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ABSTRACT The transient electric birefringence of DNA restriction fragments ranging from 64 to 5000 base 
pairs and nearly monodisperse deproteinized 145 base pair nucleosomal DNA has been studied as a function 
of counterion concentration and degree of polymerization. Refined experimental techniques with a birefringence 
sensitivity of 4 X lo-'* permitted measurements to be made on very dilute solutions at low electric fields. 
The electrical polarizability was found to increase with the cube of the contour length for fragments less than 
120 base pairs and to reach a limiting linear length dependence after 267 base pairs. This length dependence 
agrees with the predictions of the Mandel polarizability theory for cylindrical rods if the contour length is 
replaced by the average projection along the DNA's major axis. The polarizability of NaDNA and MgDNA 
was found to decrease linearly with the log of the counterion concentration between 0.5 and 10 mM salt, in 
qualitative agreement with Fixman's recent theory. It is shown from the field-free rotational diffusion 
measurements that DNA in 1 mM Na+ solution begins to depart from strictly rigid rod behavior after 
aDDroximatelv 120 base Dairs and that the Dersistence length determined from Hearst's weakly bending rod 
model is 500 &. 

There has been an increasing interest recently in the 
electric birefringence and electric dichroism of rodlike 
DNA,'i2 which has been stimulated primarily by the desire 
to understand the hydrodynamics, the flexibility, and the 
electrical polarizability characteristic of these low molec- 
ular weight polyions. 

DNA can be used as the prototypical polyelectrolyte 
system for the study of hydrodynamic interactions as well 
as electrooptic properties, since many aspects of its 
physical and chemical structure have been well charac- 
terized. It is presently possible to make electrooptic 
measurements on dilute samples of monodisperse se- 
quenced DNA restriction fragments using signal averaging 
techniques and low applied electric fields for which the 
average orientation of the polyelectrolyte is extremely 
small. 

The electrooptical methods of transient electric bire- 
fringence and electric dichroism are the most sensitive 
means for determining the polarizability and the hydro- 
dynamic behavior of polyelectrolytes in low (<lo0 mM) 
ionic strength solutions. In each of these methods the 
molecules in solution are partially oriented by a pulsed 
electric field, and the buildup and decay of the orientation 
process are followed optically. For rodlike molecules the 
orientation time depends very nearly on the cube of the 
length and therefore deviations from rodlike behavior are 
easily detected. The amplitude of the electrooptic signal 
is a function of the electric field strength and the polar- 
izability of the polyion. In general, polyelectrolytes exhibit 
an extremely large polarizability which is attributed to 
polarization of the polyion's counterion atmosphere. 

Hogan et al.l have recently studied the high-field electric 
dichroism of short DNA in which two restriction fragments 
(160 and 230 base pairs) were used along with fractionated 
calf thymus DNA to determine the hydrodynamic and 
electrical properties. A sedimentation velocity study by 
Kovacic and van Holde3 has been reported in which DNA 
restriction fragments spanning a large molecular weight 
range were used to characterize the hydrodynamic prop- 
erties of rigid and flexible DNA in terms of a persistence 
length. 

For this study, we used the technique of high-sensitivity 
electric birefringence to measure the rotational diffusion 
constants and the electrical polarizabilities of a series of 
DNA restriction fragments that range from 64 to 5000 base 
pairs and of nearly monodisperse 145 base pair nucleoso- 
mal DNA. 

In the theoretical section that follows, we review briefly 
the existing theories for the rotational diffusion constant 
of a straight cylinder,4* a wormlike coil, and a weakly 
bending rod.7 We also discuss the theoretical models that 
are available which describe the polarizability of rigid rod 
 polyelectrolyte^.^'^ 
Theory 

Rotational Diffusion Constant. The rotational re- 
laxation times depend on the hydrodynamic properties of 
a macromolecule through its rotational diffusion tensor, 
which for dilute solutions is determined by the molecule's 
shape. For DNA that is not long enough to be considered 
a Gaussian coil the shape can be described by wormlike 
or by weakly bending rod models which are characterized 
by a chain rigidity parameter (the persistence length), by 
the distance between frictional elements along the chain, 
and by the diameter of each element.' The persistence 
length is a measure of how far a flexible macromolecule 
persists in one direction along the chain, and it is equal 
to half the Kuhn statistical length, A-l. 

Very short DNA is rigid enough to be modeled by a right 
circular cylinder, which is described only by its length and 
diameter. Because its application to experiment is simpler, 
there has been a tendency in the past to apply the rigid 
rod model to systems where the use of nonrodlike models 
would have been more accurate. The earlier studies on 
DNA used the rigid rod approximation because the mo- 
lecular weight region where DNA behaves like a straight 
cylinder was not known and the nonrodlike models re- 
quired too many parameters. In order to determine the 
persistence length from the rotational diffusion constants 
the relaxation times must be accurately measured for a 
series of monodisperse samples spanning a large range of 
molecular lengths and must be compared to the results 
predicted by the nonrodlike theories. Recently, sequenced 
restriction fragments of DNA have become available, and 
it is now possible to undertake these experiments. 

In general, the rotational diffusion constant of right 
circular cylinders is given by4 

where qo is the solvent viscosity, k T  is the thermal energy, 
L is the rod length, d is the rod diameter, and yr is a 
frictional factor which depends on the exact m ~ d e l . ~ , ~  
Broersma5 considered specific end effects and determined 
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y, for long cylinders. His result was 
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energy minima were located at the charged sites attached 
to the polyion, and the dipole moment induced by an 
external electric field was calculated from the probability 
of locating counterions a certain distance away from their 
minimum energy positions. The polarizability, Aa,  was 
given by 

A a  = yzeo2NL2/12kT (6) 
where L is the length of the rod, N is the number of 
charged sites, y is the fraction of bound counterions, eo is 
the elementary electric charge, and z is the valence of the 
counterions. Since his treatment neglected counterion- 
counterion repulsion, it showed that the polarizability 
would increase with increasing fraction of bound coun- 
terions. Equation 6 also indicates that the polarizability 
depends on the length cubed of the straight cylindrical 
polyion. 

Oosawag treated the polarizability by expanding the 
fluctuation of the counterion distribution in a Fourier 
series in order to get the mean-square dipole moment due 
to the concentration fluctuation of counterions along the 
polyion. The polarizability was calculated from the 
mean-square dipole moment, (p2), according to 

More recently Yoshizaki and Yamakawa6 have constructed 
an expression for D, from numerical solutions using clas- 
sical hydrodynamics, which takes into account the end 
effects, and therefore is valid for very short cylinders. 
Their results for the rotational diffusion constant closely 
approach the values calculated with Broersma’s equation 
when the axial ratio is large, Le., L/d > 60. For DNA, an 
axial ratio of 60 corresponds to a rather long molecule, and 
it is doubtful that it is rigid enough under any salt con- 
ditions to be modeled by a straight cylinder. For low axial 
ratios the two theories differ by as much as 30% in the 
predicted values of D,. Yoshizaki and Yamakawa’s em- 
pirical interpolation formula for y, depends on the type 
of spheroid cylinder under consideration. If the macro- 
molecule has spherical ends 

7, = 0.447 + 8.26[1n (1 + (L/d))]-l - C ~ j ( L / d ) - j / ~  (3) 

where the aj’s have been tabulated in their paper. 
Hearst7 derived equations for the rotational diffusion 

constants of wormlike and weakly bending rod molecules 
by using the methods developed by Riseman and Kirk- 
wood14 and Hermans and Ullman15 for cases where ex- 
cluded-volume effects are negligible. His treatment con- 
sidered only the rotation of the entire molecule in which 
changes in internal coordinates were not allowed. The 
resulting form of the rotational diffusion constant for a 
wormlike coil about its minor axis is 
D, = 

6 

j=1 

LTX[0.506(2XL)1/2 - 0.636 In (bX) - 1.548 + 0.64(b/a)] 

(4) 
where b is the distance between frictional elements, a is 
the Stokes diameter of each element, and L is the contour 
length of the wormlike coil. For short contour lengths the 
wormlike coil is less flexible and can be considered to be 
a weakly bending rod. Hearst’s expression for the rota- 
tional diffusion constant of the weakly bending rod, which 
was derived by assuming that XL/2 << 1, is 

aoL2 

D, = - IzT [3 In ( L / b )  - 7.0 + 4(b/a) + 
anaL3 

XL(2.25 ln(L/b) - 6.66 + 2(b/a))] (5) 

Ionic Polarizability. The electric field orientation of 
polyelectrolytes such as DNA is thought to occur because 
the counterions surrounding the polyion are polarized by 
the field. The resulting dipole, which is mainly parallel 
to the long axis of the polyelectrolyte, is forced to align 
in the electric field. Orientation ceases when the thermal 
disorienting forces equal the electric orienting forces. 
Nearly complete alignment of the molecules can occur at  
very large electric fields. 

There have been many theoretical treatments in the past 
20 years that have attempted to describe the length and 
counterion dependence of the ionic polarizability for rod- 
like polyions. Mandela used a model that emphasized the 
discrete distribution of polyion charges to derive the po- 
larizability and the relaxation time of polarization of 
cylindrical, highly charged polyions due to the longitudinal 
motion of bound counterions. The bound counterions were 
constrained to a region close to the polyion where the 
electrostatic potential was greater than kT. Potential 

The resulting expression is similar to Mandel’s result but 
includes a counterion interaction term, @j,  which acts to 
alter the polarizability due to the strong interaction forces 
between the counterions. 

It was pointed out by Oosawag that in the case of suf- 
ficiently long rods 4 ’  is independent of j for small values 
of j .  Moreover, if a iong cylindrical free volume model is 
used, d j  may be replaced by 2 In (R,/a), where R, is the 
radius of the cylindrical free volume for a single polyion 
and a is the radius of the cylindrical counterion phase 
around the polyions. It was shown by Hornick and Weill’O 
that this substitution predicted the correct trend for the 
magnitude of the polarizability as a function of counterion 
concentration, provided that the parameter a varied in- 
versely with the concentration. This approach, however, 
requires an independent estimation of the radius of the 
counterion phase. Equation 7 under these conditions 
becomes 

with A = 2z2yeo2/DkT(RPB), D is the dielectric constant, 
and RPB is the charge spacing. 

Warashina and Minakata’l were able to treat the 
problem of counterion polarization by using a discrete site 
model based on Oosawa’s formulation. The Fourier 
transform of the counterion interaction potential, 4j, ob- 
tained by this approach is easily evaluated for cases where 
the interaction is assumed to be Coulombic or screened 
Coulombic. 

Manning12 treated the ionic polarization problem in 
terms of a charge density parameter and the Debye- 
Huckel screening parameter. His result is also similar to 
Mandel’s expression and thus gives the same length de- 
pendence, but it differs in that the fraction of bound 
counterions is determined theoretically and it has an ex- 
plicit ionic strength dependence. The polarizability as 
given by Manning’s theory is 
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where K - ~  is the Debye length, y = (1 - I z I -~E~) ,  and Izl-'F' 
is the charge fraction. The polarizability is shown to in- 
crease with increasing counterion concentration. 

A more recent theory on the polarizability of rodlike 
polyions has been given by Fixman,13 who has used a 
different approach to the problem. Fixman starts with the 
Smoluchowski equation of motion for the singlet densities 
of small ions and used the mean-field approximation for 
the electrical forces. His model of the polyion is a smooth 
impenetrable dielectric cylinder charged to a uniform 
surface density. He considers the charge flux into the 
double layer surrounding the polyion and shows that it is 
significant, whereas the previously mentioned theories 
ignore the flux of small ions. At finite salt concentrations 
a leakage of counterions through the double layer reduces 
the induced dipole moment. He has based the calculation 
of the counterion flux on a boundary value approach which 
is strictly valid only for thin double layers. However, he 
gives arguments to justify the qualitative applicability of 
this theory at  low salt concentration. 

The dipole moment, p, induced by an external electric 
field is given by 

Macromolecules 

where Z is the coordinate along the major axis and V ( 2 )  
is the perturbation in solution charge per unit length. V(Z) 
is related to the electrostatic potential along the long axis, 
which itself obeys an integral equation similar to that for 
a conducting rod in an insulating fluid. For cases where 
the equilibrium number of counterions per unit length of 
cylinder, e ,  is not very large, V ( 2 )  can be approximated by 

where q1 and q2 are, respectively, the counterion and coion 
charges, Eo is the steady-state electric field, assumed here 
to be equal to the applied field, D is the dielectric constant, 
and K and p are given by 

(12) 

p = (4TclK/€)1/2 (13) 

Substitution of eq 11 in eq 10 gives the polarizability 

K = [2 In (4L/d) - 14/3]-' 

where El is the counterion concentration. 

] (14) [ 1 -  PL/2 

41KDL tanh (pL/2) 
A a  = 

(41 - 4 2 ) P 2  

where the polarizability perpendicular to the cylinder is 
assumed to be small in comparison to the parallel com- 
ponent. 

Equation 14 predicts that the polarizability will vary 
linearly with the length squared of the rodlike polyion. 
This is in contrast to previous theories which predict a 
cubic length dependence, with the exception of the work 
by McTague and Gibbs16 that suggests a linear dependence 
at low degrees of polymerization (<lo3) and a quadratic 
dependence for higher values. The polarizability is also 
seen from eq 14 to decrease with increasing counterion 
concentration. 

Electric Birefringence. When appropriately oriented 
linearly polarized light passes through a dilute solution of 
ordered optically anisotropic molecules, one of the com- 
ponents of the light is retarded. The amount of retardation 
depends on the degree of ordering and on the magnitude 
of the intrinsic optical anisotropy of each molecule. The 
time dependence of the retardation, 6, is given by 

where An, is the difference in the parallel and perpendi- 
cular indices of refraction for a completely ordered system, 
1 is the effective distance the light travels through the 
sample, Xo is the wavelength of the incident light in a 
vacuum, and 4(p,a,t) is the orientational function which 
ranges from 0 to 1, with p the permanent dipole moment 
and a the polarizability. 

Various methods have been used to obtain approximate 
solutions for the time dependence of the birefringence, An, 
under low electric field conditions. The perturbation 
method of Matsumoto et al.17 gives An@) for cases where 
the polarization relaxation time, T ~ ,  is much less than 1/ 
(6DJ. In their treatment three time domains are consid- 
ered which correspond to the sudden application of the 
electric field, the sudden reversal in polarity, and the 
sudden removal of the field. The equations that describe 
the birefringence of monodisperse cylindrical particles a t  
low electric fields are 
rise: 

(16a) 
R - 2  

2(R + 1) 

reversal: 

An(t )  = Ano 1 + -(e-6Drt 3R - e-2DJ) { R + l  

decay: 

where Ano is the steady-state amplitude of the birefrin- 
gence for a particular electric field, R is the ratio of per- 
manent to induced dipole terms (R  = p2(AakT)-l) ,  and kT 
is the thermal energy. 

Reversal of the electric field can also be used to deter- 
mine the relaxation time, T ~ ,  of the ionic polarizability for 
cases where the polarization time is on the order of the 
rotational time, Le., when T~ i= 1/(6Dr). Sudden reversal 
of the orienting field forces molecules with a permanent 
moment or a slow induced moment to reorient. The 
transient signal produced by the reorienting molecules 
permits one to distinguish the type of orientation mech- 
anism and, for cases where slow polarization processes 
dominate, to determine its relaxation time. The treatment 
given by Tinoco and Yamaokals can be used as a first 
approximation to describe the transient behavior observed 
upon sudden reversal of the orienting electric field. 

In the birefringence e~periment,'~ linearly polarized light 
enters an isotropic system of molecules and exits un- 
changed in polarization. However, when the molecules are 
ordered by an electric field pulse, the entering light be- 
comes elliptically polarized because one component of the 
light is retarded. A quarter-wave plate converts the exiting 
elliptical light back to linear polarization rotated by 6 /2  
from the original. The time response of 6 corresponds to 
the time evolution of molecular ordering and it is related 
to the change in light intensity as discussed below. 

The light intensity that passes through the analyzer as 
a result of an external electric orienting pulse is given by 

where la is the intensity of the light incident on the sample, 
K is a light reflection and absorption loss factor ranging 
between 0 and 1, /3 is the angle between the analyzer and 
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its crossed position, and Kex is the overall extinction ratio. 
The extinction ratio, I(0)B,o/I(O)B, ,~z,  is an indication of 
the quality of the optical components. The relative change 
in the intensity due to the birefringent nature of the or- 
dered system is 

M(t) sin' [P - (al/Xo)An(t)] - sin' P 
(18) - -  - 

I B  sin' + K,, 
where A n ( t )  is given by eq 16. 

For those cases in which /3 is chosen to be less than loo 
and much greater than 6,/2, where 6o is the steady-state 
retardation, eq 18 reduces to a simpler form, which is linear 
in An(t ) .  For example, the decay of the birefringence 
under these conditions is given by 

~ ( t )  = M(o)e+ (19) 
Thus, by measuring the time dependence of the light in- 
tensity, one can obtain the relaxation time, T, = 1/(6D,), 
directly. 

Experimental Section 
Samples. 1. Restriction Fragments.  The restriction 

fragments used in this study were from two sources: the plasmids 
pBR322 and pMB9. The pBR322 plasmid has been completely 
sequenced,20 but the genetically related pMB9 plasmid has not. 
However, many of the digestion products of pMB9 are the same 
as pBR322 and so for these fragments the number of base pairs 
is known. Of the thirteen restriction fragments used in this study 
there were three whose base pair number was not known exactly. 
Two of these (410 and 950 base pairs) were sized on analytical 
gels. The 410 base pair sample was actually an equal molar 
mixture of 405 and 415 base pair fragments. The exact size of 
the 5000 base pair fragment of pMB9, which was kindly provided 
by M. Fried, is not known but i t  is linear pMB9 prepared by 
digestion with EcoRI. The short restriction fragments used were 
from a HaeIII digest of pBR322 and were kindly provided by M. 
Mandelkern. All other fragments were from a HueIII or EcoRI 
digest of pMB9. The procedure followed in preparing the pMB9 
plasmid has been described elsewhere.21 The only modification 
to this procedure was that uridine was added just before the 
addition of chloramphenicol to enhance plasmid production.22 

Huemophilus uegyptius ATCC 1116, HueIII, restriction en- 
donuclease (New England Biolabs) was used at  a concentration 
of 0.2 unit/pg of DNA for 20 h a t  37 "C to digest the plasmid. 
The digestion products were separated on a prerun 5% poly- 
acrylamide slab gel. Sixteen digestion products were excised from 
the gel, using ethidium bromide and UV light to locate each band. 
The gel was exposed to  UV light for a very brief time, just long 
enough to excise the bands. Each fragment was electrophoretically 
eluted into dialysis tubing which contained a small volume of 
Tris-borate-EDTA buffer. 

After electrophoretic elution, the samples may contain free 
acrylamide, which constitutes an impurity. We found that the 
birefringence signal was dominated by a positive component unless 
the impurities were first removed by washing each fragment on 
a small DEAE-Bio-Gel-A column with 50-100 bed volumes. The 
DNA was eluted with a 4 M NaC1-Tris buffer and the remaining 
ethidium bromide was removed by several 2-propanol extractions. 
Ether was used to remove dissolved 2-propanol. The samples were 
extensively dialyzed at  4 OC against several changes of buffer to 
the final salt concentration. The buffer was sodium phosphate 
adjusted to a sodium ion concentration of 1.0 mM and pH 7.2. 
The sample concentrations were measured with a Cary 219 
spectrophotometer and were the same (-5 pug of DNA/cm3) for 
all the experiments. 

Some important details should be considered when preparative 
polyacrylamide gel electrophoresis is used to prepare DNA for 
birefringence or dichroism studies. We found that it was abso- 
lutely necessary to prerun the acrylamide gel for several hours 
before loading the DNA onto it. If the gel is not prerun, the DNA 
will associate with one of the polymerizing ions and its electrical 
properties will be altered drastically. Specifically, the DNA 
acquires an asymmetric charge that results in a large permanent 
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Figure 1. Schematic diagram of birefringence apparatus. Laser, 
argon, Lexel Model 95; C, Lauda bath and circulator; P and A, 
Glan-Thompson polarizers; cell, birefringence sample cell and 
thermostatic container; HV pulser, Cober Model 605P and 
Velonex Model 350 high-voltage pulse generators; RP, quarter- 
wave plate; PMT, 1P28 phototube; X100, Textronix Model 1121 
amplifier; TR, LeCroy 2256 transient recorder; computer, LSI-11 
computer. 

dipole moment. This additional moment is easily detected in a 
birefringence experiment using a reversing electric field pulse, 
as we have done, by observing the transient behavior of the light 
intensity. The measured R value (R  = p 2 / A a k T )  for nonprerun 
gel prepared samples was approximately 1.5, where normally the 
transient dip for DNA results in a calculated R value of less than 
0.1. This is an enormous increase in the permanent dipole moment 
of DNA and is equivalent to a permanent moment greater than 
8000 D. This phenomenon would also be detected by comparing 
the rise time to the decay time calculated from single exponential 
fits. Equation 16 shows that the rise time for molecules possessing 
a permanent dipole moment is longer than the decay time. For 
R values this large, the rise time would be approximately twice 
the decay time. The birefringence signal for the rise, the field 
reversal, and the decay fitted well the theoretical curve, eq 16, 
for a molecule having a permanent dipole moment of this mag- 
nitude. This provides further evidence that the DNA acquired 
an additional permanent moment. In order to avoid these 
problems we preran the gels for the time it took Xylene Cyano1 
FF to migrate to  the bottom of the gel. 

2. Nucleosomal DNA. The 145 base pair DNA was prepared 
by mild micrococcal nuclease digestion of chicken blood chromatin 
followed by sucrose density gradient fractionation to  isolate a 
narrow band of monomers. This was followed by protease di- 
gestion of the nucleosome monomers and phenol extraction to  
remove proteins. The procedure is essentially that described by 
S i m p ~ o n ~ ~  and modified slightly by Mandelkern. 

The resulting samples were shown by gel electrophoresis to be 
fairly monodisperse and span a distribution of approximately 20 
base pairs centered at  145 base pairs. In birefringence tests on 
these samples the decay times were all single exponential and the 
relaxation times did not change with field strength over the range 
0-7 kV/cm. Therefore, the usual criteria for monodispersity were 
satisfied. 

All of the samples were extensively dialyzed a t  4 "C against 
the appropriate buffer a t  pH 6.5. For the Nat dependence ex- 
periments a phosphate buffer was used and for the Mgz+ ex- 
periments we used a magnesium acetate buffer. The samples used 
for the lowest salt concentrations were ethanol precipitated with 
the appropriate counterion and then dissolved in doubly deionized 
water, which was used for all of the sample preparations. 

Apparatus.  The birefringence apparatus used for this work 
was designed to measure moderately fast and relatively weak 
birefringence signals. Use of laser illumination combined with 
fast analog-to-digital conversion and signal averaging resulted in 
a birefringence amplitude sensitivity of 4 X and time res- 
olution of 50 ns. The orientating electric field can be used aa an 
alternating unipolar pulse or as a reversing bipolar pulse, and its 
amplitude is variable up to 7.5 kV/cm with fast rise and decay 
times. The apparatus is similar in many respects to previously 
reported designs,24 but it has several significant differences. A 
block diagram is given in Figure 1 and a brief description follows. 

The light source is a Lexel Model 95 argon ion laser operating 
at  514.5 nm. The laser beam passes first through a high-quality 
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Glan-Thompson polarizer and then is reduced to 1 mm in diameter 
with a pinhole before it enters the sample cell. The cell was 
machined from a solid block of polycarbonate and has an optical 
path length of 30 mm and electrode gap of 2.7 mm. The sample 
volume is 0.7 cm3. The cell windows are 8.1-mm-thick optical 
glass and are attached, with minimal strain, to the cell body with 
cover plates. Strain birefringence is negligible. A calibrated 
thermistor is embedded in the cell body adjacent to the sample. 
The cell is completely encased by a thermostated aluminum block 
which has 6-mm-diameter optical entrance and exit holes. The 
temperature is constantly monitored during an experiment and 
is controlled to  h0.02 OC. A mica quarter-wave plate is placed 
directly behind the cell compartment. Following the quarter-wave 
plate is a Glan-Thompson analyzer, whose angular position is 
adjustable to &o0lo, and a 1P28 phototube. The extinction ratio, 
K,,, for the complete system, including the cell, is 1 x lo4. 
Directly before the phototube, which is encased in a light-tight 
container, is an interference filter and diverging lens. The filter 
passes only laser light and the lens spreads the beam onto the 
photocathode. The phototube is terminated with 200 Q to give 
fast response (C50 ns). The resulting voltage is amplified by an 
ac-coupled Tektronix 1121 amplifier and digitized by a LeCroy 
2256 transient recorder having 8-bit resolution and a maximum 
digitizing rate of 20 megasamples per second. Each birefringence 
signal is stored in 1024 words of digitizer memory and later 
transferred, between high-voltage pulses, to an on-line DEC LSI-11 
computer via a lab-designed interface. The computer stores the 
birefringence signals and after the requested number of accu- 
mulations it calculates the amplitude, fits the rise, reversal, or 
decay portions of the c w e ,  using eq 16 and 18, plots the raw data, 
and stores the data on disk. During the experiment, the accu- 
mulated birefringence signal is displayed on a large-screen os- 
cilloscope so that the buildup of the signal can be followed. 

The high-voltage exciting pulse is produced by coupling, in 
parallel, Cober Model 605P and Velonex Model 350 high-power 
pulse generators. The Velonex produces the negative pulse and 
the Cober the positive pulse. When a unipolar exciting pulse is 
desired, the Cober generator is used, and the pulse polarity is 
alternated with mercury-wetted switches to prevent electrode 
polarization. The pulse length is continuously adjustable from 
several hundred nanoseconds to 10 ms. The electric field is 
continuously variable from 0 to 7.5 kV/cm, and it is accurately 
measured for each run by a high-voltage pulse amplitude meter. 
The high-voltage switching time is approximately 100 ns, which 
is much faster than the relaxation times of all but the smallest 
restriction fragments. 

The procedure used to accumulate a birefringence signal is as 
follows. The sample is degassed in the cell and its conductance 
is measured and recorded. The angle fi between the analyzer and 
its fully extinguished position, crossed with the polarizer, is chosen 
to achieve optimal signal to noise. Once fi is chosen and the laser 
power adjusted to an appropriate level, the background intensity, 
Io, is measured by chopping the laser beam. The photomultiplier 
tube output of the chopped beam is amplified, digitized, and 
averaged, using the same electrical components as in the bire- 
fringence determination. This permits a direct comparison be- 
tween the background intensity and the signal of interest. The 
birefringence signal, AI@), is then averaged and its steady-state 
amplitude is automatically calculated by the computer using 

Ano = ( X o / d ) ( p  - arcsin [(hlo/Zo)(sin2 fi + Kex) + sin2 p]1’2) 
(20) 

where AZo/Io is the relative amplitude of the laser light corre- 
sponding to the steady-state birefringence. Since our usual sample 
concentration is very low, the contribution of water birefringence, 
Anw, to the total signal, Ano, is significant and is therefore sub- 
tracted. All of the experiments were done at  4 OC and a t  electric 
fields below 2.5 kV/cm. 

As a check of the system’s capability we measured the bire- 
fringence of water a t  low electric fields. The Kerr law was obeyed 
at all field values, as it should be for water, and resulted in a Kerr 
constant of 3.44 X cm/V2 a t  room temperature. The sen- 
sitivity of the system is demonstrated by the fact that the bire- 
fringence of water can be measured at  fields as low as 150 V/cm, 
which is equivalent to a birefringence of 4 X 10-l2. 

Macromolecules 

Figure  2. Typical example of a reversing low-field electric bi- 
refringence signal. The maximum in the center occurs when the 
applied electric field is suddenly reversed in polarity and the DNA 
molecules partially reorient. The spikes on the rising, reversal, 
and falling edges are due to the birefringence of water. Inset: 
Time-compressed waveform of the electric field. 

Results 
Figure 2 shows a typical birefringence signal for short 

fragments of DNA obtained with a reversing pulse electric 
field. The rise, reversal, and fall portions of the birefrin- 
gence curve would be accurately described by  eq 16 if the 
DNA possessed a permanent dipole moment. The time 
dependence of the transient which m a y  occur upon field 
reversal is indicative of the orientation mechanism. For 
macromolecules that have a permanent moment the 
transient’s ex t remum is completely determined b y  its ro- 
tational diffusion constant. In the case of slow polarization 
processes the transient’s extremum depends on the re- 
laxation time of the ionic species near the polyelectrolyte. 
In both cases, a transient in the birefringence will be ob- 
served upon field reversal, and the size and shape of it are 
determined b y  the orientation mechanism. The depen- 
dence  of the transient as a func t ion  of ionic species and 
field strength will be reported in a later paper. For now, 
we can report that the transient maximum of the short 
fragments (C267 base pairs) occurs at a time shorter than 
that expected for macromolecules having a permanent 
dipole moment .  Fragments  between 267 and 5000 base 
pa i rs  show an unusual t rans ien t  behavior upon field re- 
versal: an additional component of opposite sign occurs 
af ter  the maximum which resembles closely that which 
would be expected for molecules having a transverse mo- 
ment. The magni tude  of the effect depends on both the 
contour length and the ionic strength and thus is related 
to  the flexibility of the DNA. 

All of the analyses described in this paper have used the 
field-free decay t imes  and amplitudes obta ined  from low 
electric field experiments where the Kerr law was obeyed. 
The rotational relaxation times were all obtained from 
least-squares fits of the decay portion of the birefringence 
curves. We found that for fragments above 400 base pairs 
each  decay curve was a s u m  of two exponentials, one long 
and one very shor t  with a small amplitude. For these 
fragments the longer times were used in the hydrodynamic 
analysis. The Kerr constants were all obtained from linear 
least-squares fits of An vs. F. All of the experiments were 
done in the Kerr law region and we limited the electric field 
to 2.5 kV/cm for even the small fragments. The bire- 
fringence rise t imes  were always found to be longer than 
the decay t imes  which is expected for molecules showing 
a transient upon field reversal. The results of the exper- 
iments on the restriction fragments are presented in Table 
I and those in the 145 base pair nucleosomal fragments in 
Table 11. 
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Table I 
Birefringence Properties of DNA Fragments 

Measured at 4 "C in 1 mM Na+ 

Birefringence of DNA Restriction Fragments 415 

~~ ~~ 

DNA 
no. base concn, 10- 3 ~ , m ,  1 0 1 5 ~ ~ ,  

pair d c m 3  106r,.. s 8-1 L,<*. A cm3 
64 5.2 0.48 
80 5.6 0.80 
89 5.0 1.18 

104 5.2 1.67 
124' 5.2 2.25 
145 7.2 3.67 
18gb 5.1 5.76 
213 5.9 8.38 
234 4.6 9.22 
267 4.6 11.94 
4 1 0 ' 1 ~  5.1 34.5 
587 5.0 71.0 
950d 6.3 174.0 

5000 4 .9  

587 
332 
253 
172 
126 

75.1 
49.0 
34.1 
30.4 
23.8 

7.99 
3.88 
1.58 

200 
252 
296 
340 
381 
469 
56 1 
639 
67 0 
74 1 

1113 
1463 
2046 

0.036 
0.058 
0.104 
0.165 
0.229 
0.307 
0.413 
0.522 
0.609 
0.676 
1.36 
1.47 
3.46 

21.6 

Equal molar fractions of 123 and 124 base pair frag- 

Equal molar fractions of 405 and 415 base 
Size determined from analytical gels. 

ments. 
fragments. 
pair fragments. 

Equal molar fractions of 184 and 192 base pair 

Rotational Diffusion Constant. Length Depen- 
dence. Figure 3 is a log-log plot of the measured relax- 
ation times vs. the number of base pairs cubed shown along 
with the theoretical curves predicted by rigid rod, weakly 
bending rod, and wormlike coil models. The solid line 
corresponds to the rigid rod model and was calculated from 
eq 1, using 3.15 8, as the rise per base pair, a diameter of 
27 A, and Broersma's Y~ function, eq 2. We use 3.15 8, as 
the rise per base pair because it is consistent with recent 
quasi-elastic light scattering results.25 The graph clearly 
indicates that DNA a t  this concentration and ionic 
strength does not behave strictly like a rigid rod beyond 
approximately 120 base pairs. This assertion also holds 
true for the Yoshizaki and Yamakawa form of eq 1. The 
first four points agree very well with their theory when we 
use 53 8, for the diameter and 3.15 A for the rise per base 
pair. The agreement is not quite as good if we use a di- 
ameter of 34 8, and 3.4 A for the rise per base pair or if 
we limit the diameter to 26 A and use 3.5 A. This coupled 
variation of the parameters RPB and d holds for all forms 
of eq 1 and therefore we have used the equations only to 
indicate the point a t  which DNA begins to depart from 
a rigid straight cylindrical rod. In order to determine the 
rise per base pair unambiguously, one must remove the 
dependence upon the diameter. This was done by com- 
bining our rotational diffusion measurements with trans- 
lational diffusion measurements from a quasi-elastic light 
scattering e ~ p e r i m e n t . ~ ~  

,/ 
I I I I 1 I 

.5 0 2  015 I 1 5 I O  2 0  50 I00 200 

( B P ? .  IO6 

Figure 3. log-log plot of the rotational relaxation times vs. the 
number of DNA base pairs cubed. The circles represent the 
experimental points. The solid line was calculated from 
Broersma's equation (eq 1 and 2), using 3.15 A for the rise per 
base pair and 27 A for the diameter. The dashed line was cal- 
culated from Hearst's weakly bending rod model (eq 5) ,  using 495 
A for the persistence length, 3.15 A for the rise per base air, 30.4 
A for the distance between frictional elements, and 27 x for the 
diameter. The dotted l i e  was calculated from Hearst's wormlike 
model (eq 4), using the same parameters as above. All of the 
experiments were done at 4 "C and in 1 mM Na+. 

As Hearst' has suggested, eq 4 for the rotational diffu- 
sion constant of a wormlike coil can be rearranged to a 
form which permits the graphical determination of Q, the 
persistence length, independent of the values of a and b. 
However, our graphic analysis gives an unphysical result: 
a negative persistence length. 

Unlike the case of the wormlike model, there is no simple 
graphical method to obtain the persistence length using 
the weakly bending rod model, eq 5, which is independent 
of the parameters a and b. However, if one is interested 
in just the persistence length and not the Stokes diameter, 
a,  or the length per frictional element, b, then eq 5 can be 
used in a slightly different form which allows the per- 
sistence length to be determined accurately. Replacing the 
rotational diffusion constant with 1 / ( 6 ~ , )  and rearranging 
terms in eq 5 gives 

Y(BP,a,b,RPB,7,) -X(BP,a,b,RPB) 1 (21) 
Q 

where Y and X are given by 

Y =  - "(3 In - 7.0 + 4(:)) (22) 
7, 'IO* 

6kT L L X = -{ TO" -( 2 2.25 In - b - 6.66 + 2 

Table I1 
Birefringence Properties of 145 Base Pair Nucleosomal DNA Measured at 4 "C 

in the Presence of Different Counterions 
DNA concn, ionic 

pg/cm3 counterion strength x l o3   IO^^,., s 10-40 r ,  20 s-1 Leff 9 A 1015Aa, cm3 
3.5 Na+ 0.012 4.11 6.71 488 0.421 
6.5 Na+ 0.6 3.84 7.18 47 5 0.381 
7.2 Na+ 1.2 3.67 7.51 466 0.307 
7.0 Na+ 2.4 3.72 7.41 469 0.236 
8.25 Na+ 4.8 3.30 8.35 447 0.152 
8.5 Na' 7.7 3.14 8.78 438 0.113 
6.75 Na+ 12.2 3.18 8.67 440 0.069 
6.25 Mgl+ 0.03 3.34 8.25 449 0.279 

6.0 Mg2+ 1.25 3.29 8.38 446 0.154 
6.5 Mg2+ 2.5 3.24 8.51 443 0.106 
5.5 Mg2+ 5 3.32 8.30 44 8 0.07 5 

6.1 Mgz+ 0.55 3.25 8.48 444 0.199 
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Figure 4. Rotational relaxation times of the 145 base pair DNA 
vs. the log of the counterion concentration. The circles represent 
the NaDNA data and the triangles represent the MgDNA data. 

where the contour length L = (BP - l)(RPB) + C = 
(BP)(RPB) with C equal to a small constant. 

A linear least-squares fit of Y vs. X for samples and their 
corresponding 7,)s gives the persistence length, Q, from the 
slope. The persistence length and its uncertainty deter- 
mined from the fit depend on the initial estimate for the 
parameters a, b, and RPB. By doing iterative fitting to 
eq 21 with a, b, and RPB as free parameters, we can obtain 
the correct persistence length. These assertions were 
tested by simulations. Starting with arbitrary values of 
a, b, and RPB, the iterative fit always determined Q within 
1 % while the values of a, b, and RPB differed considerably 
from their actual values. If, however, reasonable limits are 
placed on the Stokes diameter, say 20 8, I a I 30 8, when 
the actual value of a is 25 A, then RPB is also determined 
quite accurately, but with a and b still in considerable 
error. 

The dashed line in Figure 3 was calculated from the 
weakly bending rod model, using eq 5 with 3.15 8, as the 
rise per base pair, 27 8, for the Stokes diameter, 30.4 8, for 
the frictional element spacing, and 495 8, for the persist- 
ence length. These parameters were obtained by using an 
iterative fit to eq 21 as described above in which we limited 
the Stokes diameter to a maximum of 27 8, and the rise 
per base pair to a minimum of 3.15 8, to be consistent with 
our other results.25 The fit is very sensitive to both the 
persistence length and the rise per base pair but not to the 
Stokes diameter and frictional element spacing. 

To demonstrate the lack of agreement between our re- 
sults and the wormlike coil model we have plotted the 
theoretical predictions for the rotational diffusion constant 
in Figure 3 as the dotted line, using the same parameters 
as used for the weakly bending rod model. Note that 
although there is no agreement, the results for the worm- 
like coil approach our data for large DNA fragments. 

Rotational Diffusion Constant. Counterion De- 
pendence. Figure 4 shows the dependence of the field-free 
decay time for chicken blood DNA with either Na+ or Mg2+ 
as the counterion. The decay time decreases with in- 
creasing Na+ concentration up to 4 mM Na+, but it is 
invariant to changes in Mg2+ concentration over the entire 
range studied. The total change in the relaxation time 
corresponds to an effective length increase greater than 
10%. This phenomenon was also observed for the 184,192 
base pair restriction fragments with Na+ as the counterion 
and so it appears that it is not a result of the small poly- 
dispersity in the nucleosomal DNA. 

Polarizability. Length Dependence. The polariza- 
bility as a function of DNA length is shown in Figure 5 
along with the theoretical predictions of Fixman, eq 14, 
and Mandel, eq 9, which has been scaled to equal the point 
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Figure  5. Polarizability vs. the hydrodynamic length squared. 
The circles represent the experimental points. The dashed line 
was calculated from Fixman's theory and the solid line was 
calculated from the Mandel theory scaled to the point a t  124 base 
pairs. 

( L' 16.1 a2 

A \. .... 
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Figure  6. Polarizability of 145 base pair DNA vs. the log of the 
ionic strength. The circles represent the NaDNA experimental 
values and the squares represent the MgDNA experimental values. 
The theoretical curves were calculated for Na+. The dashed line 
was calculated from Manning's theory (eq 9), the solid line was 
calculated from Fixman's theory (eq 14), and the dotted line from 
Oosawa's theory (eq 8), using an adjustable parameter to match 
his theory with experiment near 1 mM. 

at  124 base pairs. The polarizabilities were calculated from 
the measured Kerr constants using 

no215kT 
(1 + R)27rAgKBP Aa = 

where no is the refractive index of the solvent (no = 1.33), 
R (see eq 16) is taken to be zero in these calculations, Ag 
is the optical anisotropy factor equal to -0.0215; and Ksp 
is the specific Kerr constant given by 

1 A ~ D N A  KBp = - lim - 
C,no E+ E2 

where c, is the volume fraction of the DNA calculated 
using 0.50 cm3/g for the partial specific volume.28 For the 
concentration determination we used 1.0 ODzG0 = 50 pg 
of DNA/cm3. The Kerr constants, limEo (Ano/@), were 
obtained from the least-squares fits of the birefringence 
values vs. electric field squared. The abscissa of Figure 
5 represents the hydrodynamic length squared, where the 
hydrodynamic length for each restriction fragment was 
calculated by using eq 1 and 2. Therefore, this length 
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represents an effective length and not the contour length. 
Polarizability of Nucleosomal DNA. Counterion 

Dependence. Figure 6 shows the polarizability values 
obtained for the 145 base pair nucleosomal DNA as a 
function of the logarithm of the ionic strength. Two sig- 
nificant points should be noted concerning the results in 
Figure 6: (1) the polarizability is a decreasing linear 
function of the log of the ionic strength over a wide range 
of counterion concentration and (2) the polarizability of 
DNA with Na+ as counterion is larger than it is with Mg2+ 
as the counterion, in contrast to a previous result.l0 

Discussion 
Our hydrodynamic results can be summarized as follows. 

The hydrodynamic behavior of DNA over a wide range of 
lengths in 1 mM Na+ solution can be described reasonably 
by the weakly bending rod model but not by the wormlike 
model. The fact that the wormlike model fails to fit the 
experimental results is not surprising since most of our 
data are for low molecular weight DNA (<600 base pairs) 
with a resulting small number of frictional elements. The 
prediction for the rotational diffusion constant within the 
framework of the weakly bending rod model is expected 
to hold in the limit that the contour length is much less 
than 4 times the persistence length. Although this con- 
dition is not satisfied for many of our samples, we fmd that 
we can apply the theory to samples with a contour length 
equal to 4 times the persistence length. 

The persistence length at 1 mM Na+ salt concentration 
was found to be 500 A. This conclusion, however, depends 
explicitly on the weakly bending rod model of Hearst. Our 
persistence length agrees well with Kovacic and van 
Holde's3 sedimentation velocity result of 575 A, where they 
used a diameter of 27 A. However, i t  is not appropriate 
to make a direct comparison with their results since our 
experiments were done at a lower ionic strength, where the 
persistence length is expected to be greater. Other in- 
vestigations, although none based upon rotational diffusion 
measurements, indicate that the persistence length is much 
larger than 500 A under the low salt conditions of our 
experiment. Therefore, we must question whether the 
persistence length as determined from Hearst's weakly 
bending rod model is the same quantity as that determined 
in other experiments. 

The field-free decay time is shown in Figure 4 to de- 
crease with Na+ concentration over a certain salt range. 
However, it does not vary when Mg2+ is the counterion. 
We attribute this behavior to an effective length change 
of the 145 base pair DNA due to electrostatic repulsions 
along the DNA backbone. 

With Na+ as the counterion the effective screening of 
the phosphate charges is less than it is when Mg2+ is the 
counterion. Below 4 mM, repulsions between neighboring 
phosphates increase because fewer Na+ counterions are 
available for shielding. Hence, there is a subsequent 
stretching or stiffening of the chain and a resulting increase 
in the rotational diffusion time. Our persistence length 
measurements indicate that it is quite possible that we are 
observing chain stiffening rather than an increase in con- 
tour length. A detailed study of the ionic strength de- 
pendent phenomena for the restriction fragments is now 
under way in this laboratory. 

There are other possible explanations of this behavior. 
The DNA helix may be unraveling slightly as the ionic 
strength is reduced. This would account for the increased 
relaxation time, assuming that the friction coefficient in- 
creased with unraveling. It is, however, unlikely that un- 
raveling of the helix is the cause of the increased relaxation 
time since T, is greater than 50 "C and all of the exper- 
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iments were done at 4 "C. Even if T, is lower, it is unclear 
whether the small change in the Na+ concentration could 
cause sufficient melting to produce the observed effects. 
It is also possible that we are observing a change in the 
rotational relaxation time due to a coupled ion effect which 
becomes significant at  Na+ concentrations below 4 mM. 
We shall explore this possibility more fully in the future. 

The hydrodynamic behavior of DNA in 1 mM Na+ is 
not strictly rigid rodlike beyond approximately 120 base 
pairs. This result seems to be supported by the observa- 
tions that the relaxation time data begin to fall away from 
the theoretical curve for rigid cylinders beyond 124 base 
pairs and that the relaxation time increases with decreasing 
Na+ concentration, which may indicate chain stiffening. 
As discussed below, the polarizability also departs from 
a cubic length dependence beyond 124 base pairs. 

The counterion concentration dependence of the po- 
larizability can be described qualitatively as follows. The 
electrical polarizability of polyelectrolytes is a measure of 
the relative ease wit,h which charges of opposite sign sep- 
arate in a perturbing electric field and give rise to an 
electric dipole moment. In the simplest analysis we can 
image that under equilibrium conditions the counterions 
are localized near the permanently charged sites along the 
DNA backbone. When an external electric field is intro- 
duced, the mobile counterions migrate away from their 
equilibrium positions and settle into a steady-state con- 
figuration, which is determined by the local electrostatic 
fields. These local fields are in part due to repulsive in- 
teractions between neighboring counterions. Thus, when 
counterion local densities increase, both shielding of the 
external field and counterion-counterion repulsive forces 
increase, and there is a smaller charge displacement and 
subsequently lower induced dipole moment. 

The polarizability shown in Figure 6 is larger when Na+ 
is the counterion than it is when Mg2+ is the counterion. 
In the case of Mg2+ the counterion--counterion repulsive 
forces are longer ranged than they are for Na+. Therefore, 
for a particular electric field the polarization and thus the 
net orientation will be less than it is at  the same Na+ 
concentration. In simpler terms, the M$+ counterions still 
greatly influence their neighboring counterions even under 
the condition of zero added salt. In addition to the larger 
repulsive force between divalent counterions, there is a 
larger attractive force between the divalent counterions 
and the backbone charge than there is between the uni- 
valent counterion and the backbone charge. This reduces 
the net polarization of the divalent counterion compared 
to that of the univalent counterion and leads to less net 
orientation and a smaller Kerr constant. 

Another point concerning Figure 6 is that the two ex- 
perimental slopes for Na+ and Mg2+ are not the same, in 
contrast to the data shown in Figure 6 of ref 1. If we refer 
to Figure 4 in this paper, we see that the effective length 
of the DNA changed with Na+ concentration but not with 
Mg2+, Therefore, the NaDNA polarizability is expected 
to show a steeper slope than the MgDNA does because, 
as the Na+ salt concentration is lowered, the DNA length 
increases. An increase in the polarizability with decreasing 
Na+ salt results not only because there is less counter- 
ion-counterion repulsion but also because there is a length 
increase of the DNA. If we assume that the functional 
dependence of the polarizability is cubic and then correct 
the data to take into account the length change, we get 
nearly the same slope with both Na+ and Mg2+ as coun- 
terions. 

Also shown in Figure 6 are the theoretical predictions 
of Fixman, Manning, and Oosawa. The 00, Qawa curve was 
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calculated from eq 8 by using w / c  in place of the coun- 
terion phase radius parameter a, where c is the molar 
concentration of the counterion, and where w was chosen 
so that the calculated polarizability matched the experi- 
mental value near 1 mM. The parameter R,  was calculated 
to be 2000 A, the rise per base, RPB, was 3.15 A, and y 
was 0.78. The functional dependence, as pointed out by 
Hornick and Weil1,'O is then consistent with experiment, 
with the exception that the theoretical slope is less than 
the actual slope. 

It would seem that the Oosawa theory, eq 8, correctly 
accounts for the polarizability counterion dependence. We 
must point out, however, that eq 8 was derived from eq 
7 under the constraint that L >> d and therefore the cyl- 
indrical free volume model may not be appropriate. In any 
event, eq 8 cannot be directly applied to experiment since 
the concentration dependence of the counterion phase 
radius is not known. 

The Manning theory, eq 9, shows an increasing polar- 
izability with added salt. This trend could be reversed if 
the charge fraction parameter were allowed to decrease 
with increasing salt concentration. In order for the theory 
to match the experimental slope, the charge fraction would 
have to decrease by 25% over the concentration range 
studied. However, even a small change in the charge 
fraction would violate the rules of the condensation the- 
~ r y . ~  Warashina and Minakata's" theory also shows that 
the polarizability increases with increasing counterion 
concentration. 

It seems, then, that only Fixman's theory, eq 14, ex- 
plicitly shows the correct trend in the polarizability as a 
function of counterion concentration. In his treatment of 
the polarizability he indicates that the integral equation 
which describes the electrostatic potential is modified by 
the passage of counterions through the double layer sur- 
rounding the DNA. This flux acts to reduce the induced 
moment. The approach used in his treatment is strictly 
valid only if the DNA's radius of curvature is greater than 
the Debye length and therefore at low salt concentrations 
the flux may be overestimated. This may explain the 
discrepancy between our results and his predictions. 

Figures 5 and 6 show that the polarizability of NaDNA 
is considerably greater than that predicted for rigid rods 
by the Mandel-Manning and Fixman theories for coun- 
terion concentrations near 1 mM. In spite of the dis- 
crepancy between theory and experiment for the magni- 
tude of the polarization, i t  is of interest to consider the 
predicted length dependences. In the limit of small p 
Fixman's theory has roughly a cubic length dependence. 
This limit occurs when the equilibrium number of coun- 
terions per unit length t is large, as in the case of a con- 
ducting cylinder in a parallel field, or when the counterion 
concentration and length are small. For DNA in 1 mM 
Na+ this cubic length dependence is predicted to hold for 
lengths much shorter than our shortest fragment. The 
Mandel-Manning theory, eq 9, has a cubic length depen- 
dence for all lengths. The values predicted by this theory 
are smaller than Fixman's predictions up to a length of 500 
A and then become larger as the length increases (40% 
greater for a length of 900 A). 

One could achieve a reasonable fit to a quadratic length 
dependence over the entire range of fragments shown in 
Figure 5, in qualitative agreement with Fixman's predic- 
tions. However, if the polarizability had been plotted vs. 
the contour length squared instead of the hydrodynamic 
length squared, the experimental polarizability would be 
observed to vary more weakly than the square of the 
contour length for fragments larger than 145 base pairs. 

Macromolecules 
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Figure 7. log-log plot of polarizability va. the number of DNA 
base pairs. The triangles represent the experimental values which 
begin at 64 base pairs and end at 5000 base pairs. The solid and 
dashed curves represent our modifcation to Mandel's polarization 
theory calculated by using 320 and 500 A, respectively, for the 
persistence length. The dotted line represents the cubic length 
dependence of the unmodified Mandel theory (eq 6). 

In Figure 5 the solid line has been drawn with a cubic 
length dependence as predicted by Mandel'se theory so 
that it matches the experimental point a t  124 base pairs. 
It can be seen that the five shortest fragments have po- 
larizabilities which vary cubically with length and that the 
polarizabilities of the larger fragments fall off from a cubic 
dependence. 

This result is exactly what one would expect if the po- 
larizability length dependence is cubic and after 124 base 
pairs the DNA begins to deviate from rigid rod behavior. 
This interpretation is consistent with our rotational dif- 
fusion measurements that indicate that DNA is not strictly 
rodlike beyond 124 base pairs under these salt conditions. 

In order to show the length dependence of the polariz- 
abilities for all of our fragments, we have constructed a 
log-log plot of polarizability vs. number of base pairs in 
Figure 7. From 64 to 124 base pairs the polarizability is 
a cubic function of the number of base pairs but above 124 
base pairs the dependence is weaker and approaches a 
value of 1.1 for sizes greater than 267 base pairs. 

The flexibility of DNA will affect its optical anisotropy 
as well as the polarizability. Arpin et alea have calculated 
the optical anisotropy of a wormlike chain and have ap- 
plied the results to the determination of the persistence 
length of an aromatic polyamide using depolarized light 
scattering. van der Touw and MandeP have determined 
the counterion polarization of a polyelectrolyte composed 
of a sequence of rodlike subunits in an arbitrary configu- 
ration and have used the prediction in the interpretation 
of dielectric increment and dispersion measurements. A 
proper treatment of the effect of flexibility of a polyelec- 
trolyte on the measured Kerr constant requires an average 
calculated over both the optical and counterion polariza- 
tion terms. We expect that this calculation will lead to 
a result in which for short, stiff molecules the Kerr con- 
stant (and the counterion polarization) will be cubic in the 
contour length and that for long, flexible molecules the 
Kerr constant will be linear with the contour length. 
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In our analysis we have taken the optical anisotropy to 
be a constant independent of length2 and therefore the 
specific Kerr constant will scale with the polarizability, Aa. 
Mandel’s8 expression for Aa, eq 6, was derived for rigid 
cylinders and therefore does not account for any flexibility 
of the macromolecules. If we assume that the net induced 
dipole moment is a summation of individual dipoles along 
the DNA backbone, then any bending of the DNA will 
reduce the polarizability because of a loss of correlation 
between individual dipoles. For rigid rods the total pro- 
jection is proportional to the number of charged sites or 
equivalently to the rod length. In the case of flexible rods, 
the projection is the vector sum of the individual dipoles 
along one direction and is therefore proportional to the 
contour length for short molecules and equal to the per- 
sistence length for long molecules. We have modified eq 
6, which was derived for right circular cylinders, by re- 
placing the contour length, L,  with the average projection 
along the DNA’s major axis. The modified equation is 
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with experimental results in spite of the approximations 
in our modification. 
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where the projection for a wormlike coil is 
(zp) = Q(1 - e-(RPB)(BP)/B) (27) 

and where Q is the persistence length, BP  is the number 
of base pairs, RPB is the rise per base pair, and ~ ( c )  ac- 
counts for the counterion interactions. The dashed curve 
in Figure 7 has been calculated by using eq 26 with y = 
0.78, a rise per base pair of 3.15 A, and a persistence length 
of 500 A, with d c )  adjusted to a value of 2.3 to give the 
best agreement with experiment. The solid line was ob- 
tained by fitting the data to eq 26 with Q and x ( c )  as free 
parameters. The resulting value of the persistence length 
is 320 A and R ( C )  is 4.1. 

The modified Mandel equation is consistent with the 
experimental data: the polarizability starts out depending 
on the cube of the contour length, passes through a 
quadratic region, and then goes to a linear dependence in 
the limit of long molecules. The agreement between our 
modification to the theory and experiment is better with 
the lower value of the persistence length but we do not 
attach any special significance to this value. The impor- 
tant point is that the functional dependence is consistent 
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