of the main peak is constant, indicating a diffusive
process which can be attributed to the translational
diffusion of the chain. The translational diffusion coef-
ficient of the circular chain is larger by 7% (Table I) than
that of the linear DNA measured earlier in this laboratory. 10
This diffusion coefficient can be regarded as the infinite
dilution value, since the concentration used is so low that
concentration-dependent measurements resulted in an
erratic scatter of the data points around this mean value.
No indication of a trend was observed upon decreasing
the concentration down to 12 mg/L. Thus, the measured
translational diffusion coefficient can be compared to
theoretical predictions for single-particle properties and,
in fact, is in good agreement with the predictions of the
Fujii-Yamakawa model for a circular wormlike cylinder
with a diameter of 2.0-2.5 nm and a persistence length of
45 nm. For chains of this length, the diffusion coefficient
is not very sensitive to the diameter of the cylinder. The
situation is the same as reported earlier for the linear
DNA.10

A number of different persistence lengths in different
ionic strength solutions for DNA have been reported in
the past. However, an average value of 50 nm is generally
accepted as the persistence length for double-stranded
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Table I
Comparison between Relaxed Circular and Linear 2311bp
DNA
relaxed relaxed
circular linear  circular

DNA DNA® DNA

salt concentration ¢, [M] 0.20 0.10 0.01
translational Dy x 108 4.79 £ 0.07 4.42 4.67 £ 0.06
diffusion [cm?/s]
coefficient
hydrodynamic
radius
exptl internal
relaxation
freq®
Rouse-Zimm
internal
relaxation freq
radius of gyration Rg [nm] 71c 104 88
apparent a [nm] 45¢ 50 76f
persistence
length
“true” persistence a:[nm] 43 71
length
expansion a 1.002
coefficient &

Ry [A] 446+ 6 484 459+ 6

I (s1] 12598 +£ 1771 3867 8480 + 638

I [sTTRZ 17484 4033 12464

e Linear DNA data from Sorlie and Pecora.!® * This frequency is
the actual measured frequency minus the frequency resulting from
the translational diffusion. ¢ Obtained by matching the measured Dy
with the Fujii-Yamakawa circular wormlike cylinder model with
diameter 2.0 nm and the known contour length of this particular
DNA. 4 Calculated from c¢ using the correction proposed by Man-
ning.*! ¢ Calculated from ¢, the experimental Dy, and eq 6 assuming
that the internal relaxation time scales with Rg%/Dy according to eq
2 or basically also according to eq 16. / Derived from e in the same
manner as d taking the different ionic strength into account when
calculating the effective pair potential diameter for DNA. ¢ The
expansion coefficient is for Rg, which was calculated from eq 6 using
the apparent and true persistence lengths.

DNA in 0.1 M salt.3233 This value is also consistent with
an Rg of 104 nm for the linear 2311bp DNA measured
with total scattered light intensity measurements in this
laboratory.!® The slightly lower persistence length in 0.2
M salt solution seems to be in agreement with theoretical
predictions from polyelectrolyte theories.?% We discuss
this point in more detail below in connection with the
ionic strength dependence of the internal relaxation times.

Internal Modes. A secondrelaxationfrequency besides
that of the translational motion of the chain is observed
in the frequency distributions obtained by conTIN at
scattering angles of 57° and higher. The contribution of
this frequency to the total scattered light intensity
increases with increasing scattering vector length as
indicated in Figure 2, where we have plotted the relative
amplitude of the internal mode peak as a function of the
reduced scattering vector length. Rg has been calculated
by substituting the persistence length (taken as 45 nm in
0.2 M salt) and the known contour length for the 2311bp
DNA of 799.2 nm in the standard relation for circular
wormlike coils

2¢ [1- exp(—L/a)]}
L o — 6
L (Lia)® ©

The internal relaxation frequency was obtained by
subtracting the translational relaxation frequency from
the mean relaxation frequency of the high-frequency peak
and then averaging the resulting value over scattering
angles from 65° to 90°. The mean is represented in Table
I for two different ionic strengths. The lower relaxation
frequency at higher ionic strength is in qualitative agree-
ment with the predictions of the Rouse-Zimm model

R’ = a2/2{?{“—a— 1+
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Figure 2. Relative contributions of internal modes to the total
scattered light intensity as a function of the reduced scattering
vector length. M and [ represent the experimental relative
contributions of all internal modes at an ionic strength of 0.2 and
0.01 M, respectively. The predictions of the Rouse-Zimm model
(continuous line), including all internal modes and only the first
internal mode (broken line), are also displayed. In addition, the
predictions of the original (0) and modified (®) Soda-Berg
models including only the first internal mode and the Rouse-
Zimm model for the first internal mode which were obtained by
CONTIN inversion of the calculated correlation functions with added
Gaussian noise (¥) are also included. The errors are taken from
the conTIN output. Note that the amplitude of the first internal
mode found by conTIN (V) is in excellent agreement with the
theoretical amplitude (broken line).

according to eq 2. The increased Rg and lower Dy in the
0.01 Mionicstrength medium would slow down the internal
relaxation time. Using the measured internal relaxation
times and translational diffusion coefficients in 0.2 and
0.01 M salt, one would calculate an Rg for the circular
DNA in 0.01 M salt of 88 nm. This Rg was used in the
calculation of the reduced scattering vector length in Figure
2 for the 0.01 M salt solution. The fact that the points
measured for the different ionic strengths seem to fall on
one single line shows that the ¢ dependence of the
amplitudes of the internal modes are consistent with the
estimated Bg. Also included in Figure 2 is the prediction
of the Rouse-Zimm model regarding the sum of the
amplitudes of all internal modes (solid line) as well as the
contribution of the slowest internal mode (broken line).
Both theoretical curves deviate from the experimental one
especially at increasing x. This discrepancy might partly
be explained by a gradual merging of the translational
and internal mode peak by conTin, which would start with
changing the relative amplitudes of these peaks and finally
the positions as well. Such behavior has previously been
observed for the linear 2311bp DNA,!? although the effect
there is more pronounced since the separation of the peaks
is much less in the linear case. The absolute values of the
internal relaxation frequencies are also predicted to be
much higher by the Rouse~Zimm model than is measured
here. Again merging and shifting of peaks by conTin might
explain this discrepancy.

Model Calculations. To test the possibility that
merging of peaks due to the coNTIN procedure might
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obscure better agreement between the Rouse~Zimm free-
draining model prediction and the experimental corre-
lation functions, we generated a number of Rouse-Zimm
correlation functions at different scattering angles,?8 using
the experimental translational diffusion coefficient and
the obtained persistence length according to eqs 1, 2, and
6. Major relaxation modes were included in the correlation
function, and an inverse Laplace transform was performed
by adding a portion of Gaussian random noise that is
typical for the photon correlation experiment. Intensity
autocorrelation functions were calculated with 136 points
and linear time axes with a sample time at a certain
scattering angle that had been used previously for the
dynamic light scattering experiment. Parts a and b of
Figure 3 contain the results of this procedure. The
frequency distributions differ with regard to amplitudes
and positions of the peaks from those obtained for the
experimental correlation functions of circular DNA. The
translational and first internal modes are generally re-
covered by conTIN, although, with increasing noise levels,
translational and first internal mode frequencies are
increasingly pushed apart, as indicated in Figure 4. Such
behavior, however, would narrow the gap between exper-
imental and theoretical frequency distributions rather than
explain it. It is evident that the dynamics of the circular
2311bp DNA cannot be modeled by a circular free-draining
Rouse-Zimm chain with stiffness—adjusted bead size and
length even if the rather large uncertainty in the exper-
imental relaxation times is considered. This is contrary
to what was found from dynamic light scattering!® and
Brownian dynamic simulations®” for the linear 2311bp
DNA.

The apparent cancellation between hydrodynamic in-
teraction effects and stiffness previously observed for the
linear DNA seems not to take place in the case of the
circular molecule. The hydrodynamic interaction in fact
should be stronger for circular molecules since the mean-
averaged distance of segments is shorter. The effect of
preaveraged hydrodynamic interactions on the longest
internal mode relaxation time for linear and circular
flexible chains has been studied by Bloomfield and Zimm.22
In the case of the linear Gaussian chain, Bloomfield and
Zimm?22 have shown that the ratio of the first internal
relaxation time in the non-free-draining limit to that in
the free-draining limit is given by

7|'27]l
TUHY T ST M

6 A\
k=1

Here # and 7o are the intrinsic viscosities of the non-
free-draining and free-draining chains, respectively. Sub-
stituting the expressions for the intrinsic viscosities from
ref 22, one finally obtains

11.97*R,'D,
kT,
which was previously used by Lewis and Pecora.® A
similar formula holds for the circular chain which, of course,
has different eigenvalues A,
66.87"nR; D,
kT,
In principle, the translational diffusion coefficients in
eqs 8 and 9 should be the same since they reflect the

translational diffusion coefficient in the free-draining limit.
Since we have used the experimental diffusion coefficients

TLHU T = (8)

9)

Ty TLe =
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Figure 3. (a) Comparison of experimental frequency distribu-
tions with the predictions of the Rouse-Zimm model. The
experimental distribution is marked with m, and the continuous
line represents the Rouse~Zimm model. The theoretical dis-
tributions were obtained by inverse Laplace transformation of
the theoretical correlation functions with added Gaussian noise.
The figure shows the comparison with experiment for the circular
2311bp DNA in 0.2 M ionic strength at scattering angles of 57°
(upper part) and 90° (lower part). The reduced scattering vectors
x 'R are 1.36 and 3.00, respectively. (b) Comparison of
frequency distributions for the same DNA as in Figure 3ain 0.01
M ionicstrength. Due to the change in R; (see text), the reduced
scattering vectors at the same scattering angles are now 2.06 and
4.52 for the upper and lower frequency distributions, respectively.

ineqs 8 and 9, which are in fact unequal, different symbols
are used. Setting Rg! = 100.4 nm, Rg® =71 nm, Dy! = 4.42
X 1078 cm?/s, and D¢ = 4.79 X 108 cm?/s, at n = 1.002 cP
and T = 293.15, ratios of the relaxation times of 3.15 for
the linear and 4.18 for the circular DNA are obtained.
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Figure 4. Recovery of simulated frequency distributions by con-
TIN at different noise levels. The translational and first internal
modes according to the Rouse-Zimm model were simulated for
the circular DNA in 0.2 M ionic strength. Without added noise
(0) both modes were nicely recovered. Adding Gaussian noise
of 1.e-4 rms (O) and 3.16e-4 rms (M) shifts the internal mode to
faster frequencies.

The above results clearly show that including hydro-
dynamic interaction leads to slower relaxation times. The
effect is larger in the case of the circular chain, as expected.
As to the cancellation of effects due to stiffness and
hydrodynamic interaction by using the free-draining
Rouse-Zimm model with stiffness-adjusted R¢, one might
expect this cancellation to be incomplete in the case of the
circular molecule. Assuming that the stiffness effect is
the same for circular and linear molecules, the experimental
relaxation times would be slowed down with respect to
the free-draining Rouse-Zimm model due to the increased
hydrodynamic interaction, in qualitative agreement with
our experiments.

The Soda~Berg model which includes the stiffness of
the molecule differently and also contains hydrodynamic
interaction seems to be in better agreement with our
experimental results than the Rouse-Zimm model as far
as the values of the relaxation times are concerned but is
in much worse agreement in the relative mode amplitudes.
Frequency distributions for this model have been obtained
by inversion of intensity autocorrelation functions with
added Gaussian random noise that were calculated ac-
cording to eqs 3—-5. These frequency distributions are
compared to the experimental ones also in Figure 5a,b.
The Soda-Berg model predicts slower internal modes than
obtained by our experiment. Infact, at a scattering angle
of 90°, the translational and slowest internal relaxation
times are too close to be separated by the inverse Laplace
transform technique. The relative contribution of the first
internal relaxation time to the total scattered intensity
for this model also deviates from our experimental data.
It appears that the original Soda—Berg model is not suited
to describe the dynamics of this circular DNA. If the
modified version of the Soda-Berg model is used,?® the
first internal mode peak in parts a and b of Figure 5 is
shifted to higher frequencies, resulting in a closer approach
to the measured frequency distributions. But again, the
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Figure 5. (a) Comparison of experimental frequency distribu-
tions with the predictions of the Soda-Berg and modified Soda-
Berg models. The experimental distribution is marked with m;
asolid line represents the Soda-Berg model and a solid line with
pluses the modified version of it. The theoretical distributions
were obtained by inverse Laplace transform of the theoretical
correlation functions with added Gaussian noise that is typical
for photon correlation spectroscopy. The figure shows the
comparison for the circular 2311bp DNA in 0.2 M ionic strength
atscattering angles of 57° (upper part) and 90° (lower part). The
reduced scattering vectors x = q2R¢? are 1.36 and 3.00, respec-
tively. (b) Comparison of frequency distributions for the same
DNA as in Figure 3b in 0.01 M ionic strength. Due to the change
in Rg (see text) the reduced scattering vectors at the same
scattering angles are now 2.06 and 4.52 for the upper and lower
frequency distributions, respectively. Note that for the Soda-
Berg model at x = 4.52 the translational and first internal mode
are merged in one peak by conTIN.

match is not perfect and moreover closer inspection of the
relative contribution of this mode to the total scattered
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intensity (included in Figure 2) reveals the worst agreement
of all models. The discrepancies most likely result from
the unphysical stretching potential and its known failure
to reproduce the dynamics in the rigid limit. Given the
scattering vector length range of the light scattering
experiment, rather stiff DNAs seem to fall outside the
range of the applicability of this model.

Ionic Strength Dependence. The very limited num-
ber of points, actually two, for the ionic strength depend-
ence are, of course, not sufficient to discuss the ionic
strength dependence of DNA parameters in detail. Nev-
ertheless, there are two interesting results at the ionic
strengths measured that have important consequences.
The first is the rather slight decrease of the translational
diffusion coefficient upon changing the ionic strength from
0.2 to 0.01 M. In fact such a decrease is not significant
given the errors in the measurements. Thus, the trans-
lational diffusion coefficient is insensitive to changes of
the ionic environment of 1 order of magnitude. This
implies that the persistence length for DNA (which was
found from the Fujii-Yamakawa theory for wormlike rings
by matching model and experimental translational dif-
fusion coefficients) might be almost constant over this
range of ionic strengths. This is in contradiction to the
persistence length obtained from the internal mode
frequencies as discussed below. Given this apparent
change of persistence length with ionic strength, the Fujii-
Yamakawa model would predict a translational diffusion
coefficient of 4.2 X 108 cm?/s, well below the measured
value. Since photon correlation spectroscopy in general
monitors the mutual diffusion coefficient, particle inter-
actions must be avoided in order to measure the trans-
lational diffusion coefficient of a single particle (self-
diffusion coefficient). For uncharged polymers this
requirement is assured by measuring at concentrations
where the average interparticle separation r is much larger
than the dimensions of the chain. In addition, in poly-
electrolyte solutions, the range of the electrostatic forces
given by the Debye screening length K

= (e,ekpT/2e* N, )'/* (10)

must also be much smaller than the average interparticle
distance. The constants appearing ineq 10 arethe vacuum
permeability ¢, the charge of an electron e, and Avogadro’s
number Na. The screening length is determined by the
dielectric constant of the solvent ¢, the temperature T,
and the ionic strength I of the solution. This requirement
is clearly met in our case. In 0.01 M NaCl for the highest
DNA concentration studied, Kr = 0.01. We conclude that
long-ranged electrostatic intermolecular interactions are
not the reason for the observed discrepancies.

Anexperimental artifact which might explain these dis-
crepancies is the limited capability of coNTIN to separate
internal and translational modes. Since theinternal modes
are much more slowed down than the translational one in
low ionic strength, the DLS frequency distribution peak
separation ismuch smaller and is more difficult to precisely
measure than in the case of the higher ionic strength
solution. The observed merging of peaks discussed above
in those cases could therefore result in an increase of the
apparent translational diffusion coefficient.

The relative scattering amplitudes of different modes
and the internal relaxation times clearly indicate a change
in both parameters upon changing the salt concentration,
in contrast to the very small change in the translational
diffusion coefficient. It may be concluded from the fact
that the longest internal relaxation time slows down when
the ionic strength is decreased that the relaxation time is
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not solely dominated by the term originating from the
bending rigidity e of the chain (which, it should be recalled,
is proportional to the persistence length, a). In such a
case, we expect it to speed up with decreasing ionic
strength. Obviously the longest relaxation time monitors
more rigid-body rotations (overall rotation in the rigid-
rod case) or is entropy driven in the sense that a particular
configuration of the chain can be relaxed along more paths
of different configurations the more flexible the chain.
This might be also the reason why the Rouse-Zimm model,
which is also entropy driven, is rather successful in
describing these long wavelength modes. In the case of
the Soda—Berg model these factors are included in the
so-called stretching force constant, «, which is not a real
stretching force constant resulting from the rigidity of the
chain. A truestretching force constant would also increase
with decreasing ionic strength, leading to faster motions.
Instead, the Soda—Berg model « gives to first order, as will
be seen below according to eq 14, the required (in view of
the experimental results) inverse persistence length de-
pendence. These arguments demonstrate the importance
of ionic strength dependent measurements of internal
relaxation times in elucidating the nature of polymer
motions.

In discussing the amount of the slowing down of the
internal relaxation more quantitatively, we rely on the
ionic strength dependence of the persistence length. For
the Rouse-Zimm free-draining chain, the internal relax-
ation times may, as was done previously,'® be connected
with the persistence length of the chain via eqs 2 and 6.
One might look to eq 2 as a more general scaling equation
(which appears to be valid at least for DNA) between the
longest internal relaxation time, Rg and Dy, as suggested
by the relative amplitudes of internal and translational
modes at different ionic strengths in Figure 2. For the
major alternative to the Rouse-Zimm model, the Soda—
Berg model, the validity of this scaling can be strictly
shown. In the case of the Soda~Berg model, which as
discussed above appears to be fairly good in predicting
the experimental relaxation time peaks, the connection
between the internal relaxation times and the persistence
length seems not to be as simple as is suggested by eq 2.
But, as we now show, this relationship can be expressed
in a form similar to that of eq 2 for the Rouse-Zimm model.
Using the modified version of the Soda-Berg model, we
have for the first internal relaxation time, 7,

3y
F,(L,a,d)167%/L* + 47%/ L%

with  the solvent viscosity and ¢ and « the force constants
for bending and stretching, respectively. Fi(L,a,d) = F;-
(v,d) isan integral over the contour length L which depends
on the ratio y = L/a and the hydrodynamic diameter d of
the chain. The integral is given by Soda using the theory
of Fujii and Yamakawa. The ¢ and « are functions of tem-
perature, persistence length, and « also of v, according to
eqs 12-14. For (xkL?/4¢)1/2 3> 1 an expansion of the coth

= (11)

¢ = (3/2kpTa 12)

2\ 1/2 2
[3/2Wcoth ("L) (—é‘—z)l/z] (13)

term in eq 13 yields

K= T[l I (14)

Using the Fujii-Yamakawa result for the translational
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Figure 6. Effect of stiffness and hydrodynamic interaction on
the internal relaxation time. The function o(y,d) is displayed
for d = 2.0 nm (continuous line) and d = 2.5 nm (broken line).
The first value represents the crystallographic diameter of DNA
which has recently also been found in solution of short DNA
fragments.*2 The last value has also been reported for DNA in
solution to match hydrodynamic properties of DNA. Also
included in the figure is the function ¢1(y)/02(y) (dotted line)
which contains only the contribution of the stiffness. Clearly
this contribution is negligible. The dashed line represents
&(y,d) for d = 2.5 nm. The filled diamonds represent ¢(y,d) for
the DNA studied at the two ionic strengths.

diffusion coefficient
_ kpTFy(y,d)
0T 3qL

solving eq 6 for L2, and substituting these results and egs
12 and 14 into eq 11, we obtain

(15)

Rglo(v,d
7, = _%(y) (16)
7D,
where
Ul(y) ‘I’(y,d)
,d) = ————— 17
a(y,d) 20 (17
and
o,(y) = (236.868/y + 6y - 12)™! (17a)
1 1 1 1
=—--—t ———f1 - -
7) = gy 5 T gyl TR A7)
‘I’Q’yd) = Fo(y,d)/F1(y,d) (170)

In the limit of large y (the flexible limit), o1(3)/o2(y) — 1,
as required, and the free-draining Rouse-Zimm result is
obtained multiplied by the term ®(y,d), which results from
the hydrodynamic interaction. Thus, with vanishing
hydrodynamic interaction the free-draining Rouse~Zimm
resultis obtained (eq2). Applyingeq17to DNA, wenotice
that, after using a typical hydrodynamic diameter for DNA,
a(y,d) is only a weak function of y (Figure 6). Thus, given
the persistence length of 76 nm and the internal relaxation
time of DNA at an ionic strength of 0.2 M, the persistence
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Figure 7. Comparison of persistence lengths obtained from
dynamical properties for DNA at various ionic strengths com-
pared to those obtained by total intensity light scattering. The
data from total intensity light scattering (open squares) are taken
from Kam et al.® and corrected according to the procedure
described by Manning. The curve represents the best linear fit
whichis given by eq 18. The data of the present work are marked
by filled squares.

length of DNA at 0.01 M salt can be estimated from the
internal relaxation time using eq 2. It should be empha-
sized that, although this model is not completely consistent,
it can be used to rationalize the experimental results.

Our results can be compared with the predictions of the
ionic strength dependence of the persistence length
measured by different techniques or predicted by theory.
Experimental data, however, include contributions from
the combination of long-ranged excluded-volume effects
and the shorter ranged stiffening of the chain due to
electrostatic repulsion which governs the internal relax-
ation times. For this reason data on the ionic strength
dependence of the persistence length are contradictory
since excluded-volume effects have not been separated at
all®? from the electrostatic effect or have been separated
by different approximate procedures.3240 As a result, the
ionic strength dependence of the apparent persistence
length obtained for DNA depends on the molecular weight
used in the different studies. Manning?! has proposed a
procedure to derive more conclusive results from the
measurements. Reanalyzing the total intensity light
scattering data of Kam et al.,* Manning concludes that
the ionic strength dependence of the “true” persistence
length of DNA is given by

a [nm] = 31.7-21.8 log (c,) (18)

in the ionic strength range from 0.007 to 1 M.

Using Manning’s approach, we recognize that, for our
sample, the excluded-volume effect is minor, as expressed
by « (the expansion parameter for Rg) in Table I
Therefore, the true persistence length, a;, also included in
Table I, deviates only slightly from a. Finally, the derived
true persistence length, obtained from the internal re-
laxation time with Manning’s procedure, is in fairly good
agreement with that obtained from the total intensity data
of Kam et al.,*® as shown in Figure 7. Nevertheless, the
agreement is not expected to be perfect, since the procedure
is strictly valid only for linear chains. The excluded-
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volume effect in circular chains is likely to be larger than
estimated here for linear chains. However, since the effect
is small for a sample with this molecular weight, we would
not expect to obtain very different results if the chain
expansion were calculated using the excluded-volume
parameter of a circular wormlike chain.

V. Conclusions and Prospects

Our measurements on the dynamics of a circular DNA
clearly show the limitations of our current understanding
in the dynamics of wormlike chains. Static properties as
well as translational self-diffusion of these chains are well
represented by the existing theories, especially regarding
the differences between linear and circular chains. More-
over, the overall qualitative picture regarding the differ-
ences of the internal dynamics between linear and circular
chains is also well accounted for by the simple and well-
established Rouse-Zimm model as long as the stiffness of
the chain is included by a semiempirical approach.
However, when it comes to precise predictions of the
spectrum of the internal relaxation times or the whole
dynamic form factor, wormlike chain theories, although
they are better at predicting the internal relaxation times
than the Rouse-Zimm model, are far from being satis-
factory. The limitations of the existing theories are well
understood, but methods for overcoming them are not
evident. Brownian dynamics simulations, as already
performed on linear wormlike chains,?” are a promising
method to obtain more insight into the dynamics of circular
chains.

Ourresults indicate that further exploration of the ionic
strength dependence of the internal relaxation times in a
more systematic and complete way than was done in this
work would yield information of importance for under-
standing single-chain dynamics. DNA rings are more
suited for this purpose than linear chains since the time
separation of internal and translational modes has been
shown to be much larger for these molecules, making the
internal times more accessible to measurement. However,
the relatively low yield in the currently used techniques
for preparation of these DNA rings makes such extensive
experiments (as well as even more interesting studies in
semidilute solutions) very time consuming and expensive.
Overcoming these preparation difficulties would make
wormlike DNA rings powerful tools in expanding our
understanding of polymer dynamics.
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