
LOW FREQUENCY DIELECTRIC RELAXATION AN]D LIGHT SGAT-IXRING 

LJTWER AC ELECTRIC FfELD OF DNA SOLUTIONS 

LOW frequencv dielectric rekz%arian of aqueaus DNA was measured in a frequency ranse from 0.1 HZ ta 30 HZ+ Agree- 
ment was found between dielectric relaxation t&e and rotational one estimated from reduced viscosity for ditutc solutions 
of DNA. The few frequency relasnrion is thus ascribed to rotation of the major axis of K%A chains elongated by electrostadc 
repulskm between charges on the chain. A quasi-permanent dipofc moment of DNA estima*ed from the dielectric increment 
is well explained by the fhxxuation of diss~c~atjon of DNA. The above conclusion was confirmed for DNA sampfes of various 
molecular weights and for solutions in water ethanol mixfures. Effects of binding of salts and dyes are also interpreted in 
terms of the same mechanism. Light scatterin= 0 of aqueous DNA under a-c- electric &id supports the above conclusion. 

Low frequency dielectric relaxation of DNA and 
other polyelectrolytes in aqueous dilute solution has 
been studied for many years for the purpose of eluci- 
dating the dynamic behavior of polyions and eounter- 
ions 11--11+J. 

Owing to limitation of the measuring frequency 
range, however, the overall nature of the relaxation 
had not been revealed until. recently f 22-l SJ . Our 

new technique, the simultaneous two-frequency meas- 
urement with a four-electrode cell, made it possible 
to avoid the effects of high d-c. conductivity and elec- 
trode polarization and measure the complex. dielectric 
constant of DNA solutions in a tide frequency range 
from 0.1 Hz to 30 kHz- As a result, the low frequency 
relaxation of DNA has been cfarif~ed for various condi- 
tions of sample sdutions vrith varying molecsilar weight 
MX of DNA 1131, solvent composition fl”t] , DNA GOB- 
centration CP 1143, added salt species and concentra- 
tion [I 51, and dye species and concentration El51 _ 

The results indicate that the low frequency dielec- 
tric relaxation of DTJA is ascribed to rotation of DNA 
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molecules wivit5 a quasi-pemranent dipole due to Uuc- 
tuation in dissociation of DNA [ 13 J . Here the fluctua- 
tion is assumed to be slower than the rotation and thus 
induces a dipole moment with a fife-time longer than 
the rotational relaxation time. 

In addition to the dielectric spectroscopy, we have 
devefoped the foliowing new teclmtques and improve- 
ments of co~v~n~~oRa~ techniques for the purpose; of 
studying the dynamic behatior of DXA and other poly- 
deciroiytes: 

(1) Light scattering under an a.~ electric field [lt;J. 
(2) Birefringence under an a,c_ electric Geld 1175 _ 
(3) Erefrin@nce under a sinusoidally varying shear 

ffow [IS]. 
(4) Viscoefasticity [I 9 J _ 

(5) Computer simulation of Brownian motion of 
model polyelectrolyte [IS] - 

Result obtained by these techniques support also 
the concfusion of the dielectric spectrometry: XII%% 
and other po~ye~ectro~ytes such as poIy[acrylic acid) 
possess an elongated form due to electrostatic repulsicn 
between charges on the chain and the reorientational 
motion of the major axis of the molecule causes the 
low frequency relaxation. 

This paper summarizes our recent results on Iow 
frequency dielectric relaxation [ 1 Z- 15 1 and electric 
Eeld Ii&t scattering [If;1 of DNA. 
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Fig. 1. Block diagram of the apparatus for simultaneous two-frequency measurement of complex dielectric constant. Z* = Z’+ iZ” 
denotes complex impedance of solution. 

2. Experimental 

Our new technique for measuring complex dielectric 
constant E* = E* - ic” of a highly conductive material 
consists in the f3llowing points f21223 : 

(I) A four-electrode cell to avoid the effect of efec- 
trode polarization. 

(2) 4n automatic rough bridge balance for eliminating 
roughly the effect of d-c. conductivity to avoid satura- 
tion of the input amplifier. 

(3) Simultaneous two-frequency measurement for 
completely eliminating the effect of d-c. conductivity. 

(4) Comparative measurement of solution and sol- 
vent for avoiding the effect of leakage flux, etc. 

Fig. 1 shows the block diagram of the apparatus. 
We apply to the current electrodes the sum of sinus- 
oidal currents at two frequencies, sin wt + sin oat, and 
detect the induced voltage across the potential electrodes. 
The voltage is demodulated by a reference wave 
sin WT - sin oar and we get directly the difference, 
A[w~“(w)J = US”(O) - w,-,e”(w& in which the d-c. 
conductivity u is completely eliminated. u. is fiied at 
a constant value and w is varied in the measuring fre- 
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Fig. 2. Real (0) and imaginary (0) parts of complex dielectric 
constant of aqueous DNA (Mr = 4 X i06, Cp = ?.Ol%) at three 
concentrations of AgNO3 (M/P denoting molanty ratio of 
AgNOa and phosphate residue). 
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Fig. 3. Cole-Co!e plots of the data in f@ 2. 

quency range. For the real part E’ in which a is not 
involved, we demodulate the voltage simply by cos wt 
and we get WE’(W). By use of this technique, we could 
extend the frequency range from 0.1 Hz to 30 kHz for 
a dilute solution of DNA (Cp = 0.01% to 0.1% corre- 
sponding to fif, = 4 X 106 to 4 X 105) in 1 mM NaCl. 

The dielectric increment AE = e’(O) - e’(m) is ob- 
tained from the Cole-Cole plot and the dielectric re- 
laxation time 5D from the equation rD = 1/(2lrf,) 
where f, is the frequency at the peak of E”. Figs. 2 and 
3 represent examples of the data and their Cole-Cole 
plots, respectively. 

In addition to the dielectric spectroscopy, we have 
developed a new apparatus for light scattering under 
an a-c. electric field [ 16 ] _ Employment of chopping of 
the electric field (AM technique) increased greatly the 
S/N ratio for measuring the relative increment of 
scattered light intensity T = A1f10 (AZ: steady compo- 
nent of incremental light intensity due to electric field, 
IO: scattered light intensity without electric field) as a 
function of frequency w of electric field ranging from 
10 Hz to 100 kHz. Furthermore, we introduced a fre- 
quency modulation technique (FM technique) in which 
a frequency-modulated a-c. electric field is applied to 

-1 L 4 
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Fig. 4. Specific increment 4e/Cp(o) and dielectric relaxation 
time (0) of aqueous DNA (MI = 5 X 105, 1mM NaCI) plotted 

against DNA concentration. Closed circles represent rorarional 
relaxation time. 

the solution and the frequency derivative of the disper- 
sion curve is directly observed_ The peak of the FM 
curve gives the relaxation frequency fr. 

The viscosity of the solution was measured with a 
Zimm-Crothers type viscometer with a very low shear 
rate. Measurements were made at 10°C for dielectric 
measurement and viscometry and at 25°C for light 
scattering measurement. 

Original samples of DNA (sodium salt) were calf 
thymus DNA and salmon testis DNA purchased from 
Sigma Chem. Co. and P-L Biochemicals, Inc.. In some 
experiments, sonicated samples, fractionated ones and 
deproteinized ones were used. Procedures for these 
sample preparations were described elsewhere [13-151. 
The molecular weight of the sample was determined 
from the intrinsic viscosity in 0.2M NaCl. Cp denotes 
‘he weight concentration of sodium salt of DNA through 
this paper. 

3. Results and discussion 

3.1. Effect of concentration 

The dielectric relaxation was measured with varying 
DNA concentration. Fig. 4 represents results for DNA 
of n& = 5 x 105 _ 
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Table 1 
Comparison of dielectric parameters for four pairs of DNA samples in 1 mM NaCl before and after deproteinization. 

Bfr 
(lo61 

Protein 
(wt.%) 

cP w 
(wt.%) Imsl 

PE QL~)‘~ (10’D) 

ohs. (eq. 3) cak. (eq. 4) 

0.39 
0.42 
1.7 
1.9 
6.6 
6.6 

13 
13 

2.1 
0.5 
2.0 
1.0 
I.2 
0.3 
3.0 
1.3 

0.1 
0.1 
0.03 
0.01 
0.01 
0.01 
0.01 
0.01 

- 
0.13 140 0.29 0.39 
0.16 130 0.29 0.43 
2.6 320 2.9 2.3 
3.8 305 3.0 2.7 

42 830 9.2 10 
51 850 9.3 10 
55 2700 23 20 
51 2400 22 20 

The Cl, dependence of the specific increment A&$ 
and rr, is rather weak below a critical concentration 
Cc but both A&n and rD increase rapidly above C;;“. 
Values of CG were found to be 0.2% for DNA of Mr = 
5 X lo5 in 1 mM NaCl (fig. 4) but 0.02% for Mr = 2 X 
106. These C’* values correspond to the concentration 
where G-> /-(@) being the mean squared radius of 739 

gyration) is about one half of the volume of solution 
alloted to a DNA molecule_ 

Here GS2) was calculated by the Kratky-Porod equa- 
tion for a wormlike chain [23], 

(S”) = qL/3 - $i- 243/L - 2q4/LJ 

+ (2q4/L') exp (-L/q) , 0) 

where L is the contour length and q the persistence 
length (17 = 850 a in 1 mM lVaC1 j14]). The conforma- 
tion of DNA at low concentrations of added salt cannot 
be expressed by the wormlike chain model. In the pre- 
sent study, however, we estimated the effective per- 
sistence length so as to reproduce the observed reduced 
viscosity nr of the solution by (S2> in eq. (l), assuming 
the well-known relation, nr = (s2>3i2/M 

In the dilute. range below Cz, r,., was*;bund to agree 
well with the rotational relaxation time T (fig. 4) esti- 
mated from nr of the same solution by the equation 

1I4], 

5 = 0.85 rjr7&Mr/RT ) (3-I 

where vs is the solvent viscosity and RT has the usual 
meaning. The data in the following subsections were 
obtained in the dilute range, 

The agreement between rD and ‘5- in the dilute range 
suggests that the low frequency dielectric relaxation 
arises from rotation of DNA molecules_ In this case, 
the dielectric increment Ae is related to the mean 
squared dipole moment (1,12) of the molecuIe as 

AE = 4iiN<;EL2>/3 kT , 0) 

where N is the number of molecules per unit volume 
and kT has the usual meaning. 

The vectorial sum of bond dipole moments of DNA 
should be cancelled out in a double helix without de- 
fects. Protein contamination might be the origin of the 
dipole of DNA [9] - To check this possibility, we com- 
pared dielectric relaxations of DNA before and after 
deproteinization for four kinds of DNA samples. The 
results showed that protein contamination has only a 

minor effect to dielectric relaxation as listed in table I _ 
Counterions around DNA are sometimes bound on 

DNA and sometimes free. If the change of counterions 
between bound and free states is slower than the rota- 
tion of DNA, the dipole due to this fluctuation is ex- 
pected to function as a quasi-permanent dipole. The 
mean squared dipole moment due to this mechanism is 
given by [12,24] 

<J.I~> = ncu(l - cx)e2tS2) f (4) 

where n is the number of phosphate residues of a DNA 
molecde, cy the effective degree of dissociation of DNA 
and e the elementary charge. (x in aqueous NaCl was de- 
termined as 0.3 from the d-c. conductivity measurement. 



iW_ Sakamoto et al. /Low frequency relaxation of DNA 313 

1P 1 CF 16 

TD’SEC) 

Fig. 5. Comparison of dielectric rela..ation time 9 and rota- 
tional one T for DNA in 1 mhl NaCl with various molecular 
weights: Mr = 4 x 106, 2 x 106, 1.5 X 106,l X 106, 8 X 10’) 
6 X 10s, 4 X 10s and 4 X lo5 for A to H, respectively (repro- 
duced from Sakamoto, Hayakawa and Wada [ 131). 

of the solution [14] by the equation, 

o = e [LYIINIIDNA + (hrs+ OIIUV)U+ + N,I.-] , (5) 

where uDNA (3.4 X 10e4 cm2/volt, s), u+ and u- are 
respectively mobilities of DNA, Na+ and Cl- and IV, 
the number of salt ions per unit volume. 

Ln table 1, agreement between observed values of 
<p2> and values calculated from eq. (4) is satisfactory. 
We conclude therefore that the origin of low frequency 
relaxation of DNA is the rotation of DNA molecule 
with a quasi-permanent dipole arising from fluctuation 
in the dissociation of DNA. Results in subsequent sub- 
sections conform well with this conclusion. 

3.3. Effect of molecular weigltt 

By use of sonicated fragments of DNA, we measured 
AE and 7D for eight samples of DNA of different mole- 
cular weights. Results in figs. 5 and 6 show general 
agreements between 7~ and 7 and between observed 
and calculated values of <~~)l/~, respectively. 

It was experimentally found that TD is proportional 
to Mf. Since the rotational relaxation time of a rigid 
rod is proportional to M: and that of a bead-spring 
model (model of a random coil) to Mtm5 [25], the pre- 
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Fig. 6. Comparison of observed and calculated rms dipole mo- 
ment of DNA. Samples are identified as in tis_ 5. 

sent result indicates that DNA takes a conformation 
intermediate between the two extremes. ($> of DNA 
was found to be proportional to Mzm6 and thus (S’) 
in eq. (4) should be proportional to &If-6 ) being again 
an intermediate between rigid rod (@j EM:) and 

random coil (Gs”> 0: M,). 

3.4. Dielectric rehxarion of DNA in water etJlanol 
nzirtures 

Addition of ethanol to aqueous solution of DNA 
changes both dielectric constant es and viscosity q, of 
solvent. Since 7 is proportional to ~sGr’)3/2, the change 
in qs directly affects 7. Furthermore, addition of etha- 
nol decreases es, which results in the increase of electro- 
static repulsion between dissociated sites on DNA and 
at the same time the decrease of the effective degree of 
dissociation LY. The latter effect is expressed, according 
to Manning [26], by the equation, 

(6) 

where p is the linear density of dissociable sites on DNA 
($ = 12/L). These effects together explain the behavior 
of 7 in figs. 7, where we find a satisfactory agreement 
between 7 and 7D. 

AE and thus (p2> decrease monotonically with in- 
creasing ethanol fraction, which is interpreted in terms 
of changes in cP2) and Q by eq. (4). Using the well- 
known relation qr= @>3/2fM, along with eqs. (3) and 
(4), we have 
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Fig. 7. Dielectric relaxation time (0) and rotational one (0) of 
DTGA (Mr = 2.5 X 106, Cp= 0.1 mg/cm3) in water ethanol mix- 
tures at three NaCl concentrations (reproduced from Sakamoto, 
Hayakawa and Wada [14]). 

(7) 

where the subscript 0 stands for an arbitrary reference 
state, zero ethanol concentratiou in this case. Equation 
(7) enables rzs to estimate cy from observed values of 
Ae and nr. Values of Q: at each ethanol concentration 
were estimated from eq. (7) by taking 04, = 0.3. The OL 
decreases gradually with increasing ethanol concentra- 
tion and qualitatively agrees with cy calculated by eq. 

(61. 

3.5. Effect of salt binding 

Cations in aqueous DNA shield the electrostatic 
repulsion between dissociated sites of DNA, resulting 
in the decrease of G2) and furthermore, binding of 
cations on DNA affects o. 

Fig. 8 draws Ae and rD as functions of M/P (nor- 

mality ratio of added cation to phosphate residue) at 
a constant Dhik concentration for three kinds of salts. 
LiCl and tetramethylammonium chloride were found 
to have an effect similar to NaCl, and CuC12 and 
MnC13 were similar to MgCl,. r. and Ae decrease w&h 
incre&ng M/P for ah salts but the effect is more en- 

Fig_ 8. PC and 5~ of aqueous DNA (Bfr = 4 X 106, Cp = 0.01%) 
plotted against normality ratio of add& salt and phosphate 
residue for *&ree kinds of added salts: NaCi (o), A@03 <a) 

and MgCl2 (@L 

hanced for Ag+ than other monovalent cations and is 
the strongest for divalent cations 

The rotational relaxation tirne 5- calculated from re- 
duced viscosity agree well with rD for all cation species 
and concentrations. The decrease in rD with increasing 
M/P is ascribed to the decrease in (s2> due to the 
shielding effect and also due to the decrease in LY by 
ion binding. 

Ae in fig_ 8 also decreases with increasing M/P owing 
to the decrease in both (S2) and o. By use of eq. (7) 
where we take cro = 03 for M/P = 2-5 of NaCi as a ref- 
erence, we get (Y =O_OSforM/F’=2_5 ofAg+ando= 

0.0 1 for M/P = 2.5 of divalent cations. These values 
reflect reasonably the binding affinity of these cations 
[273 - 

3.6. Effect of dye binding 

It has been well documented that dye molecules 
such as acrid&e orange (AQ) and methylene blue (MB)‘ 
intercalate between base pairs of the double helix of 
DI’QA and with iucreasing dye concentration, the dye 
molecules are bound on the outside of the helix mainly 
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Fig. 9. AE and r~ of aqueous DNA (Mr = 2.5 X 106, Cp= O.Ol%, 
0.3 mhl NaCI) plotted against molarity ratio of acridine orange 
and phosphate residue. 

by electrostatic attraction [28 J _ The intercalation is 
a very strong binding and is saturated at O/P = 0.2 
(D/P being the molarity ratio of dye and phosphate 
residue) and then the external binding continues up to 
D/P= 1, 

Fig_ 9 shows Ae and 7D for DNA-A0 systems plotted 
against D/P at a constant value of DNA concentration. 
iD has a maximum at D/P = 0.18 in fig. 9 and at D/P 
= 0.11 for DNA-MB systems. The reduced viscosity and 
r calculated therefrom have the same dependence on 
D/P as rr-, and the ratio r/rD is almost unity except 
high D/P of A0 (D/P > 0.6) where the DNA-A0 com- 
plex is formed_ In the low DfP range, the intercalation 
lengthens the double helix and increases (S2) but at 
high D/P, the decrease of charge on DNA due to dye 
binding makes the molecule contract. 

D/P dependence of AE has a maximum for A0 (fig_ 
9) and a shoulder for MB. The behavior is interpreted 
in terms of changes in GT2> and CY by eq. (4) By use of 
eq. (7) with a reference at D/P = 0, we can calculate a! 
as a function of D/P. The o is almost equal to o0 - 
(D/P) in the range ofDIP = 0 to 0.2, being quite reason- 
able if we assume that, below D/P = 0.2, all dye mole- 
cules inter&ate to DNA_ 

r 

70 Hz I 

EZ f IO3 Vzcm-z 1 
Fig_ 10. Relative increment of scattered light intensity r = AI/ 
1, for aqueous DNA (Mr = 5 x 106, Cp = 0.05%, 0.1 m&I N&l) 
plotted against squared amplitude of electric field (reproduced 
from Fujikado, Hayakawa and Wada [ 161). 

3_ 7. Light scattering under a-c_ electric field 

When a prolate molecule with a permanent dipole 
p along its major axis is oriented under an electric field, 
the scattered light intensity at a definite scattering 
angle B increases (electric field light scattering) [29] _ 
For a sinusoidally varying field with amplitude E and 
angular frequency w, the relative change of scattered 
light intensity (steady component) is given by 

r= C[(@Z-)l/(l + w2r2) + 4cujkT]E2 + O(E4), (8) 

where C is the constant depending on 19 and shape and 
size of molecule relative to wavelength of light, r the 
rotational relaxation time and 4o the anisotropy in 
electrical polarizability of the molecule_ 

As illustrated in fig_ 10, the E’ dependence of r for 
aqueous DNA was found to be linear up to a definite 
vafue of r_ The deviation from the linearity starts at 
E = 20 V/cm for 10 Hz in fig- IO- Since this critical 
field at a sufficiently low frequency should correspond 
to pE z kT, we can estimate as 1-1 z 0.6 X 106 D for 

+&s sample, which roughly agrees with the dipole mo- 
ment obtained from the dielectric relaxation. 

The dispersion curve for aqueous DNA of a lower 
molecular weight at E = 72 V/cm (linear range) and its 
FM curve are shown in fig. 11. The peak of the FM 
curve is located at 300 Hz, yielding r = 0.53 ms, which 
is comparable with the dielectric relaxation time of 
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Fig. Il. Relative increment of scattered light intensity i = 
afj3o and its frequency derivative plotted against frequency 
of applied field (amplitude = 72 V/cm) for aqueous DNA <i+fr= 
8.x i05, Cp = O.OS%, 0.1 mM NaCI) (reproduced from Fujikado, 
Hayakawa and Wada [ 161). 

DNA of the same molecular weight, rD = 0.68 ms 
(both reduced to 25°C). 

The results of electric field light scattering clearly 
evidences that DNA possesses an elongated form and 
rotates under electric field- Dynamic electro-birefrin- 
gence [I 71 and dynamic flow birefringence studies 
[I 81 on aqueous DHA recently carried out in our labo- 
ratory seem to support this ccnclusion. 
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