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ABSTRACT: Dynamic light scattering-photon correlation spectroscopy (PCS) has been used to study 
the dynamics of a 2311 base pair (bp) superhelical plasmid DNA in dilute and semidilute solutions. In 
dilute solution, translational and rotationaVinternal modes could be resolved. Assuming that the DNA 
is a rigid rod, the translational diffision coefficient determined at infinite dilution gives cylinder 
dimensions consistent with a calculated length L of 230 nm and a diameter of 13.4 nm. If the rotational/ 
internal mode is interpreted as rotation of a rigid rod, the derived rotational diffusion coefficient is 
consistent with a shorter rod of a smaller length to diameter ratio. The dilute and semidilute regimes 
are clearly distinguished by a break in the concentration dependence of the mutual diffusion coefficient. 
The transition concentration, using the L given above, was found to lie at cLs between 3 and 5. In the 
semidilute regime, a slow mode was detected in addition to the main diffision mode. The relative 
amplitude of the slow mode increases with increasing concentration until it is the dominant mode in the 
DLS frequency distribution. The slow mode frequency decreases with increasing concentration. The 
characteristics of the slow mode are not in accord with those of the slow mode predicted by the spinodal 
decomposition theory of Doi, Shimada, and Okano (DSO) for stiff rodlike polymers. The observed mode 
is consistent with the formation of aggregates in the semidilute regime. The mutual diffusion coefficient 
in the semidilute regime shows a linear concentration dependence, which is in qualitative agreement 
with the predictions of the DSO theory. The slope of this linear concentration dependence, however, 
differs markedly from the theoretical prediction assuming a concentration-independent self-diffusion 
Coefficient. In addition, no deviation from quadratic scattering vector length dependence of the mutual 
diffusion mode, as predicted by the DSO theory, is observed. The rotational diffisiodinternal relaxation 
frequencies appear to  decrease with increasing concentration. However, the rather large scatter in the 
data (due to the relatively small contribution of this mode to the spectrum in the presence of the slow 
mode) prevented a quantitative comparison with existing theories. 

I. Introduction 

Much research is currently being conducted on the 
solution dynamics of rigid-rod macromolecules. In 
addition to their materials and biological importance, 
the strong interest in these systems arises from the fact 
that rigid-rod polymers are the simplest objects that 
exhibit entanglement in concentrated solutions. The 
influence of entanglements on the dynamics of polymers, 
both rigid and flexible, is one of the still largely unsolved 
problems in polymer science.l 

The Doi-Edwards t h e ~ r y , ~ ? ~  which evolved from the 
reptation concept for flexible molecules,4~5 has been used 
with limited success to describe the dynamics (primarily 

Present address: Max-Planck-Institute for Polymer Research, 

@ Abstract published in Advance ACS Abstracts, December 15, 
Ackermannweg 10, D-55128 Mainz, Germany. 

1994. 

0024-929719512228-0661$09.0010 

the rotational relaxation) of rigid rods in semidilute 
solutions. Later refinements of this theory have led to 
better agreement with experimental observations,6 al- 
though considerable discrepancies still remain. 

Theories for the dynamics of concentrated rodlike 
particle solutions rely on the caging concept-the con- 
finement of a probe rod in a cage of neighboring rods. 
In the original Doi-Edwards theory (DE) the cage is 
completely closed over an extended period of time and 
the infinitely thin rod can only escape by diffusion along 
its long axes. Within the cage, the rod performs small- 
angle rotations. The theory assumes a constant self- 
diffusion coefficient, which is half the infinitely dilute 
value. The theory predicts an inverse square concen- 
tration dependence of the rotational diffision coefficient 
in the semidilute regime. An extension of DE by Doi, 
Shimada, and Okano (DSO) includes excluded-volume 
effects and a nematic interaction between  rod^.^-^ The 
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diffusion coefficient predicted by DSO, as well as the 
appearance of a slow mode mentioned above, were 
confirmed in three recent PCS studies.1iJ2p21 On the 
other hand, although there is some evidence for the 
deviation from the q2 dependence that is predicted by 
DSO,~OJ~~ the relative amplitudes of slow and fast modes 
do not appear to agree with the predictions of this 
theory. In addition, the slope of the straight line in the 
plot of the diffusion coefficient that is extracted from 
the PCS data versus concentration does not agree with 
the DSO prediction, if the DE assumptions about the 
translational self-diffusion coefficient in the semidilute 
region are used. Thus, DSO gives a qualitatively correct 
picture of some of the broad features of the experimental 
data but gives poor quantitative predictions on the 
systems studied to date.l1pZ1 

One uncertainty in the interpretation of experimental 
results is the polydispersity of the samples that are 
usually studied. To make the test of existing theories 
as stringent as possible, attempts have been made to 
exclude this uncertainty by performing experiments on 
a well-defined monodisperse homologous series. The 
DNAs are rather stiff molecules that can, at  least as 
far as molecular weight is concerned, be prepared in 
monodisperse form. Different conformations including 
linear, relaxed circular, and superhelical forms of the 
same molecular weight can often be studied. We expect 
that the superhelical form of a 2311 base pair (bp) 
plasmid DNA would be relatively stiff and rodlike. It 
is also long enough so that both translational and 
rotational motion of the molecule can be observed by 
polarized PCS. This superhelical DNA and ones of 
comparable length have been used for PCS and TEB 
studiesls in dilute solution earlier and have been 
regarded as rigid rods. As discussed below, our more 
extended results in dilute solution suggest that there 
are some ambiguities concerning the structure of this 
superhelical molecule. Nevertheless, even though it 
might have some shape irregularities or flexibility, this 
DNA is relatively elongated and stiff and constitutes 
an excellent model system for studying entanglements 
in nondilute solutions. It is also, of course, of interest 
as a representative of an important class of biological 
macromolecules. 

11. Theories of Rod Dynamics 
2.1. Rigid Rods at Infinite Dilution. Neglecting 

rotational- translational coupling, the molecular dy- 
namic structure factor S(q, t )  can be written asz6 

self-diffusion coefficients are treated as adjustable 
parameters in this theory. Based on these assumptions, 
the DSO theory predicts that the cooperative diffusion 
coefficient that is obtained from the initial decay of the 
intensity autocorrelation function in a DLS experiment 
is scattering vector length dependent. Furthermore, the 
cooperative diffusion coefficient should show a linear 
dependence on concentration in the semidilute regime. 
DSO also predicts the appearance of a slow mode in the 
DLS autocorrelation function that should be evident 
near the theoretical nematic transition. The relative 
contribution of the slow mode should, after it becomes 
apparent, decrease upon further increasing the concen- 
tration. Slow modes have been observed in semidilute 
solutions of rodlike molecules by various authors 
previously.10-12 DSO predicts the appearance of these 
modes in uncharged polymer solutions and gives quan- 
titative and testable predictions of their features. 

Objections to DE and related theories like DSO 
originate from Brownian dynamics simulation results 
on rodlike particles in semidilute  solution^.^^-^^ On the 
basis of such simulations, Fixman proposed an ad- 
ditional mechanism for the rotational relaxation of the 
probe rod, which for short time periods should dominate 
over the DE mechanism.15 Fixman argued that simul- 
taneous small-angle rotations of neighboring rods could 
allow rotational relaxation of a probe rod. In this 
picture, the cage also could open up more frequently and 
the probe rod could escape via lateral translation much 
more easily. In essence, in the Fixman model, the probe 
rod is less confined by the cage than in DE. Further- 
more, the dependence of the rotational diffusion coef- 
ficient 0 on concentration c is 0 - c - l  in the Fixman 
formulation. This is weaker than the c - ~  dependence 
of DE. 

Brownian dynamics simulations by Bitsanis et al . I3J4  
in moderately concentrated solutions support the Fix- 
man model for the rotational diffusion. They also show 
that the transverse translational self-diffusion, although 
hindered by neighboring rods with increasing concen- 
tration, does not approach zero over the concentration 
range studied (this range is representative of that in 
most experimental studies). The freezing of the trans- 
lational diffusion perpendicular to the long axes of the 
rod seems to occur at  much higher concentrations in 
these simulations than in DE. At these higher concen- 
trations, however, anisotropic phases are observed in 
experimental systems.16J7 

Transient electric birefringence (TEB),18-20 dyna- 
mic light scattering-photon correlation spectroscopy 
(PCS),10J1J8$21-25 and holographic grating relaxation 
(HGR) (also called forced Rayleigh scattering) studies12 
on semidilute solutions of rodlike molecules have been 
used to test the predictions of the various theories. The 
HGR study, which monitors the self-diffision coefficient, 
clearly shows that the self-diffusion coefficient of a short 
rodlike, double-helical DNA fragment gradually drops 
with increasing concentration in the semidilute regime, 
similar to what is seen in the Brownian dynamics 
simulations for hard rods. This finding indicates that 
one of the assumptions that is used in DE and in a 
version of DSO-that the self-diffusion coefficient be- 
comes independent of concentration in the semidilute 
region-does not hold. This assumption is, however, not 
critical for the further predictions of some of the theories 
such as DSO, which, in the general case, treat the self- 
diffusion coefficients as parameters. Indeed the linear 
concentration dependence of the cooperative or mutual 

with DO the translational self-diffusion coefficient 

and 01 the rotational self-diffusion coefficient around 
an axis which is perpendicular to the long axis of the 
rod.27 The weights SO and SI are functions of the 
product of the scattering vector length q and the rod 
length L. They have been calculated by Pec~ra .~ '  
Basically, at  low qL all of the intensity is in the first 
term. The time decay of this term depends only on the 
translational diffusion coefficient, while at higher qL the 
second exponential also becomes important, allowing 
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extraction of the rotational diffusion coefficient from the 
data. Corrections to eq 1 due to translational-rota- 
tional coupling of long rods have been computed by 
several a ~ t h o r s . ~ ~ - ~ O  They lead to  lower amplitudes in 
the faster mode and faster apparent rotational relax- 
ation times. The translational diffusion also appears 
to speed up. In order to obtain an appreciable contribu- 
tion of translational-rotational coupling in dilute solu- 
tion, however, the axial ratio of the rod must be high. 
In such a case DI and Dll are very different and the 
coupling is strong. In semidilute solution the coupling 
is likely to become stronger since DI could be severely 
decreased due to interrod interactions. 

For rigid molecules the diffusion coefficients in eq 1 
can be calculated from hydrodynamic theories. For 
ellipsoids of revolution, for instance, this has been done 
by P e r r i ~ ~ . ~ ~  For cylinders or rods, however, the func- 
tions show singularities a t  the ends of the cylinder. In 
the approach of Tirado and Garcia de la Torre this 
difficulty is circumvented by replacing the rod by stacks 
of rings constructed from a number of Using 
a rigorous version of the Kirkwood-Riseman theory,34 
Garcia de la Torre et al. give a method for calculating 
the transport coefficients of any assembly of beads by 
solving eq 3 for the frictional force Fi of bead i.35,36 

N 
(3) 

where 6 is the frictional coefficient of a bead and uj and 
vj" are respectively the velocity of bead j and the 
unperturbed velocity of the solvent at  the center of this 
bead. The SGS are the 3 x 3 blocks of the inverse of a 
3N x 3N super matrix Q (S = Q-l) which depends only 
on the coordinates R of the N beads through eq 4. 

(4) 

Here 6, and I are the Kronecker delta and the three- 
dimensional unit tensor, respectively. The T$ are the 
elements of the modified hydrodynamic interaction 
tensor formulated by Rotne and Prager,37 and Ya- 
m a k a ~ a ~ ~  that is defined by 

Q, = 6,I + (1 - 6,)t T, 

where b is the bead diameter and 7 the solvent viscosity. 
Equation 5 is valid for nonoverlapping beads R,  > b. 
The hydrodynamic properties of the object are defined 
by the translational St, coupling and rotational So,r 
friction tensors given by 

N N  

N N  

N N  

(7) 

In the rigid-body approximation, these quantities can 
be obtained solely from the coordinates of the beads by 
inversion of the super matrix Q. In eqs 7 and 8 the cross 
x denotes a dyadic product, and the coupling and 
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rotational friction tensors depend on the origin of the 
center of coordinates as indicated by the index 0. From 
eqs 6-8, the transport coefficients can be calculated 
using the bead subunit model from eqs 11-18 of ref 35. 

From the special case of rigid rods, simple expressions 
for the diffision coefficients may be obtained by ex- 
trapolating the results of bead size - 0 and letting the 
number of beads - w. It is found that DI,  DII, and 01 
can be expressed as functions of the axial ratio e = L/d ,  
where L is the length and d the diameter of the rod. 

(11) 

In eqs 9-11, kg is the Boltzmann constant, T is the 
absolute temperature, and VL, YII, and 61 are "end-effect 
corrections", which can be expressed as polynomials in 
e as follows: 

(12) 

yII = -0.207 + 0.980/~ - 0 . 1 3 3 1 ~ ~  (13) 

6, = -0.662 + 0.917/~ - 0.050/e2 (14) 

Equations 9-14 have been used with great success by 
Eimer et al. to determine the axial ratio of rodlike 
oligonucleotides in solution from rotational and trans- 
lational diffusion  coefficient^.^^ In particular, it was 
shown that a single diameter, which is the same as the 
one determined by X-ray scattering methods on DNA 
fibers, is sufficient to reproduce the dynamics of a series 
of oligonucleotides. The approach summarized in eqs 
3-8 is used in section 4.3 to  compute translational and 
rotational diffision coefficients for irregular shapes. 

2.2. Virial Regime for Rods. Equations 9-14 give 
expressions for the translational and rotational self- 
diffusion coefficients of a rigid rod at  infinite dilution. 
Light scattering usually measures the mutual diffusion 
coefficients, which are equal to the self-diffision coef- 
ficients, in general, only at  infinite dilution. Because 
of the difficulties of treating the many-body problems 
involved in their computation, a macroscopic point of 
view starting with the phenomenological transport 
equation is usually adopted. In this picture, the mutual 
(translational) diffusion coefficient D ,  is expressed in 
terms of frictional and thermodynamic  contribution^^@.^^ 

D, = (M/Nfic,))(l - vs)(aW*,), (15) 

with M the molecular weight, NA Avogadro's number, 
cw the polymer weight concentration, and vs the specific 
volume of the polymer. The function flc,) is the 
concentration-dependent friction coefficient and (am 
a C w ) ~  the concentration derivative of the osmotic pres- 
sure. The friction coefficient that appears here is the 
same as that for sedimentation. It is, except at  infinte 
dilution, not generally equal to that for self-diffusion. 
Virial expansion of the osmotic pressure and power 
series expansion in the concentration of the friction 
coefficient connects the mutual diffusion coefficient to 
the infinite-dilution self-diffusion coefficient DO accord- 

v, = 0.839 + 0.185/~ + 0.233/e2 
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weaker c-l dependence in the Fixmanls model described 
in the Introduction. 

The DS07-9 approach relies on the same picture as 
DE. However, the self-diffusion coefficients are gener- 
ally regarded as adjustable parameters. Interactions 
other than entanglement are accounted for by a nematic 
interaction potential. The theory predicts an isotropic 
to nematic phase transition. In the isotropic phase, the 
cooperative diffusion coefficient DmP, defined by the first 
cumulant Tc of the dynamic structure factor, is found 
to be 

ing to eq 16 

and 

(17) 

A2 is the osmotic second virial coefficient, which can be 
calculated for uncharged hard rigid rods and experi- 
mentally determined by total intensity light scattering. 
Ishihara derived the most general form for A2 for hard 
rods41 

where 

S = z @ l + -  3 + n  ' [  2Q +%I (19) 

The diameter d of the rod in this case is strictly a 
geometric diameter, which might be different from the 
hydrodynamic diameter. However, Eimer et al.39 indi- 
cate that they are likely to be the same for DNA. 

For the linear coefficient in the concentration expan- 
sion-of-the friction-weacient, kf, Eeterson?2 has deriwd- 
the expression 

(20) 

A modifed form of the Peterson expression has been 
given by Itou et al.43 These expressions give similar 
predictions for kf and are in agreement with measure- 
ments on PBLG in dimethylformamide by Tracy and 
Pecora." For charged systems like DNA in water-based 
buffers, however, available experimental results indi- 
cate poor agreement.l' From eqs 15-20, the concentra- 
tion dependence of the mutual diffusion coefficient in 
the virial regime for uncharged rigid rods can be 
calculated from the infinite-dilution self-diffision coef- 
ficient. In the semidilute regime, where the rods are 
highly entangled, new concepts are required to describe 
the rod diffusion. 

2.3. Rigid Rods in the Semidilute Regime. Theo- 
ries for the rotation and translation of rodlike particles 
in the semidilute regime have been briefly reviewed in 
the Introduction. We present here some of the main 
quantitative results that are used in our analyses in 
sections IV and V. 

The Doi-Edwards theory postulates a microscopic 
mechanism for self-diffision and then derives the 
resulting consequences for observable properties like the 
dynamic structure factor. In the original DE, complica- 
tions due to interactions among the rods other than 
entanglement are ignored. According to the DE postu- 
lates, perpendicular translational diffusion (see eq 9) 
is completely frozen, while parallel diffusion is unaf- 
fected by concentration increases and remains at  its 
infinite-dilution value (eq 10). Due to caging from 
neighboring rods, the rotational diffision coefficient 0, 
of the long axis of a rod in the semidilute region is 
related to that a t  infinite dilution by 

0, = #?0,/c2L6 (21) 

where #? is a prefactor of order 1-10 and c the number 
density. This result should be compared with the 

Dcoop = rJq2 = (1 + &/c*)D,[l + B(c) (qL>'I (22) 

and 

(23) 

in dilute solution (24) 

B(c)  = 
11 2c - -(- + -) 
9 5  c * + &  

in concentrated solution (25) 

c* = 16/ndL2 = UA, (26) 

The self-diffision coefficients in eq 23 have been 
indexed to indicate that they are adjustable parameters. 
They are, in general, concentration dependent and 
therefore are likely to differ from the ones calculated 
from eqs 9 and 10. The most pertinent results of DSO 
to  our work are the linear concentration dependence of 
Dcmq in the q - 0 limit and its q2 dependence in the 
semdilute region. In the work of Goinga and Pecora,ll 
DCmp has been identified with D ,  from eq 16. 

Close to the spinodal decomposition, the DSO theory 
predicts the appearance of a slow mode. The relaxation 
frequency r, of this mode is given by 

D,,Bq2(c* + &)(15 + 4a) 
45c* (27) rs = 

The ratio of the amplitudes of the Ts mode to the rc mode 
is 

AJA, = /3/a (28) 

a and /3 (a < #?) are the solutions of the following 
quadratic equation: 

28(& + c*).X2 - 15(4c* - 6 7 ~ ) ~  - 315(~* - C) = 0 
(29) 

2.4. Modeling Superhelical DNA as a Rigid Rod. 
Since typical scattering vector lengths in light scattering 
experiments are on the order of several nanometers, the 
local superhelical structure of the plasmid DNA will not 
be directly observed and we can model the DNA as a 
more smooth structure. We assume that the DNA forms 
a resultant structure that may be approximated by a 
rigid cylinder of length L and diameter d. In order to 
calculate the dimensions of an equivalent rigid cylinder 
for superhelical DNA, we start with the general helix 
equationu which expresses the length of one helical turn 
as a function of diameter and pitch, 
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L,’ = 4 2 r 2  + p2 (30) 

where LH is the length of one helical turn, r the radius, 
and p the pitch of the helix. If we substitute r by the 
pitch angle ap with 

tan(up) = rlu (31) 

and 

p = 2nu (32) 

we obtain for the pitch to helix length ratio 

(33) 

Identifylng the contour length of the cylinder that is 
equivalent to the superhelical DNA with nep and the 
total helix length = n&H with half the contour length 
of the circular DNA, Ll, we have 

(34) 

where ne is the number of helical turns in the molecule, 
nb the number of base pairs, and 1 the average distance 
between base pairs. The rod length can be calculated 
from nb, I, and ap,  which are known for our particular 
DNA. 

In order to calculate the diameter d of the equivalent 
rod, one has to  recognize that 

(35) 

where do represents the diameter of the relaxed DNA. 
Substitution of eqs 31-35 into the helix equation (30) 
leads to 

nAL, = L,l2 = (nb - 1)1/2 

d = 4r + do 

I sin(up) 

nt?c 
d = ( n b  - 1) + do (36) 

To solve eq 36 ford, the number of (superlhelical turns, 
ne, for the DNA must be known. This can be obtained 
from the superhelix density-the number of superhelical 
turns per base pair, db, of the molecule. This quantity 
is known for DNA from unwinding experiments of 
superhelical DNA by intercalation of ethidium bro- 
mide.45 The number of superhelical turns is then given 
by 

(37) 

where nh is the number of base pairs for one turn. 
Substituting ap = do = 2 nm, nb = 2311,1= 0.346 
nm, d b  = 0.079,47 and nh = 10 into eqs 33, 36, and 37, 
we obtain the equivalent rod dimensions: length L = 
230 nm and diameter d = 13.4 nm. If a smaller pitch 
angle (45”) is assumed, then L = 283 nm and d = 12 
nm. In the following, we use the results derived with 
the larger pitch angle, which appear to be in somewhat 
better agreement with experiment. 

111. Materials and Methods 
3.1. Sample Preparation. The 2311 bp superhelical 

plasmid DNA was prepared in our laboratory with a modified 
procedure of one that was described e l s e ~ h e r e . ~ ~  The second 
alkaline precipitation was performed with a 7.5 M ammonium 
acetate solution (pH 7.5).49 The precipitation on and elution 
from glass powder was replaced by DNAse-free RNAse treat- 
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ment followed by a double (or step gradient) density dye 
centrifugati~n.~~ From a 2-L culture, 300 pg of 2311 bp DNA 
was obtained. The plasmid was checked for impurities with 
gel electrophoresis on a 1% agarose gel. In all cases a single 
band was observed on these gels. For the dynamic light 
scattering experiments the plasmid was dissolved in TE buffer 
containing 0.15 M sodium chloride. The solution was dialyzed 
against the same buffer and then centrifuged at 20 000 rpm 
to remove dust. The upper part of the solution was then 
transferred to a carefully cleaned and dust-free scattering cell. 
All samples were determined to  be “dust free” by observation 
of the laser beam in the sample with a 5 x  magnification 
microscope, as described previou~ly.~~ After the solution was 
directly poured into the scattering cell, it was again centrifuged 
at 4000 rpm. Different concentrations were prepared by 
diluting the sample with buffer directly in the scattering cell. 
When the cell was almost full and a slow mode could not be 
detected (see below), a small amount of the sample was filtered 
through 0.45-pm Millipore filters into a second carefully 
cleaned and dust-free scattering cell. Subsequent dilutions 
were carried out in this cell. This procedure was used because 
of the small amounts of sample available and the fact that 
the most concentrated samples (above about 1 mg mL-l) did 
not pass through 0.45-pm filters. It should be emphasized, 
however, that the slow mode (see below) disappeared upon 
dilution before filtration. The concentrations were determined 
by weighing the samples before and after dilution and by 
measuring the U V  absorption of the last concentration. When 
the sample did not pass the dust check after dilution, it was 
refiltered. Gel electrophoresis was repeated several times 
during the PCS measurements to check for degradation of the 
plasmid. No degradation products were observed over the time 
period of the light scattering experiments (approximately 1 
month). 

3.2. Photon Correlation Experiment and Data Treat- 
ment. The correlation functions were measured with a 
BI2030 correlator from Brookhaven instruments with linear 
time channels. For higher concentrations the limited time 
range was not sufficient to measure the whole decay of the 
function. Therefore, several measurements with different time 
increments were taken and spliced. The time increment for 
the first measurement was chosen in such a way that 
measured and calculated base lines agreed within 0.1%. The 
next correlation function was then taken with a factor of 4 
smaller time increment. The procedure guaranteed an overlap 
of NO = NCl4 points. NC is the number of channels of the 
correlator, which was 128. As long as the time increments 
were above 1 ps another correlation function was measured. 
In most cases up to four correlation functions were spliced. 
As mentioned above, up to four correlation functions were 

spliced. The data were not normalized prior to splicing. For 
the normalization the calculated base line of the correlation 
function with the largest sample time increment was used. 
Starting with the correlation function with the smallest sample 
time, the time overlap of this function with the one which had 
the factor of 4 larger sample time was determined. The first 
function was extrapolated for the times determined by the time 
of the channels of the next function by a cubic spline in the 
overlap region. Using the method of least squares, a two- 
parameter fit with the extrapolated values of the correlation 
function yl(tz(i))  was performed according to 

:(,yzCi2(i)l - uyl(tz(i)) + b)’ =minimum 

yz(tz(i)) represents the correlation function at the time of the 
second correlation function tz(i) of channel i in the overlap 
region. a and b are the parameters to be determined. Finally 
the new points y,(i) of the first correlation function which are 
not in the overlap region are calculated from the old ones yo(i) 
according to 

i = l  

y,(i) = ~ y & i )  + b 

The points of the first correlation function are discarded 
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Figure 1. Spliced, normalized second-order autocorrelation 
function (g2(q,t)) for the 2311 bp superhelical DNA. B repre- 
sents the calculated base line. The scattering angle was 57" 
and the concentration 3.8 mg mL-' at a temperature of 20 "C. 
The figure shows four separately measured correlation func- 
tions with sample times of 2,8,34, and 137 ps that have been 
spliced. The residuals, which are shown in the lower part of 
the figure, are calculated from the extrapolated value for gz- 
(q,t) of function i and the actual values of function i + 1. They 
are therefore only defined in the time overlap region between 
two functions. See the text for more details about the splicing 
procedure. 

starting at the second point of the following function. The 
points of the second correlation function starting from the 
second point to the end are appended to the y,(i) of the first 
function. The next cycle starts with this new function as the 
first function appending the next with larger sample time in 
the same way as before (see Figure 1). 

The spliced correlation functions were finally analyzed by 
CONTIN to obtain a frequency distribution. The chosen 
solution according to the original criterion by Provencher was 
 sed.^^,^^ CONTIN was first run with frequency limits given 
by the first and last points (base-line channels excluded) of 
the correlation function. The frequency distribution was 
calculated for 40 grid points. When the distribution was zero 
at more than one grid point at the ends, the frequency limits 
were narrowed and a second Laplace inversion was performed. 

Iv. Results 
4.1. Correlation Functions and Frequency Dis- 

tributions. A typical normalized, spliced intensity 
autocorrelation function for superhelical DNA is dis- 
played in Figure 1. For the highest concentration 
measured (3.8 mg mL-', cL3  = 33.3) the decay spans a 
time range of 5 orders. The splicing, as judged by the 
residuals in the overlap region of the different spliced 
functions and the fact that there were no discontinuities 
between different segments of the correlation function, 
appeared to be successful. 

For different concentrations, frequency distributions 
as a function of scattering angle were obtained using 
CONTIN. The concentration dependences of the fre- 
quency distributions a t  two different scattering angles 
are shown in Figures 2 and 3. The general features of 
the distributions are the same for both scattering angles. 
In dilute solutions, ranging up to 1 mg mL-l we observe 
essentially two processes. The main peak can be 
attributed to the translational diffusion of the molecule 
since it is proportional to q2. A smaller peak which 
increases in importance with increasing scattering 
vector length is due to rotational and/or internal motions 
of the molecule. For concentrations higher than 1 mg 
mL-l, we observe an additional slow mode in the 
frequency distributions. The contribution of the slow 
mode to the total relaxation increases with increasing 
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Figure 2. Frequency distributions as functions of concentra- 
tion. The concentrations from top to bottom are 3.8, 2.6, 1.6, 
1.1, 0.20, and 0.06 mg mL-l. The corresponding correlation 
functions have been collected at a scattering angle of 57" and 
a temperature of 20 "C. 
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Figure 3. Frequency distributions at a scattering angle of 
90" as functions of concentration. The concentrations and the 
temperature are the same as those in Figure 2. 
concentration as clearly seen in Figures 2 and 3. The 
different modes are well separated in most of the 
frequency distributions obtained. 

4.2. Translational and Rotational Dynamics in 
the Dilute Regime. The dimensions of the plasmid 
DNA in dilute solution can be determined from the 
rotational and translational relaxation times obtained 
from the DLS frequency distributions. Taking the two 
lowest concentrations and averaging over different 
angles, we obtain the values for the translational 
diffusion coefficient and the rotational relaxation time 
that are included in Table 1. A comparison with the 
hydrodynamic theory of Tirada and Garcia de la T ~ r r e ~ ~ ~ ~  
(TG) for rigid rods, eqs 9-14, is also included in this 
table. Estimating the rod dimensions of the superhe- 
lical plasmid from the superhelix parameter for DNA, 
we find that the translational diffusion coefficient is in 
excellent agreement with the theories for rodlike par- 
ticles in solution. The rotational relaxation time, how- 
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Concentrations 
Table 1. Translational and Rotational Diffusion at Low 

conc (mg mL-l) DO x lo8 (cm2 s-l) 
0.062a 5.7 f 0.1 61 f 21 
0.103" 5.6 f 0.2 84 f 26 
Tiradob 5.6 254 
BroersmaC 4.9 275 

t = (60&l hs) 

a Averaged over different scattering angles. * Theoretical infinite 
dilution values calculated from the expected dimensions for an 
equivalent rod and eqs 9-14. Theoretical infinite dilution values 
calculated from the expected dimensions and the eqs in ref 57 
corresponding to eqs 12-14. 

1 J 

t i 

U d  
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Figure 4. Determination of the axial ratio for the superhelical 
DNA assuming the rigid-rod model of Tirado and Garcia de la 
Torre (eqs 9-14).32J3 The contour length L is calculated as a 
function of the axial ratio L l d  for the measured translational 
(upper solid curve) and rotational (lower solid curve) diffusion 
coefficients. The intersection of these curves gives L ld  and L 
that are consistent with both measurements. The dashed lines 
represent the curves calculated if the diffusion coefficient 
values at the extremes of the error bars are used. The L i d  
are between 1 and 3, values much lower than expected from 
calculations based on X-ray data for superhelical DNAs. 

ever, is too fast by a factor of about 3. We can reverse 
this procedure and use the values of the translational 
and rotational diffusion coefficients to predict the 
dimensions of a hydrodynamically equivalent rod. To 
do this, we calculate the contour length L of the rod as 
a function of the axial ratio Lid using TG and our 
measured translational and rotational diffusion coef- 
ficients. For each of these diffusion coefficients we 
obtain a function. The two resulting functions are 
shown in Figure 4. The curves intersect at  the point 
LdxP which is consistent with both diffusion coefficients. 
We obtain hydrodynamic dimensions of length of 100 
f 10 nm and an axial ratio of 1-3 by this procedure. 

It should also be mentioned that the measured 
rotational and translational relaxation times are in good 
agreement with values obtained by Langowski et al. for 
several plasmids with larger numbers of base  pair^.^^^" 
Figures 5 and 6 show the molecular weight dependence 
of the translational diffusion and rotational diffusion 
coefficients, respectively, for different plasmids. Our 
plasmid, which lies at  the lower end of the molecular 
weight scale, fits in nicely with the curves presented 
by Langowski. A similar rotational relaxation time for 
the 2311 bp plasmid was also measured earlier by 
Lewis, Huang, and Pecora.18 They found an apparent 
hydrodynamic radius a t  a scattering angle of 90" of 16 
nm for the faster process which compares well with the 
14 nm we obtain. The hydrodynamic radius of 38 nm, 
calculated from the translational diffusion coefficient 
of the plasmid, agrees also with the empirical rela- 
tion between sedimentation constants and molecular 
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Figure 5. Molecular weight dependence of the translational 
diffusion coefficient. The open squares represent data taken 
from refs 53 and 54. The solid square represents the diffusion 
coefficient for the 2311 bp superhelical DNA. 

0 

0 

L . . e . . .  , . . I . .  t -  

Number of Basepairs 
3000 4000 5000 7000 9000 

Figure 6. Molecular weight dependence of the rotational 
diffusion coefficient. The meaning of the symbols is the same 
as in Figure 5. 

weights.55 With the sedimentation constant and the 
Svedberg equation, we would calculate a radius of 40 
nm. 

4.3. Hydrodynamics of Simulated Rigid Shapes. 
There are several possible explanations for these results. 
First, the plasmid might not be rodlike. In fact electron 
micrographs from longer superhelical plasmids clearly 
show that the molecules are not rodlike. Instead one 
observes kinks and loops coming out of the long axis of 
the molecule.ls To mimic such a structure, we used the 
procedure of Tirado and Garcia de la Torre (summarized 
above in eqs 3-8) to calculate hydrodynamic properties 
of rigid bodies. Rings of four touching beads were 
generated and then assembled in various irregular 
shapes (Figure 7). As a test of the procedure, a rigid 
rod was generated by stacking four-membered rings on 
top of each other. As can be seen from Table 2, the 
calculated translational and rotational diffusion coef- 
ficients of the test rod are close to the ones predicted 
by eqs 9-11. In fact, Tirado and Garcia de la Torre used 
the same procedure and extrapolated the bead size to 
zero (number of beads - -1 to obtain the given equa- 
tions. 

It is evident from Table 2 that these irregular shapes 
produce rotational diffusion coefficients which are much 
closer to the experimental ones. However, this agree- 
ment can only be achieved by a simultaneous deviation 
of the calculated corresponding translational diffusion 
coefficient from the experimental value. This discrep- 
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Figure 7. Generated shapes to simulate the hydrodynamics 
of superhelical DNA. All shapes are built from stacked four- 
membered rings consisting of touching beads. (The bead size 
in the figure is not the one actually used.) Shape c is a rigid 
rod. The others are generated from this shape by rotating 
parts of the rod and attaching them on the sides. For more 
details see the description in Table 2. 

Table 2. Translational and Rotational Diffusion of 

structure descriptiona hydrodynamics 

Irregularly Shaped Objects 

offset 1 offset 2 bn 1 bn 2 DO x lo8 (cm2/s) @ (ps) rgC (ps) 

112 8112 1 4 6.08 200 250 
112 8112 1 3 5.89 217 273 
0 0 1 3  5.92 198 394 
10 32 1 4  7.70 121 65 
10 32 1 3  6.41 141 260 
0 0 0 0  5.80 336 99 

The starting rod structure consists of 62 stacks of rings formed 
by four touching beads with a diameter of 1 nm. It is the last 
structure in Table 2 and is described by offset 1 = offset 2 = bn 1 
= bn 2 = 0. The first ring is placed in the xy plane with 
coordinates O,O,O for the center of the ring. The z coordinates of 
the following stacks are then incremented by 1 (ranging therefore 
from 0 to 61). 10 stacks are now taken from this structure and 
rotated by 90" around they or x axes, and the center of the lowest 
stack is then attached at a z coordinate which is given by offset 1 
and is oriented along the line which is defined by (O,O,offset 1) 
and (xy,offset 1). The x and y coordinates are taken from bead 
number bn 1 plus one bond length. Another 10 stacks are treated 
in the same way. Their coordinates are defined by offset 2 and 
bn 2. All resulting structures consist of a central rod formed by 
42 stacks and two arms each of 10 stacks. The positions of the 
arms along the central rod are defined by offset 1 and offset 2. 
For each structure there exists a cis (bn 1 = 1, bn 2 = 4) and a 
trans configuration (bn 1 = 1, bn 2 = 3). The configurations 
described bybn 1 = 2 and bn 2 = 3 or bn 1 = 1 and bn 2 = 2 are 
all cis conformations and equivalent to bn 1 = 1 and bn 2 = 4. 
* Long axis orientation. Calculated from the trace of the rota- 
tional diffision tensor. 

ancy has been observed by other authors who have 
studied superhelical DNAs with similar numbers of base 
pairs. It is possible that some internal mode of motion 
is contributing to the scattered light time correlation 
function, although our present data are insufficient to 
draw any further conclusions. 

4.4. Evidence for Two Hydrodynamic Regimes. 
The clearest evidence for two different hydrodynamic 
regimes comes from a plot of log(DID0) versus 10g(cL3) 
shown in Figure 8. DO was determined by extrapolating 
the five lowest concentrations to zero. The contour 
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Figure 8. Concentration dependence of the mutual diffusion 
coefficient (log-log plot). The lowest concentration data point 
corresponds to  0.06 mg mL-l and the highest to  3.8 mg mL-'. 
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Figure 9. Concentration dependence of the mutual diffision 
coefficient. Determination of the power law. 

length L was assumed to be the value calculated from 
the rod model for superhelical DNA presented in section 
2.4. A dramatic change in slope in the region cL3 = 3-5 
is observed. We take this region to locate the boundary 
between the virial and semidilute regimes. Moreover, 
in this boundary concentration region, the slow mode 
begins to appear in the measured correlation functions. 
From the slope of the straight line of the log-log plot 
in Figure 8, we determine a scaling exponent of 0.30 f 
0.01 for the concentration dependence of the mutual 
diffusion coefficient in the semidilute regime. This 
value of the exponent is much lower than experimen- 
tally found and also theoretically predicted from scaling 
theories for flexible polymers. The occurrence of the 
beginning of the semidilute regime at cL3 from 3 to 5 is 
in reasonable accord with (although somewhat lower 
than) values found for other rodlike systems.l 

4.6. Concentration Dependence of the Mutual 
Diffusion Coefficient. The scaling exponent of 0.30 
for the concentration dependence determined in the 
previous section does not contradict the linear concen- 
tration dependence predicted by the DSO theory. The 
scaling approach stands on different physical grounds 
than DSO. In fact, the scaling approach is unphysical 
in the sense that extrapolated to zero concentration the 
diffusion coefficient becomes zero. The DSO theory, 
however, leads to DO for infinite dilution. In order to 
test the concentration dependence predicted by DSO (eq 
221, a plot of log (DIDO - 1) versus 10g(cL3) was made. 
Such a plot is shown in Figure 9 for the points in the 
semidilute regime. The exponent determined is practi- 
cally 1, and the intercept of the DIDO versus cL3 line is 
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Table 3. Concentration Dependence of Mutual Diffusion 
Coefficients 

exponent semidilute 1.1 f 0.1 (slope of line in Figure 9) 
intercept semidilute 1.0 f 0.1 (intercept in Figure 9) 
k semidilute 0.058 f 0.009 
kD semidilute" 273 f 44 cm3 g-' 
kD dilute" -130 f 82 cm3 g-' 
k+ diluteb -1242 8 
k+ semidiluteb 26 f 4 
k+ semidilute 236c 3 1 f 2  
k+ semidilute PBLff 10 f 1 

-3 f 3 
k+ dilute 2311f 225 f 52 
km diluk PBLCP 

" kD = kNpL3/M. km = k&f/(NAVh). This k+ was determined 
for a 236 bp linear DNA by Goinga and Pec0ra.l' The value of kf  
here is different from that reported by Goinga and Pecora. The 
reason is that they used the volume of a sphere determined by 
the hydrodynamic radius n in order to compare their results with 
those for more flexible polymers. Here we use the volume of a 
rod. The advantage is that a possible flexibility of the molecule 
would result in a much higher value fork+ calculated in this way. 
One can convert the Goinga and Pecora k i  into k+ by k+ = 3Ld2ki/ 
(16n3).  This km was obtained for PBLG by Tracy and Pecora in 
the semidilute regime." The k+ for this neutral polymer is at least 
a factor of 3 smaller than for charged molecules like DNA. e This 
k+ was obtained for PBLG by Tracy and Pecora" in the dilute 
regime. fThe 2311 bp linear DNA is a semiflexible molecule. 
Therefore, k+ is much higher than for stiffmolecules, if we assume 
the hydrodynamic volume can be calculated from the cylinder 
defined by the contour length L and the diameter d (see also 
footnote c). 
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Figure 10. Concentration dependence of the mutual diffusion 
coefficient (solid squares). Comparison with the DSO theory 
(open squares). 

also 1, as is required. The data for the concentration 
dependence of the mutual diffusion coefficients are 
summarized in Table 3. A linear concentration depen- 
dence of the mutual diffusion coefficient in the semidi- 
lute regime is thus consistent with the data for this 
system. This linear dependence is in agreement with 
the prediction of DSO theory for the concentration 
dependence of the cooperative diffusion coefficient for 
rigid uncharged rods. The slopes of the concentration 
dependences in the virial and semidilute regimes are 
in good agreement with measurements on other rodlike 
polymers as indicated by the k b  given in Table 3. The 
slope in the semidilute regime for the superhelical 
plasmid DNA is larger by a factor of about 3 than for 
neutral polymers like PBLG but very similar to those 
for charged rods like short linear DNA. In order to 
compare the slope in the semidilute regime with that 
of the DSO prediction (Figure lo), assumptions about 
the concentration dependence of the self-diffusion coef- 
ficient must be made. Figure 10 is based on eq 4.12 of 
ref 9 for ZZ. There it is assumed that the self-diffusion 
coefficient is constant in the semidilute regime and the 
transverse diffusion is completely frozen. We discuss 
this point as well as alternate assumptions in more 
detail below. 

4.6. Concentration Dependence of the Fast 
Relaxation Time. As discussed above, a fast relax- 
ation mode is observed in addition to the translational 
mode. The amplitudes and relaxation frequencies of 
this mode can be followed from the dilute through the 
semidilute regimes. Subtracting the frequency of the 
translational mode from the frequency of this fast mode 
leads to a relaxation time that is independent of the 
scattering vector length. We shall call this time the 
"rotational relaxation time" of the molecule, although, 
as discussed above, in dilute solution it is not consistent 
with the rotational relaxation time of a rod with our 
calculated dimensions. The time is shown to be inde- 
pendent of the scattering vector length for two concen- 
trations in the dilute regime (Figure 11). The mean 
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Figure 11. Apparent rotational relaxation times as a function 
of the scattering vector length. The different symbols indicate 
concentrations of 0.06 (solid squares) and 0.20 mg mL-' (open 
squares). 

relaxation time averaged over several scattering angles 
shows a slight concentration dependence, as may be 
seen in Figure 12. The relative amplitude of the fast 
mode to the translational mode is plotted in Figure 13. 
As required for the contribution of a rotational internal 
mode to the correlation function, the relative amplitude 
increases with increasing scattering vector length. 
Especially at higher concentrations, the uncertainty in 
the relaxation times is rather high due to the low 
amplitude of this fast process compared to the amplitude 
of the slow mode and the pure translational mode. 
Thus, the data are not sufficiently precise to conclude 
whether or not the rotational relaxation time shows a 
linear concentration dependence or even if it levels off 
at  higher concentrations. The rotational relaxation time 
does appear to level off if one focuses on the mean values 
only. A quadratic concentration dependence as pre- 
dicted by DE (eq 21) does not appear to be consistent 
with the data. 

4.7. The Slow Mode. At the highest concentration 
of DNA measured, the slow mode is by far the dominant 
mode. For this concentration, the slow mode is clearly 
diffusive; it exhibits a quadratic dependence on scat- 
tering vector length, as shown in the top part of Figure 
14. A further characteristic of this mode is that its 
relative contribution to the correlation function de- 
creases with increasing scattering vector length. This 
is shown in the bottom part of Figure 14. Both proper- 
ties are characteristic of the diffusion of a particle that 
is larger than the inverse length of the scattering vector. 
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Figure 12. Concentration dependence of the apparent rota- 
tional relaxation times. Each displayed time is a weighted 
average of measurements at different scattering angles. The 
relative amplitudes of the mode were taken as weighting 
factors. In some rare cases a mode was excluded from the 
average when it was clear from its amplitude that other modes, 
in particular the translational mode, were mixed in. In other 
rare cases, an additional fast mode with a very small ampli- 
tude together with an unusual slow apparent rotational 
relaxation mode was observed. Under these circumstances the 
two fast modes were first averaged. In general, these difficul- 
ties occurred for the measurements at higher concentrations 
where the slow mode was also present. 

I 

et 75 f I . - 
q [cm-'~ 

Figure 14. Top: Scattering vector length ( q )  dependence of 
the difision coefficient of the slow mode. Bottom: Scattering 
vector length (q )  dependence of the contribution of the slow 
mode to the correlation function. The data are for the highest 
concentration solution studied, 3.8 mg mL-l. 

Table 4. Predictions of the Spinodal Decomposition DSO 
Theow 

cL3 c/c* As A.(meas) sdts tdts(meas) 

1.8 2.1 2.4 2.7 3.0 x105 

33.3 0.244 22 84 0.125 0.08 f 0.02 
22.8 0.168 30 42 0.147 0.13 f 0.04 
14.7 0.108 39 44 0.162 0.17 k 0.07 
9.5 0.069 47 35 0.167 0.18 
5.5 0.040 54 0 0.166 0.24 

a The slow mode is indexed with s, the fast one with c (see eqs 
27-29). The c* defines the onset of an extraordinary phase and 
is given by c* = 16/(JzdL2). It should not be confused with the 
concentration where entanglements become important. Note that 
the ratio of relaxation times is in fairly good agreement with the 
predictions of DSO and that both relaxation times are well 
separated in the concentration range studied. But the amplitude 
of the slow mode shows just the opposite behavior with concentra- 
tion than predicted by DSO. 
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Figure 15. Comparison of the relative contribution of the slow 
mode (solid squares) with the prediction of the DSO theory 
(open squares). 
interpreted as a rotational relaxation time around an 
axis perpendicular to the long axes of a cylinder, would 
lead us to the conclusion that the axial ratio of the 2311 
bp plasmid DNA is much lower than expected from 
structural helix data. First we estimate the effect 
translational-rotational coupling might have on the 
measured rotational relaxation time. The calculation 
is straightforward using eq 17 of ref 29 for the polarized 
scattering case. For a 230 nm long rod with a diameter 
of 14 nm, the apparent translational diffusion coefficient 
would be 5.9 x cm2 s-l and the rotational relax- 
ation time 234 ps. The contribution of the rotational 
relaxation time to the decay of the correlation function 
at a scattering angle of 90" would be 4.3% of the total 



Macromolecules, Vol. 28, No. 3, 1995 

amplitude. The contribution of the rotational relaxation 
mode is smaller if translational-rotational coupling is 
taken into account. Given the experimental error, the 
contributions of this mode displayed in Figure 13 are 
consistent with either theory. The corrections to the 
relaxation times due to coupling are relatively small, 
so that the discrepancies cannot be explained by the 
effects of translational-rotational coupling. 

Modeling the plasmid as an irregular rigid shape that 
is based on the superhelix structure from X-ray data 
does not reproduce the hydrodynamic properties of the 
plasmid either. Two additional possibilities exist which 
might lead to a faster experimental “internal” relaxation 
time. First, the plasmid might not be as stiff as 
expected. Then PCS would likely monitor the relaxation 
time of a semistiff rod. Wormlike chain theories would 
be more appropriate to calculate these times and relate 
them to the structure and stiffness of the chain. 
Yoshizaki and Y a m a k a ~ a ~ ~  have used the discrete 
helical wormlike chain model to  relate the ratio of 
slowest relaxation time tw of the chain and the rota- 
tional relaxation time (Trod) of a rod to the number of 
Kuhn segments N k  = L/2a, where a is the persistence 
length: 
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Trod = 1/(60) has to be calculated according to  the 
Broersma form~la ,~’  which is similar to eq 11 with 
different end-effect corrections (eq 14). A persistence 
length could be derived for the plasmid by substituting 
measured tw and Trod for a cylinder of length of 230 nm 
and diameter of 14 nm into eq 38. 

In an alternative approach, the Monte Carlo results 
of Hagerman and Zimm58 on an ensemble of wormlike 
coil configurations could be used to relate the rotational 
diffusion constant of a wormlike chain to that for a rod 
(calculated using Broersma’s formula). Again, a per- 
sistence length can be obtained from this comparison. 

Using either approach leads to persistence lengths for 
the plasmid that are unrealistically small. For the 
Hagermann-Zimm approach we obtain 45 nm, and eq 
38 leads to 46 nm. It should also be mentioned that 45 
nm is near the upper limit of validity stated for the 
Hagerman-Zimm approach (L/a < 5) .  Thus, the factor 
of 3 faster than expected internal relaxation time cannot 
be explained by the wormlike chain theories unless an 
unrealistic assumption about the rigidity of the molecule 
is made. 

A possible explanation for this descrepancy could, 
however, be that the plasmid exhibits more flexibility 
than expected. The consequent deviations from rodlike 
shape could be large enough that rotation around the 
elongated axis of the wormlike chain contributes to the 
light scattering time correlation function. The proce- 
dure of Tirado and Garcia de la Torre for calculating 
hydrodynamic properties of rigid macromolecules can 
be used to  calculate the trace of the rotational diffusion 
tensor. The rotational relaxation time derived from the 
trace may be used as a rough estimate of this effect. 
Table 2 shows that the relaxation time derived in this 
way from the presumed dimensions and stiffness of the 
plasmid is consistent with the experimental result. 

5.2. Mutual Diffusion in the Virial Regime. The 
concentration dependence of the mutual diffusion coef- 
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Figure 16. Concentration dependence of the mutual diffusion 
coefficient for poly(adeny1ic acid). The data are taken from 
Figure 5 of Mathiez et L3 is replaced by the volume of 
an equivalent hydrodynamic sphere for this flexible molecule. 
The radius of the sphere was calculated from the reported DO. 

ficient in the virial regime is an additional indicator of 
the underlying shape of the plasmid DNA. Information 
on the shape of the molecule directly enters into the 
calculation of the osmotic second virial coefficient and 
the friction term as indicated in eqs 17-20. Substitut- 
ing the parameters for the plasmid DNA (assuming the 
rod dimensions discussed in section 2.4) into these 
equations, we obtain values of Az, k f ,  and kD (see Table 
3). Although the experimental kD exhibits a rather large 
uncertainty, the theoretical prediction is clearly outside 
the range of the experimental value. The discrepancy, 
however, can be rationalized by taking the charges on 
the rod into account. For charged rods the diameter 
entering in eq 18 to calculate A2 might be interpreted 
as an effective interaction diameter de and not the 
geometric diameter d of the molecule. The de should 
be a function of the ionic strength and, in principle, 
could be calculated from Stigter’s t h e ~ r y . ~ ~ , ~ ~  We note 
that the term containing A2 exhibits a much stronger 
dependence on d than kf and should therefore dominate. 
We therefore expect A2 to be approximately a factor of 
2.5 larger than that given by eqs 18 and 19. This leads 
to an effective diameter de = 2.5d. Determination of 
Az from total intensity measurements on a short linear 
DNA fragment supports such an interpretation of the 
diameter in eq 18.11g21 The same argument might also 
hold in the semidilute regime as we discuss below. 

5.3. Mutual Diffusion in the Semidilute Regime. 
An important result of our study is the clearly different 
slopes for the concentration dependence of the mutual 
diffusion coefficient in the semidilute and virial regimes. 
This has often been overlooked in previous studies due 
to a limited number of experimental points in either 
regime. Recently, however, in studies of solutions of 
poly(y-benzyl a,L-glutamate) (PBLG) in dimethylforma- 
mide, the two regimes were also ~ b s e r v e d . ~ ~ ~ ~ ~  As in 
previous studies of rodlike polymers, a linear concentra- 
tion dependence of the mutual diffusion coefficient in 
the semidilute regime is found. This linear behavior 
is, however, in itself, a rather weak test of the validity 
of the DSO theory, as well as weak proof of rodlike 
molecular shape. Since functions of the scaling form 
D ,  - DOC‘ and of linear concentration dependence D ,  - Do(1 + kc)  do not exclude each other, the data of 
Mathiez et on a flexible single-stranded poly- 
(adenylic acid) were reanalyzed. Instead of a fit to  the 
scaling equation, as was done by the authors, a linear 
fit was performed. Figure 16 indicates that it is a good 
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1). Our value, c*L3 5, is near the lower end of this 
range. This is an indication that the derived length for 
the plasmid DNA is likely not much lower than that 
used here. The value of k, for the plasmid, which we 
suppose to be universal for different DNAs, gives us 
some confidence that the superhelical DNA is at  least 
approximately rodlike. 

5.4. Concentration Dependence of the Rota- 
tional Diffusion Coefficient. Within the rather large 
errors, there is no indication of two different concentra- 
tion regimes for the rotational diffusion coefficient. The 
apparent slowing down of the rotational diffusion is 
qualitatively in agreement with theoretical consider- 
ations, especially the Fixman relaxation model. The 
scatter in the data is too large for a more quantitative 
comparison between theory and experiment. 

5.5. The Slow Mode. The nature of the slow mode 
in semidilute solutions in general, as well as in par- 
ticular for DNA solutions, has long been the subject of 
~ o n t r o v e r s y . ~ ~ @ - ~ ~  Different explanations for the origin 
of this mode have been given. They have been recently 
summarized by Goinga and Pecora,ll Sedlak,66 and 
Reed.67 There is a major difference between our data 
and previous data on short duplex linear DNA frag- 
ments. Since the superhelical plasmid DNA is a factor 
of about 3 longer than a 236 bp linear DNA, we were 
able to perform measurements further into the semidi- 
lute regime. For the highest concentration, the slow 
mode became the dominant relaxation process. We also 
covered the whole decay of the DLS correlation functions 
by splicing correlation functions with different time 
ranges. 

Focusing again on the spinodal decomposition part 
of the DSO theory, we conclude that the experimentally 
observed slow mode cannot be identified with that 
predicted by this theory. The increasing contribution 
of this mode to the total relaxation with increasing 
polymer concentration is opposite to the prediction of 
the theory. The dependences of the mode amplitude and 
frequency on concentration are different from those 
previously reported for linear DNA. A possible reason 
for this discrepancy could lie in the limited time range 
of the previous measurements and the low amplitude 
of the slow mode. Our experiments, however, demon- 
strate again a q2 dependence of the decay rate of this 
mode as well as the decrease of its amplitude with 
increasing scattering vector length. These facts strongly 
favor “aggregates” as the most plausible explanation for 
the origin of the slow mode. Increasing the concentra- 
tion leads to growth of the aggregates, with a cor- 
responding slowing down of the relaxation frequency 
and an increase in amplitude. Why these aggregates 
are not detected in self-diffision measurements with the 
holographic grating relaxation technique is currently 
not understood.12 
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fit to their data. It is possible that the linear concentra- 
tion dependence of D, in the semidilute regime is 
universal, appearing no matter what the conformation 
of the molecule. With the slope of the concentration 
dependence of D, and the overlap concentration c* 
itself, however, we have two parameters to perform 
strong tests on theory and the shape of our molecule. 

Unfortunately, as has already been discussed in 
section 4.5, additional assumptions about the concentra- 
tion dependence of the self-diffusion coefficient must be 
made in order to compare the experimental slope with 
DSO theory. The original DE assumptions were made 
to calculate the theoretical points in Figure 10. Alter- 
natively, it could be assumed that the self-diffision 
coefficient is constant and equals DO in the infinite 
dilution limit, as has, for instance, been done by Goinga 
and Pecora.” In such a case, the slope in the DSO 
theory would be a factor of 2 higher than the experi- 
mental results, in agreement with Goinga and Pecora. 
In both cases, it was assumed that the geometric 
diameter is the appropriate one to use. This assumption 
might not be valid for charged rods, as has already been 
discussed elsewhere.ll 

There is strong evidence from HGR12 and BD simula- 
t i ~ n s ~ ~ J ~  that the self-diffision coefficient depends also 
on concentration. The HGS data from Wang et al. for 
a 150 bp DNA fragment can be used to make a rough 
comparison.12 Data from Figure 10 of Wang et a1.12 
were fit to a straight line to obtain the slope k ,  of the 
concentration dependence of D,. If we further assume 
that 

k ,  = k&f/NAVh (39) 

is the same for the linear and superhelical DNAs, the 
slope of the theoretical DSO line (eq 22) in Figure 10 
can be corrected (dropping terms quadratic in c, taking 
the q - 0 limit). The M, NA, and v h  in eq 39 are the 
molecular mass, Avogadro’s constant, and the hydro- 
dynamic volume, respectively. After these corrections 
are performed, the slopes of the experimental line and 
the DSO theory line are found to differ by only a factor 
of 1.3. This factor might be explained by the charges 
on the plasmid DNA. As has already been discussed 
for the virial regime, an effective interaction diameter 
de according to  the theory of Stigter might be more 
appropriate to use in eq 18 to calculate the second 
osmotic virial coefficient. Stigter gives the relation 

de = d expkI2) (40) 

where g/@02 is tabulated in ref 60 for a number of @O 
and Kd. The quantity K is the inverse of the Debye 
screening length and @O is a reduced surface charge. 
The latter quantity is not known for superhelical DNA, 
but it should be higher than that for linear DNA due to 
the folidng of the molecule. To obtain an estimate of 
the effect, we used the highest value tabulated for @O 
a t  ~d = 0.2 and assumed equal conductivities for 
counterions and co-ions (for NaCl solutions this is not 
correct). For such high surface charges the effect should 
be quite substantial as the calculated de of 16.5 nm, an 
increase of 23%, indicates. 

In several publications on rodlike systems, it was 
noted that semidilute behavior (as indicated by a break 
in the slope of the translational diffision coefficient or 
a strong slowing down of the rotational diffusion coef- 
ficient) starts at concentrations approximately a factor 
of 5-15 higher than the overlap concentration (cL3 = 
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